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To the reader

Dear reader,

Thank you for downloading this report, we hope you will find itaresting and useful.

This report is not the conclusion of a project that is comydinished. Rather, it is meant as the
first of a hopefully recurring publication that is updatedrgwgear. Thereforewe would really

appreciate it if you share your comments, thoughts or links to data with us. You can e-mail
your comments to:

engels@ecn.nl

Thank you

Wouter Engels
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Summary

The purpose of this report is to give the reader an understgradicurrent wind turbine designs,
the differences between them and how changes in the maigrdeairameters can affect the final
cost of energy. For this purpose, we gathered data on monel®@ different wind turbines, 80
different offshore windfarms and from other cost studiesis Hata was analysed to see whether
technological trends can be distinguished and what imgaetarch and design changes may have
on the cost, either on parts specifically or the total cost efgn

The report consists of 3 parts. The first part examines the majts pf the wind turbines (drive
train, rotor and support structure). The second examinesdsiand the third examines current
research.

An analysis of drive trains of turbines with a rated capacity3 MW or more did not show
convergence to any particular drive train layout. Variadpeed and pitch-to-feather control is
universal in this class of turbines.

The mass of a tower can be approximated fairly easily, butpheasl in the data is very large.
For offshore foundations, trends in design are not veryrglea Most farms have been installed
with monopiles though.

Data on the blade designs of wind turbines blades showsexetiff trend than what would be ex-
pected on the basis of scaling functions published in liteea though both could be considered a
valid approximation. This shows that one must be very carefign using such scaling functions.
Onshore, the rotors of IEC class Il and Il turbines with highbewer ratings are relatively larger
in comparison to their rating than their smaller class Il #ihdurbines. l.e. they have a much
lower power density. Within each class, the difference wgrodensity varied up to a factor 1.5.

Cost break-downs of existing turbines vary significantlyhiait cost-estimates of the main parts,
even for similar wind turbines. On direct drive wind turbsneo little data is available for com-
parison. Therefore, the costs of different drive-train latgacan not be compared across multiple
studies. For onshore wind turbines an estimate ofcthet price (excluding delivery, service,
works, profit margin and warranties) was established on thslohaverage cost distribution and
turnover data from gearbox and blades manufacturers. Ttisae amounts to 570-668/kW.
Turnover data from the manufacturers indicate that onstuskenes are sold at a price of about
1000€/kW (including, delivery and warranty). Contracts forssfore turbines show that these
are significantly (200-75&/kW) more expensive.

In terms of cost, prices for both onshore and offshore wimdéarose sharply in recent years.
Onshore it can be shown that increases in raw materials dgrhawe contributed a small part
in this increase. High demand relative to supply chain ciépadgll certainly have played an
important part. Offshore, the location of the wind farm imte of depth and distance to shore
plays a big role. The data had such high variability that it wadear whether supply and demand
mismatch played an important role here.

Given current designs and turnkey costs, it should be plessibonshore wind turbines to achieve

a cost of energy as low as 0.04 to 085Wh. Capital cost (7% interest) and maintenance have
been taken into account in these figures. Offshore, curresitafcenergy ought to be between
0.08-0.10€/kWh. These values with yields that were obtainable at 8d0%H m/s respectively.

Current research focusses on reducing the uncertaintezddnlating the loading of components,
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reducing maintenance cost, improving the use and the greperf materials and on reducing the
overall loads using control.
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1 Introduction

1.1 Why do this study

During the work we do at ECN Wind Energy, be it theoretical or enpractical for specific
turbine manufacturers, it can be difficult to keep track offa wind turbines and all the different
turbine designs. At the moment, the offshore market in paldr is growing rapidly and new
manufacturers with new concepts are trying to cut themselaice of this fast growing market.
Onshore both new and existing manufacturers are announeingvind turbines at a high rate.

The purpose of this report is to give the reader an understgradicurrent wind turbine designs,
the differences between them and how changes in the maigrdparameters and research can
affect the final cost of energy.

This study laid the foundation of a database containing thim muebine characteristics. This
database will be updated in the future, as new models ememem data on turbines becomes
available.

1.2 Scope

This study examines:
* drive train designs

» different tower designs and offshore support structunesiastallation
* the trend in blade designs

* maintenance cost

 cost of energy

e current research

These items cover most major design choices in terms of ldpolioth onshore and offshore
turbines.

1.3 Method

It should be noted that this research is conducted on the lbési limited budget that did not
allow the creation and evaluation of detailed cost models.

We have gatherepublicly availabledata on more than 130 wind turbines of turbines of over 30
manufacturers. Turbines that are included are types tleatwarently commercially available,
turbines that will become available in the near future andeséurbines that are known, but of
which the status is a bit unclear (for instance, the Enerco@ézahd the GE-3.6s offshore). The
focus of the data is mainly on the turbines of rated more thisiv\,. the smallest turbine included

in the data is 275 kW. The aim was not to include all turbines @®édver produced, but to create
a realistic image of the current state of turbine design.

The data is used to find trends. These trends will be mostly telatéhe size. This allows
some comparison with published scaling functions. Idealhe should also remove trends that
are related to developments in time (technological legnia get the actual scaling functions.
Unfortunately, time-related trends were difficult to quénti

For data on turnkey-cost for onshore wind turbines we haesl ke World Market Updates
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2005—2008@45@@7]. For offshore data we have alsd tissr data and gathered our own
data as well.

It should be noted that a lot of this data is gathered from rfeanturers folders or from various
press releases and news items and can thus be wrong in [zrteses. However, as a whole,
the data is expected to be accurate enough to reflect the ttaungls.

1.4 Report layout

Sectiong R t&}4 of this report examine the design of currentiwirbines, focussing on the drive
train, the blades and the support structures. These arehalgatts that define a large part of the
investment cost.

Sectiongb andl 6 focus on the cost of maintenance, the casbdiiin of a wind turbine over its
parts and the total cost of energy. Secfibn 7 discusses whiastare in current research in wind
energy.

The last chapter concludes the study and examines whethezghks that were found matched
the goal of the study.
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2 Drive train designs

To understand the differences between different wind habione must take a look at their drive
trains. This chapter discusses different design layoutsddn current wind turbines and some
of the factors that drive them. It also examines how the wisighcertain parts of the drive train

change as turbine size increases. The weight of a part issitdgmartial indication of its cost.

2.1 Introduction

Here we will examine mainly the layout of the drive-train. Tduwst breakdown of a turbine over
its major components will be explained in sectidn 6.

There are at least 30 different manufacturers that delivadwirbines rated more than 1 MW.
There are more than 130 different models of varying capaciiie limit the our selection in this
chapter, we have described turbines with a power of 3 MW oremas well some alternative
drive train designs of lower ratings.

To prevent any misconceptions due to terminology, the maitspof the wind turbine and the
drive-train are first examined.

2.2 Basic turbine terminology

Figures 2.1(a) ar{d 2.1{b) show the main parts of the turbidétamacelle. The terminology used
in these figures will be used throughout this report.

1: main bearing 2: main shaft 3: gearbox
4: generator 5: nacelle frame
(a) Turbine  parts (b) Nacelle parts (Image: Siemens)

(Image: Vestas)

Figure 2.1: Basic parts of wind turbines

The main differences between turbines are found in the regamlbre particularly, in the drive
train. The drive train is basically all the parts that are usecbnvert the torque and speed of the
rotor into electricity. By modifying the layout, manufacéus try to improve the reliability and
reduce the cost.
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1: Hub 2:Generator 3:Nacelle frame

Figure 2.2: A direct drive layout, in this case, an Enercon E+7B-82 (Image: Enercon)

2.2.1 The classic layout

Figure[ 2.1(0) shows what we will call a ‘classic’ layout. Thagbut is or has been used by most
manufacturers. The idea is that the rotor (the hub and theeb)ad attached to a main shaft
supported by two bearings. The front, main bearing is claseste centre of gravity of the rotor
and will carry most of the loads. The second bearing is locatstibefore the gearbox. The
gearbox transfers the power from the slow rotation of thenshaft to the fast rotating outgoing
shaft. This so-called ‘high-speed’ shaft is connected taydreerator.

The average rotational speed of the high-speed shaft at patedr is chosen in combination
with the generator to match the frequency of the grid thatahigine will be connected to. That
means that for this type of turbine, different gearboxesraeessary for different grids (e.g.
North America has a grid frequency of 60 Hz, while Europe hgsBle classic layout originally

allowed the generator to be similar to industry standarcgsors.

One thing that is different in comparison to industry stadddectricity generation is the fact that
wind tends to vary. To make maximum use of the wind, it has imecoommon practice to allow

the rotor speed to vary. The variation in the rotor speed alsdd to a variation in the shaft of the
generator. The resulting frequency variation is compedsagang power-electronics.

2.2.2 Direct drive layout

A direct drive layout consists of a generator that is rigidbnnected to the rotor, either with or
without a shaft. Thus, a direct drive concept does not haveagbgg. Whereas in the classic
layout normally only part a of the power passes through poelectronics, with direct drive
turbines usually all power generated is converted with poglectronics. Direct drives have
two varieties, one were both the rotor and the stator are di@lectromagnets, the other uses
permanent magnets for one of the two.

Figure[Z.2 shows the layout of an existing commercial diregedurbine.
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2.3 Design limitations, driving factors

Wind turbines have several limitations that need to be takmnaccount. The main limitations
are tip-speed and transportability. The main other desigrerdr are the fatigue and extreme
loads.

Tip-speed

The tip-speed (i.e. the speed at which the tip of the blade mtdw®ugh the air) is defining
for how much noise a wind turbine generates. Because of tise,nonshore wind turbines are
limited in their tip-speed to about 70-80 m/s.

From a mechanical point of view, a high tip speed seems désirdlbe power a turbine can
generate is the torque multiplied by the rotational speedat Tieans that, at equal power, a
higher rotational speed means less torque. For the bladgherhotational speed means that a
lower chord is required to generate the same lift.

The design of the gearbox is determined by both torque andthtanal speed; the higher the

torque, the larger the first stage of the gearbox will be; thyhédai the gearbox ratio, the more

complex the gearbox. At equal tip-speed, increasing thartarpower, increases the torque by
that as the power to the power of 1.5 while it decreases tladiooal speed by one over the square
root of the power (see appendix B):

1
T x P'® w X ——

VP

Thus, if we want to make onshore turbines bigger, their rotati speed must come down (be-
cause of the noise), increasing the torque and the requitatianal speed. That means a higher
gear ratio and a larger, more complicated gearbox. For @fésturbines that are located far

offshore, noise is not as much of an issue so they could rtgater (up to the point where aero-

dynamics limit the tip-speed). This allows extra leeway isiga and operation.

Transportability

This is a fairly easy limitation to understand, though thesamuences do have a large reach.
Transportability is mainly concerned with size: the paftdie wind turbine must be small enough
to be transported to the site where the turbine will be itedal This usually means a maximum
height and width of about 4.5 m. This limitation is felt in thesign of the nacelle and hub, the
transportation of the lower segments of the tower and folatgest chord-length near the root of
the blades.

Length can also be limited: if one must make a sharp turn toogibiet site, that can be a problem
with the blades.

For turbines that are installed offshore, these restristare obviously not as critical as on land.

Fatigue and extreme loads

With the number of cycles a wind turbine has to cope, fatigue tb varying loads is a very
important design driver. Some varying loads are unavoid@btenstance, due to the changes in
the wind speed) while others, such as rotor-imbalance angdand 3p tilt and yaw loads on the
tower can be prevented or reduced.

Extreme loads occur when wind conditions vary quickly andxpeetedly or when the turbine
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has to make an emergency stop.

Both fatigue and extreme loads affect the design of the wirlaine. Though these are important,
we can not examine how the different designs were affectethése loads directly, but only
indirectly through the average-wind speed and turbuleneetbe different wind-classes).

2.4 Turbines and their features

In this section we have mainly limited the descriptions tdbites of 3 MW or more, because
those tend to be the newer models and because they are newantdbr the future if the current
trend in sales of increasing turbine power holds. A numberxakptions were made to the 3+
MW ‘rule’: the Liberty 2.5 MW wind turbine made by Clipper, tt#eMW DeWind 8.2 turbine
and the Vergnet GEV HP-1 MW turbine. These turbines were indumbzause their layout or
construction is different than the turbines already inelid

Some turbines that have not been included due to a lack of dathe Gamesa G10X-4.5 MW
turbine (Spain), the Sinovel 3 MW turbine (China), the ScanV@5@d0DL 3.5 MW turbine (Nor-
way, now owned by GE), the Clipper Brittanica 10 MW (US/UK), trenounced Doosan Heavy
3 MW turbine (Korea) and the 2-B Energy 2B6 6 MW design (Nethealk). There are probably
more wind turbines that are mentioned because the autt®roayet aware of them.

If the turbines have any other special features in the desighe wind turbine as a whole they
have been pointed out as well.

The list of turbines examined here (sorted by manufacturer):
 Acciona: AW-x/3000

» Bard: Bard 5.0

* Clipper: Liberty 2.5MW

e Darwind: DD115

» DeWind: DeWind 8.2

» Ecotécnia (Alstom): Ecotécnia 100
e Enercon: E112 and E-126

» General Electric: GE 3.6/104
» Multibrid (Areva): M5000

» REpower: 3.xM and 5M

» Siemens: SWT-3.6-104

* Vergnet: GEV HP-1 MW

» Vestas: V90-3 and V112-3

* WinWind: WWD-3

Only the highlights of each of these turbines are examinémhbeé\ comparison by numbers and
main components can be found in taliles|A.1[and A.1.

2.4.1 Acciona AW-x/3000

Acciona follows the ‘classic’ rotor-gearbox-generatosiga for its 3 MW turbine. They have
also opted to keep two main rotor bearings (see figurk 2.3)remlseother in the same class
combined one bearing with the gearbox. This design is aimezbatcing loads on the gearbox.
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Main Components

@) Rotor blades &) Rotor bearing @ Generator coupling @) Generator B ‘aw bearing
@ Hub O Gearbox ) Cooling radiator @ Yaw dive O Tower
€ Control 5¢stem O Disk brake €) Wind measuring system B Hydraulic system

monitoring

Figure 2.3: Acciona AW-x/3000 nacelle layout (Image: Ac@pn

The AW-x/3000 can be equipped with 3 different sets of bladd® two smaller blade-options
are LM blades, while the larger one is Acciona specific. The teveee made of reinforced
concrete which suggests that these are meant only for lmtssal onshore. So far, reinforced
concrete turbine towers have not been applied offshore. Gers can be installed as separate
sections, with the mass of each section in the order of madmiof the mass of the nacelle.

The Acciona Energy Group (as opposed to Acciona Eolica (wirsdpnie of the driving forces
behind plans for a 1000 MW offshore park off the Atlantic daafsSpain.

Typical of this Acciona wind turbine:
 two main shaft bearing

 reinforced concrete tower

2.4.2 Bard: Bard 5.0

Bard 5.0 is the first wind turbine designed and built by Bard Begiing. The complete drive
train was developed by Winergy. The turbine is designed fipalty for offshore applications.
Given its fairly low rated wind speed (12.5 m/s) and heavystarction it is expected that this
turbine will be up-rated from its current rating of 5 MW to aghier power. This has also been
confirmed by the company’s director (at the time), Nataliek&ekand more recently in an article
in Renewable Energy World (d.d. 15 May 2009). A rated spee®&on/s would bring this turbine
to a power of about 7 MW.

The power electronics have all been placed at the bottom duthéne tower. This reduces the
top-head-mass and may prove more practical with mainten@epending on whether mainten-
ance staff flies in by helicopter or comes in by ship). The twelsisize and mass makes it difficult
to install on a monopile. Bard Engineering has therefore ldgesl its own tripile concept, which

basically consists of three monopiles and a crosspiece. mssmece is still a very substantial
piece of engineering, weighing in at 490 ton. Combined wittedicated installation ship, Bard
Engineering aims to be able to install an offshore turbinevim days.
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@ Hub

@ Nacelle

@ Gearbox

@ Main Shaft

@ Generators

@ Parking Brakes

@ Yaw System

© Machine Base

© Turbine Control Unit (TCU)
@ Hydraulic Power Unit (HPU)
@® On-Board Jib Hoist

Figure 2.4: The Liberty 2.5 MW contains 4 generators (Imageppelr)

Typical of the Bard 5.0:
» designed for offshore

» tripile offshore support concept
» heavy blades for its rating and length; will be uprated

2.4.3 Clipper: Liberty 2.5 MW

The Liberty 2.5 MW contains a two-stage gearbox that splitstéhgue generated by the rotor
over four medium speed axes. Each axis is then attached twiitpermanent magnet generator
(see figuré 2]4). This allows the wind turbine to function atuetl capacity if one of its gen-
erators is faulty. This reduces, to some extent, the costalgererator failures. There is also
the added advantage that smaller generators are easierdie hia this case they can be replaced
using the on-board hoist.

On the other hand, because there are four generators, theectiat one of them fails is higher
than if there was only one generator. Also, if the gearbolsfahen the four generators do
not produce any power either. For many turbines the gearlasxbleen the biggest source of
downtime. Whether this results in actual cost savings, nesrta be seen.

Other manufacturers are at least exploring the idea ofrdyimultiple generators, for instance,
one of the options for the uprated version of the Bard 5.0it teacontain a gearbox that drives
two separate generators.

The Liberty 2.5 MW is sold for onshore application. Clipper ladso announced to build a 10
MW offshore turbine, named Brittania, based on the Liberythitecture.

The most interesting points of the Liberty 2.5 MW:
* two stage gearbox driving 4, medium speed, permanent nhggnerators

+ can function at reduced level if there is a failure in onehaf generators

2.4.4 Darwind: DD115

Like the Bard 5.0, Darwind’s DD115 is a 5 MW turbine that hasrbepecifically designed for
offshore applications. Unlike Bard 5.0, it has a direct drgenerator, which negates the need
for a gearbox. There is only a single main bearing that is nategl into the generator. That

22 ECN-E-09-96



Planetary gearing, set up Hydrodynamic
as superimposed gearing torgue converter

Input drive shaft Output drive shaft
(from main transmission) (to synchronous generator)

Figure 2.5: A schematic of the gearbox with a variable getio-r@f the DeWind 8.2 (Image:
Voith)

means there is no main shaft either. Though the final dimens$ians not yet been published,
the generator is relatively small in comparison to the gatoes used by Enercon. This could
be because Darwind has opted for a higher tip-speed, whighashievable onshore because of
noise and because Darwind uses a permanent magnet gemestgad of an electrically excited
system.

As the turbine has not been built yet, quite a few of the spedégign features are not yet known.

Typical of the Darwind turbine:
» designed for offshore

* permanent magnet, direct drive generator
* high tip speed

2.4.5 DeWind: DeWind 8.2

Where most variable speed wind turbines rely on power @pitts to match the frequency to the
grid, the DeWind 8.2 2 MW turbine uses two gearboxes, one athvhas a variable transmission
ratio. The variable transmission ratio is used to keep themgor axis at a constant speed, while
allowing the rotor to rotate at a variable speed. Accordothe manufacturer, this can actually
save mass because the amount of power electronics regeifadess. The variable transmission
gearbox can achieve a change in gear ratio from 1:3 to 1:5bhydrodynamic coupling. Figure
[2.3 shows a schematic of this variable gearbox. This typeieé ik also under consideration for
the uprated version of the Bard 5.0.
* variable gear-ratio gearbox

 synchronous, permanent magnet generator
* no frequency converter needed

2.4.6 Ecotécnia (Alstom): Ecotécnia 100

Ecotecnia follows a very similar design approach to Accis®V-x/3000 in that it also uses a
gearbox and doubly fed, asynchronous generator. Howewere are some differences. Most
notably, the gearbox is claimed to be ‘fully separated’ frihra support structure that supports
the main bearings. The idea behind this is that the gearbdxheih be subjected to lower, more
predictable loads.
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Figure 2.6: The Enercon E-126 prototype features a divided Wlatmge: Enercon)

For sites that require a high hub-height, a hybrid tower isdusA hybrid tower consists of a
reinforced concrete part and a steel top-part.

Recently a 110 m diameter variant of this turbine was annedinc

Typical of the Ecotécnia 100:
» specifically designed to have lower gearbox loads.

* hybrid tower at 100 m.

2.4.7 Enercon: E-112 and E-126

Enercon was the first company to successfully adopt the dirvetslystem. The particular design
of the Enercon direct drive does result in a very large andyfagavy nacelle. The Enercon E-
112 first prototype was built in 2002. It was a 4.5 MW turbine. that time it was the largest

wind turbine in the world and was also meant for offshore. 8ithen it has been upgraded to
6.0 MW and Enercon’s management questioned the benefit of glfisttpre.

Enercon supports its rotor on a shaft. The rotating part of #reegator is located in front of the
main bearing (other direct drive concepts can have it agidifit locations).

Though there were some subsequent prototype installatioess-112 has not become widely
available. Meanwhile Enercon has moved on in their developnethe E-126, which has also
been rated at 6 MW and ought to contain all the lessons learhie E-112. Interesting to see
are the divided, partially steel blades on the E-126 (figur 2.6

Typical of the Enercon E-112/E-126:
» direct drive, so there is no gearbox

divided blade design (126 only)

E-126 has a tower made of precast reinforced concrete sectio

relatively heavy construction

E-112 and E-126 have only been installed in very limited nuimbe
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2.4.8 General Electric: GE 3.6/104 offshore

General Electric’s 3.6 MW turbine was first introduced in 2082aurbine meant for offshore.
The drive train is standard. 7 of these turbines have beealledoff the coast of Ireland to form
the Arklow Bank wind farm, but a subsequent expansion of phaject was cancelled. GE's
attention seems to have focused more on the 1.5 and 2.5 MW. cRscently GE purchased
ScanWind, who have built and are continuing to develop a 3.5 difdtt drive turbine meant for
offshore.

» first commercial offshore turbine of more than 3.0 MW

» ‘commercially inactive’

2.4.9 Multibrid(Areva): M5000

The Multibrid M5000 is a 5 MW offshore turbine that is halfwagttveen the classic design and
the direct drive design as employed by Enercon. On the one ihavdids the large size (and
thus mass) of the direct drive generator on the other itist#ls a gearbox, so has more moving
parts. The offshore tower uses a tripod construction.

6 Multibrid M5000s are going to be placed at the Alpha-Vertfishore test site.
* medium-speed permanent magnet generator

« integrated design of main bearing, gearbox and generator
* tripod offshore construction

2.4.10 REpower: 3.xM and 5M

The basic layout of REpower 3.xM and 5M is standard. The 5M isgies! for both offshore
and onshore, while the 3.xM will only be sold for onshore aggilons. The 5M has been used in
the far-offshore Thornton bank phase | and the Beatrice défshere study.

REpower has built and is testing a 6 MW prototype turbine wilhgame dimensions as the 5M.

REpower turbines had so far used LM Glasfiber blades. HoweverpRé&palso has a joint
venture with Rotec, PowerBlades. This joint venture buildglbk for the MM92 and the 3.xM
and is developing blades for the 6M (the uprated design dbifie

« first 5 MW turbine to be applied in an offshore windfarm

* 5 MW design being uprated to 6 MW

2.4.11 Siemens: SWT-3.6-107

Siemens also uses the classic layout for this turbine. How&remens has now erected two
SWT-3.6-107 prototypes with direct drive generators. Thestp/pes do not require a gearbox.
Unlike the Enercon and Darwind designs, the generator idddcat the end of a shaft that is
supported at two locations.
 in numbers second most installed offshore wind turbine & or more in operational
wind farms, but first in terms of rated power

» standard layout so far, but direct drive end-of-main shedtotypes have been constructed.

2.4.12 \Vergnet: GEV HP-1 MW

Unlike the other turbines examined here, this turbine bygNet is different in almost anything
but the drive-train. The turbine is designed for installatiathout the use of separate large crane.
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Figure 2.7: The Vergnet 1 MW turbine does not need a large separane for installation
(Image: Vergnet)

Rather, it is its own crane: a small crane is attached to thertander construction and can
assemble the tower and lift the first part of the nacelle. Ig ffairt a second crane is present that
hoists up the second part of the nacelle and the two-bladed ro

This turbine’s specialities:
* installed without the use of a large crane

two-bladed rotor

* tower is supported with guy-ropes.

the rotor and part of the nacelle can be lowered to avoiddame damage

full-power conversion with electronics.

2.4.13 Vestas: V90-3 and V112-3

The Vestas V90-3 is, at the moment, the most installed oféshobine of 3 MW or higher in wind
farms. 96 wind turbines are in operation so far (with the mrmup being the Siemens 3.6 at 95
turbines in operation). The V90-3 uses a design that plaegegahrbox directly against the rotor
hub, alleviating the need for and the mass of a low speed.sHaftever, from its introduction
it has been somewhat notorious for its low availability féfisbore applications. Most problems
occurred in the gearbdﬂ75]. The V90-3 was withdrawn fronslodire sales in early 2007, but
re-issued a year later. Availability of the turbine at vasooffshore sites around the UK and
at OWEZ in the Netherlands started off around 80% on avdﬁg@i@]. In a later report,
availability is up to nearly 909@1].

The new V112 reintroduced a low-speed shaft and has a ‘retes$igiearbox. The generator
now sports permanent magnets. A prototype is to be constiwezrly 2010. The V112 seems
to be cross of a redesign of the V90-3 and the V120, a 4.5 MW\estias had on the drawing
boards as far back as 2004. The V120 has not been construdiad so

* V90 is the most installed offshore wind turbine of 3 MW or raor

» V112 is designed with a permanent magnet generator.
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2.4.14 WinWind: WWD-3

WinWind uses a smaller version of the Multibrid M5000 driv8he WWD-3 are designed for
fairly benign wind sites (IEC class Ila and IlIb).
 uses small version Multibrid, integrated generator/geadrive

* low class-rating in comparison to other turbines of the esaize (diameter and power
rating).

2.5 Trend in recent drive train design

Examining all the turbine designs reveals that pitch-tdHeawith variable speed control is ad-
opted almost universally for the turbines for which we hastad Nearly all turbines have three
bladed, upwind rotors. There are some exceptions:

Vergnet sells a 1 MW two-bladed upwind turbine.

Fujitsu Heavy Industries has a 2 MW, 3 bladed, downwind desig

2-B Energy announced at EWEC 2009 that they are designing aladed 6 MW offshore
turbine.

Sway’s concept is a floating offshore turbine with a down-wrioir.

In terms of drive train layout (direct drive versus gearhdkgre does not seem to be any clear
trend. For the individual parts and the nacelle as a wholegamediscern some relations between
size and weight and these are discussed below.

Gearbox

Most gearboxes for drive trains using a generator withoutp@ent magnets, are three-stage
gearboxes. Gearboxes in a drive train with generators veitnpnent magnets tend to have only
two stages.

There was not a lot of data on the gearboxes available. The dataiced 10 different gearbox
and rated-power combinations used in 20 different turbindels. The data is depicted in figure
[2.8(b). Two linear trend lines have also been added.

Figure[2.8(d) shows the data, but plotted against rated ¢orghis also seems to show a linear
relationship. But the torque is supposed to vanPas. , (see appendiXIB), so they cannot both
be true. Or can they?

A bad fit can be caused by outliers. In our case, one of the caiitiehe Clipper Liberty 2.5 MW
turbine and its variants. This gearbox is a different type edrfox than the other ones in this
figure and relatively heavy in comparison to the trend lin@bpbly due to its more complex
construction. If we also exclude variants of the same tarbiith different blade lengths, then
we would end up with only 7 data points, for which both linealations still hold.

For these data points, fitting with a linear or power curve ltesn an equally good fit. So in that
respect they are both true. One could also say that ovehiger whatever the actual relationship
between mass and rated power, sit can be approximated aglineiar over this data-range. The
error of the approximation will be similar to or smaller thd@sign variations.

NREL derived scaling functions for the gearbox and otherspaftthe wind turbinéﬂ3], The
NREL model estimates the mass of a three stage gearbox t@ageces:

mass= 70.94 low speed shaft torqJé>’ (1)

ECN-E-09-96 27



Whereas for a single stage gearbox with a medium speed gendiee mass is predicted to
increase as
mass= 88.29 low speed shaft torqé™ (2)

And for a multi-path gearbox NREL estimates:
mass= 139.69 low speed shaft torqdé™ (3)

The first two are shown in figuie 2.8|c) for all the gearboxes, jgixtiee Clipper gearbox, as
NREL model 1 and NREL model 2 respectively. The third estimataig shown for the Clipper
gearbox and is indicated as NREL model 3. Itis the result fesihglestage gearbox that creates
the best fit. Considering that the weight of the single stagelgex is estimated higher than that
of a three stage gearbox, it is likely this is an error in thgoré (@] also indicates a lighter
weight for a single stage gearbox). That means equhiiion 2lactlescribes the weight of the
three stage gearbox.

The NREL estimate overestimates the weights at low torquesiaddrestimates the weight at
higher torque values, but the overall errors of the scalingcfions are in the the same order of
magnitude as the linear approximations based on power quéorThus these approximations
predict the weight of the gearbox equally well (or equallglga

Generator

The generator mass and cost is not expected to scale morenthaower. Small electro motors
also tend to scale in mass with their power rating.

Figurd 2.8(d) shows the generator data for all high speed-gtre that are not permanent magnet
generators. At both ends of the linear curve fit, data is uredgimthe fitted line. This indicates
that a curve that scales less than linear may be fairer. N@La{lé;o uses a scaling that is less
than linear, but their estimates are almost consistentigtdhan the data.

Nacelle

Apart from the individual parts of the drive train in the nleeone can also examine the nacelle
as a whole.

Figure[2.8(g) shows how the nacelle mass varies with thegralihis nacelle mass excludes the
rotor (i.e. blades and hub). The blue line is the trend linealbthe data, while the red line
excludes the turbines of 5 MW and more. It is obvious that tinkeihes of 5 MW or more deviate
significantly from the trend.

The Multibrid 5.0 manages to stay on target at a ‘mere’ 1993.tarhe Darwind DD115 (not
included in this data) would also be near or on target, withtal top head mass (i.e. including
the blades and hub) of 265 tons.

The Enercon E-126 (and the E-112) have particularly heavy rsc@s0 tons, including the
generator). Because details are not known of the smallecBnelesigns, it is difficult to compare
and see whether this is a relatively heavy design or whethsrim-line with smaller Enercon
designs.
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Figure 2.8: Drive train trends
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Some of the 5 MW designs may be relatively heavy due to the lpiigsof further uprating of
at least some of these turbines. 6 MW versions of the REpovstgéave already been built in
limited numbers with a nacelle that is only 5% heavier andBard 5.0 turbine is to use roughly
the same structure for a 7 MW turbine.

The NREL design study on the drive traﬂ[BZ] found a gently iy cost of the drive train
as a function of the power rating (up to 3 MW). The exceptiorhimt study was the direct drive,
which would increase mainly in cost due to its size, which ldonake transport difficult. Direct
drive designs with permanent magnets (PM) would end up adbtdr according to this study.
Examining the data for PM direct drives (Vensys, Zephyros, Dathin comparison to the Ener-
con designs does seem to validate this claim. We were nottahalidate the costs that were
mentioned in this paper.

Drive train layout

One aspect that does not have a trend, is the layout of the-ttein. One might even say there has
been considerable divergence. The combination of mediuedspermanent magnet generators
and low ratio gearboxes as well as the combination of vagiglelar ratio gearboxes and fixed
speed generators are interesting alternatives to diree and the 'classic’ drive trains.

2.6 Conclusion

The step into the 3+ MW range of wind turbines does seem to hamgght some difficulties.
Some suppliers made an original foray into this field, then geded to develop or redevelop
their smaller turbines, before returning with a new 3+ M\bioe (e.g. REpower, GE, Vestas).

Pitch-to-feather and variable speed regulation is almastusal in wind turbine designs of over
1 MW.

The classic layout consisting of a main shaft, a gearbox amhargtor is still favourite amongst
suppliers with 11 out of the 16 turbines that we examined &3tk MW turbines. On the other

hand, gearbox design seems critical in this class and ofiases problems. It is not yet clear
which layout is most economical.

Gearbox mass seems to scale nearly linear with power, wlilergtor mass scales a bit less than

linear. Nacelle mass on the other hand seems to scale a st timem linear with power rating,
but this may be biased due to the rather heavy 5 MW turbingydssi
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3 Support structures

Towers and support structures would seem to be the mostraalvgart of turbines. One would
expect to find a good correlation with the loads. This secticanmeres the towers, the support
structures and the installation of the wind turbines.

3.1 Towers

Most turbine towers are tubular steel towers. Fiduré 3.1 shibv tower mass as versus height
and different loads. There is a lot of variation in the data.
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Figure 3.1: Tower mass vs tower height, by rating. (Tubuleelsowers only)

It has been suggested that tower mass scales with heighér@ow the cross correlation of the
two. Fitting the data for class la turbines on to these assompteads to the following equation:

Miower = 1870Rtower + 5.38 P 4+ 0.41 P hyoer — 59000 4)

whereh;wer 1S the height of the tower in meterB, is the rated power in kilowatt angqe, iS
the mass of the tower in kg. This approximation is off by ove¥ldn average and up to 40%
and 54 tons at its maximum.

NREL [@] suggests a relationship between the mass and agirotlewept area and tower height
(if power is proportional to swept area, not unlike what isgented here). They came up with
three relationships, a high estimate based on static losidmiea medium baseline estimate and
a low estimate based on data:

Mpigh = 0.4649(Swept area * hub height- 324.33 (5)
Mmedium = 0.3973(Swept area * hub height- 1414.4 (6)
miew = 0.2694(Swept area * hub height- 1779.3 (7)

Figure[3.2 shows the actual mass versus the product of sweptaad low, medium and high
NREL estimates. These estimates do enclose most data paihteetspread between these two
is still almost 50% of the lower estimate.
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These approximations are obviously very severe simplifinatiaf the design values and other
factors may play an important role as well. One of them is tist digenfrequencies of the tower.
If that is near to or at the rotational frequencies (1p, 2p,i8mormal operation this may lead to
excessive fatigue.

The array of towers designed for the Vestas V80-2.0 MW hadifgignt differences in tower

mass depending on the wind conditions (205 tons for IEC classtl 165 tons for class DiBt I,

both with a 78 m hub height). This suggests there must alsabéisant fatigue and/or extreme
load effects.

For very tall turbines with high loads, manufacturers aréngpfor reinforced concrete or hybrid
rather than steel towers. This is probably due to transpititjalSteel towers are quick to erect,
but consist of welded rings. To get the tower on site the ergaction of the tower must fit
at all places along the route to the site where it will be e@ctFor large towers, the required
diameter at the bottom exceeds the limits of what can stillrbesported, especially for more
remote locations or built-up areas. Reinforced concretets can be built up of smaller, more
transportable segments or can be built on site. Hybrid telwave concrete sections in the lower
half of the tower and steel top segments.

The price of steel can influence price of the tower significaridlyring 2008 the prices of some
steel products jumped from 400-5@&Jton to 700-80GE/ton and back again. With the tower of
a multi-megawatt turbine at a 100 m hub height easily coirtgi@00 tons of steel, that makes
an appreciable difference in the cost. High steel pricesiaelikely to favour more light-weight
designs or designs that favour reinforced concrete.

Offshore turbines can have lower towers, because the wiofilgois more favourable (higher
wind at lower height, less wind shear). Transportation $s lef an issue. So far, only tubular
steel towers have been used offshore.

Another alternative to the towers described above is thiedatower. It is not used very often
onshore because of visual aspects and bird-kill (birds tracéed to sit on the lattice structure
and get killed more often as a result). Lattice towers arddigtinan tubular steel towers but have
a wider tower and base. Lattice towers with a cover to make tbeknlike tubular steel towers
have also been proposed. Although it would be better vigaaltl for birds, as far as the authors
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are aware no such towers have actually been built.

3.2 Offshore support structures

There are several offshore constructions that have beersodadto support wind turbines. They
can roughly be divided into 6 categories: gravity based, opda, multi-pile, suction bucket,
jackets and floating. There is not enough publicly availabla da get an idea of how these
structures compare in terms of mass and cost.

3.2.1 Gravity based

Gravity based constructions are big concrete construstibat are built on land, towed to the
target site where they are sunk onto the specially prep&aoksl by filling them with sand. Then
they are protected/half buried with rocks to prevent seauriThis system was used, amongst
others for Thornton bank and Nysted wind farms. Fi§ure 3.3(ajvs a picture of the foundations
for the Thornton bank wind farm.

3.2.2 Monopile

Monopiles are large (e.g. up to 4 meters in diameter and 68mnking for the Princess Amalia
wind farm) steel tubes that are usually driven into the sedtp to 30 meters. Depending on the
soil structure, driving can de done by simply vibrating tbeer or by ramming. Each monopile
carries a single turbine.

For very large turbines, monopiles are not suitable as tle¢yop big and heavy to handle with
normal offshore equipment. A new development on the partaiapiles is the drilled, concrete
monopile. This can be installed without ramming, but reqaisieather complex drill to install
the monopile.

3.2.3 Tripile and tripod

One solution that is used for very large turbines is the cphotusing several smaller piles and
using a connection/transition piece to connect the winbimertower and distribute the loads over
all the piles. The piles can be much smaller and are thus dasiestall. Obviously, great care

must be taken in positioning the piles. There are two varjams has the connecting piece below
the waterline near the sea-bed (tripod, Multibrid, see fifu8¢b)), the other above the waterline

(tripile, Bard, figurd 3.3(¢)).

3.2.4 Suction-buckets

A suction bucket is a round steel cylinder, covered on one aitl open on the other. The bucket
is dropped with the open end down into the seabed. By suckihgater through the closed end,
the bucket is driven deeper into the soil. Due to the natutbeprocess, suction buckets can not
go very deep into the soil and therefore have to cover mowretasn a monopile would use. The
successful use of suction-buckets depends heavily on thérsallation is also tricky.

Scouring is obviously a problem for suction buckets, as theypat go deep into the soil. So far
only one turbine in Fredrikshaven has used a suction budie}) ([
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(c) Tripile (d) Jacket

Figure 3.3: Different support structures for offshore wintbines

3.2.5 Jackets

Jackets are basically underwater lattice towers that atated on piles or suction buckets. These
are meant for deep offshore wind farms. This kind of structvaie used for the Beatrice offshore
farm where two 5 MW REpower turbines were installed in over 42endeep water. It will also
be used for the Ormonde offshore project in 17-22 m waterdept

3.2.6 Floating

Floating structures were thought to be unlikely to be feasibithe Dutch area of the North Sea
[ﬁ,@], where water depth is limited. But recent developtaémply that it may also be possible
to apply floating offshore concepts in limited water depth. Tiagle-off is usually between

a heavier support structure and easier installation of thgpart structure. Floating offshore
structures would appear to have very low environmental ghpa

There are 3 main concepts currently under development (&s fdre authors are aware). A first
concept is a 'free’ floating structure, with the centre of gramear or above the surface of the
water. The company Blue H has built a floating offshore windihelprototype in 2007, of the
coast of Italy. Their design is based on 6 connected floaters.fldaters are configured as a
hexagon and the concept relies on spreading the load ovegex larea, keeping the centre of
gravity within that area.

The second concept is a 'free’ floating spar structure. Thiss&chHy a long, vertical beam on
top of which the turbine is placed. If the structure is bakthwith ballast, it will have to be very
heavy, as it must have a centre of gravity that is not only falven the water surface while still
providing enough lift to keep the turbine out of the water ibalso has to provide a sufficient
counter moment to the rotor thrust. The spar concepts aresaiitigble for sites with a depth of
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well over a 100 meters and up to 700 meters.

A project named Hywind has recently installed a spar strecin Amay Fjord near Stavanger
(Norway). The support structure consists of a steel, vérsipar filled with ballast and extends
some 100 meters below the surface of the water. The spar weaghs 1500 tons. A 2.3 MW
Siemens turbine will be installed on it in the second half cdd20For comparison: monopiles
for the Greater Gabbard wind farm in the UK, designed for ti&eN8W Siemens turbine, weigh
‘only’ 600 tons.

The Norwegian company Sway is also developing a 5 MW floating wimdine based on the
spar concept and claims the total capital costs will be simiid current offshore installations.
Sway uses a downwind turbine, rather than an upwind one.

These structures are not completely free as they still nedxe tattached to the ocean floor to
prevent them being blown away.

The third concept is a tension-cabled option: the suppoucire provides a more lift then

necessary to lift the turbine, but is attached to the oceanfih tension cables. The tension in
the cables must be sufficiently large to overcome the topplioghent caused by the rotor thrust
and increase stability for wave excitation. Arcadis is depmg a floating 80-turbine offshore

wind farm in the Ostsee (Germany) on the basis of a tensibfedaconcept. The water depth
there is between 30-45 m, which is quite shallow for a floatingcsure.

3.3 Offshore installation concepts

More and more offshore installation vessels are becomiagadle. In general they can be di-
vided into two types: floating and jack-ups. Floating vesselsh as Ballast Nedam’s Svanen or
Scaldis’ Rambiz, have the advantage that they can move frdomaito turbine quicker than a
jack-up and are not dependent on the structure of the sai-ups have the advantage that they
are less weather dependent once they are installed.

Either vessel can be equipped with machinery to install males.p Only floating vessels can
be used to install gravity based turbines. Bard enginedraggbought a jack-up vessel to install
its tripile foundation. Both floating and jack-up vessels easemble a wind turbine at sea in a
similar way as is done onshore.

However, time at sea is very expensive indeed so new conaepleing developed. One of these
involves assembling the wind turbine on/near shore and lifieng and installing it as a whole.
This has been done for the REpower 5M turbines at the Beatratfoph. It has the major
advantages that less time is needed at the site, the turbide loe tested while still onshore and
the load, though more than the individual parts of the tiegbomly needs to be lifted to the height
of the support structure.

On the other hand, the (expensive) lifting vessel needs tioagt and forth between the site of
construction and the harbour to pick up turbines, whereaséf was to use jack ups, smaller
vessels could carry parts to the offshore wind farm.

One concept that could also make sense is to install a wilihieion a gravity based foundation

near shore and lift both the foundation and the turbine tsitesin a single trip. Shallow floating
turbines could also achieve this.
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3.4 Conclusion

Onshore tower construction seems to follow a very simpktedyy: tubular steel until transport
becomes impractical, then switch to concrete or hybrid tew&hat does not necessarily mean
that this is actually the cheapest option. If the impact @l#dmdscape and birds are not an issue,
a lattice tower is probably the cheapest option.

Offshore support structures are trickier to choose as e kEnvironment has more impact. For
example, if the water is very deep, monopiles are not an nptiackets have competition from
floating concepts in very deep water but if the water is not \d&gp it is probably not worth
using a jacket. The choice also depends on the size of then&urbithe turbine is in the 5 MW
class, monopiles become so large, they are difficult to hashaieg installation.

Monopiles have been applied for most offshore wind farmsasaup to 30 meter depths for up to
3.6 MW turbines (Greater Gabbard). For 5+ MW turbines gyakitised supports, jackets, tripiles
and tripods have all been used. Suction buckets have not Iseelnom a commercial scale (yet).
Floating supports have not been used on a large commercial seal tend to be heavier than
monopiles or tripiles.

Cost-wise, there is no indication that there is much difieeebetween monopiles and gravity
based structures at the moment (see setfion 6). Tripiledrgpuils have the advantage that
driving smaller piles should be relatively small and eashadodle, but the substantial (490 ton
for the Bard 5.0) connection between the piles and the tosveof.

3.5 Speculation

It seems clear that the offshore wind farms are only stattrgget into mass production. Offshore
companies had so far been geared towards one-off projedttharvessels used for installation
of wind turbines reflect the versatility that was requiredtfaat.

The costs for offshore installation are defined as much (if nmtenso) by the installation as by
the cost of the substructure itself. It is also importaniidude the installation of the turbine on
top of the substructure itself. All these costs must be takBnaccount when one designs the
support structure and the installation vessel. Possiblysboeld include the design of the wind
turbine in this as well.

At the recent European Offshore Wind Conference 2009 in Stwokhmost new concepts of
installation and supports seemed to focus on (reinforcedrete supports.

Itis likely that the combination of installation method aswpport structure that requires the least

time at sea will be the cheapest option. In the short run, aok effects might be overshadowed
as the sectors supply chain must gear up to a sufficient cgpacit

36 ECN-E-09-96



4 Trends in blade design

The turbine blades represent between 11 and 33 percent aft#iedst of the wind turbine (see
[6). They are expensive because the process of producing @ isladpital and labour intensive
as well as time consuming. If the mass of the blade is redubatican have a knock-on effect in
other parts of the structure as well.

The area the rotor covers defines how much energy the turbineagaare. We have therefore
examined the trend of the size of the rotor relative to thed-@ower of the turbine.

If we assume that at least time and labour are proportionddegdotal amount of material in a
blade, then the mass becomes a good indicator for the codtlafla. By studying the trends in
the masses, one ought to able to say whether the cost of bitamleases or decreases as turbines
get bigger.

4.1 Blade length and rated power

Theory tells us that the power a wind turbine can capture as&e as the radius squared for
equal wind speeds. Figure 4.1 shows the rated power versasaimeter for some 111 different
turbines, divided by wind class. The figure implies that the @oaf (IEC) wind class | turbines
does scale as the squared radius, but the rated power of \&ss ik and Il turbines scales
noticeably less than that.

6000
f(x) = 0.4 x.96
5000 f(X) =0.56 xM.84 »
f(x) = 0.47 x.86 /
» Class |
"\ Pow er Regression
for Class |
@ Class |l
"\ Pow er Regression
for Class Il
V Class Il
Pow er Regression
for Class Il

4000

3000

2000

Rated power [kW]

1000

0
20 40 60 80 100 120 140

Rotor diameter [m]

Figure 4.1: Rated power versus rotor diameter for 111 differnerbines, by wind class

The consequence of the much longer blades for class Il andrbirtes is that the load factor at
low-wind sites is considerably improved. The Vestas V1®{a.class S turbine, for sites with
a class llla average wind, but up to lla extreme wind) is thestnextreme example of turbines
designed for low wind sites and covers 4363mar MW. That is 2.5 times as much as the Enercon
E44 (class la, 900 kW) on the other end of the spectrum. Eidrin classes, the largest area
per MW is 1.5 to 1.7 times bigger than the smallest area per M\éitergy density is 1.5t0 1.7
times as low).

Such large surface areas for capturing energy will have aedadrkprovement on the load factor
at low wind sites (up to a factor 1.5-2.5). That means that &ewdations of what areas are still
economical for generating wind power (e.@ [39]), the chaitturbine becomes very significant
and should be taken into account, as in certain areas thid peduce the cost of energy by said
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Figure 4.3: Blade mass versus blade lengthmfeurbines organised by class

factor.

The larger class | turbines do not show a trend towards relgtivigher blade lengths. But the
load factor on these turbines could increase if the turbamelaced in areas with higher average
wind speeds, for instance, farther offshore.

4.2 Blade mass and blade length

Figure[4.2 shows the mass versus the length of the blade foiffédedt turbines as well as 39
different blade designs from blade manufacturers. Fortllesa, the scaling factarwas found

to be around 2.2. It should be noted the turbine data is pdatiy influenced by outliers. For
instance, if we were to ignore the data-points for Bard 5.0 Bnercon E-112, because those
blades are a lot heavier than the LM blades of similar lengthdass, then the factar reduces

to 2.0. If we assume that the power produced scald$,abe difference in factors makes the
difference between significantly increasing or hardly iasieg costs, if the turbine grows in
diameter. NREL@B] indicated two possible scaling funcéipane baseline and one advanced
function, both based on the rotor radius:

Mpaseline = 0~1452Rr26?olr58 (8)
Madvanced = 0-4948Rr26t5c?r (9)
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These have also been depicted in figuré 4.2. Because thesegsttalctions are based on the
rotor-radius, rather than the blade-length, this line isquite smooth. The data-points for the
Enercon blade was not plotted here. It was predicted to havghehmass, due to the large

diameter of the hub, but this rather ruined the trend. Plgtéiththe data as a function of rotor

radius would have resulted in fewer data points for the bradaufacturers, therefore we chose
to plot versus blade length.

One could argue that the factor would be higher if one conganéy blades from the same load-
class (e.g. IEC la, lla etc.). Analysing the data per catedgaynot result in an increase in the
scaling factor, as can be seen in figure 4]3(a). In fact, therfads now 2.0 for all wind classes.

Note that not all the data points of figure 4.2 were taken intoant as the IEC class of some
turbines (if it has been designed accordingly) is not knoiest noticeable are the lack of the
Bard 5.0 and Enercon E-112.

Similarly, One could argue that older turbines are heavian thewer ones due to technological
learning. Figur¢ 4.3(b) shows curve fits for turbines orgahisegroups of 5 years. The curves
does seem to show some learning, because later ‘genetaienighter than the earlier ‘gen-
erations’. The factor: increases from 2.2 (for all the data in that set) to 2.3. If gore the
Bard 5.0 and Enercon E-112, than the factor drops to 2.0 fora&él th the set and 2.1 including
learning.

We saw in the previous section that the blade lengths fosdleend Il turbines have increased
relative to their rated power. Figute 4.4 shows the blade meassus the rated power, sorted
by class. The data suggests that for sites with lower averags ¥he rotors become relatively
heavier in comparison to the power rating. Consideringttet also become longer, this is to be
expected.

The mass of the turbine blades is a function of length, clasfnological learning and design
choices. How much, for each class, length and technolofgeahing each contribute is would
require more data than is currently available. Howevergdifierence between a factor of 2.0 that
was observed in the data for each class and the factor 2.4ilsk$an literature, leaves a rather
large gap to be explained by technological learning.

4.3 Conclusion

As wind turbines grow in size, the differences between habifor onshore, low-wind sites and
offshore, high-wind sites seem to become more pronouncetsh@e turbines require much
longer blades to capture the same amount of energy, tharfffi®ie turbines that use relatively
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short blades that can withstand the very high winds at fahaife sites.

This differentiation means that wind turbine selection nhestaken into account when calculat-
ing the cost of energy for different wind sites, as for low @igites, the energy produced might
be 1.5-2.5 times more than would normally be assumed.

The NREL study suggested that the mass of the blade blade scAesvith = between 2.53
and 2.9. The data suggests a factor 2.0 or 2.2. Possibly aiigtteer if one takes technological
learning into account.

The scaling factors 2.0 and 2.53 could both be considered*vah the basis of the data. The
consequences of this difference could be the differenced®at possibly decreasing and probably
increasing cost of energy when studying the uprating of thmelwurbine. One should therefore
take great care when utilising scaling functions.

4.4 Speculation

It would be interesting to see why the ratio of blade-lengtd aower rating decreases as the
power rating of onshore turbines increases. Consideringsailple increasing trend in power
rating (figurg 2.8(a)), this could indicate a trend to incieg$oad-factors onshore. Though the
designs do not obviously show this, offshore turbines walde a trend to higher load factors if
they are installed further offshore where there are higherame wind speeds.

There is more to the price of the turbine blades than just thesmaransport, production ma-
chinery and moulds all influence the cost. What the net influehttat is per blade is very diffi-
cult to tell indeed. An interesting observation in this nebe the relatively stable ratio between
revenue and MW of blades delivered of LM Glasfiber over the Iaetyéars@ﬂ@[bﬂw].
LM Glasfiber appears to be competing with in-house manufagjun a buyers market. The
turnover of LM Glasfiber per MW of blades delivered varied rigkdy little over the last 5 years
from 117 k€/MW in 2004 to 119 IE/MW in 2008. According to BTM Consult, the average tur-
bine size increased from 1.248 MW to 1.566 MW in the same petiM Glasfiber’s production
increased even more from 1.1 MW to about 1.5 MW per 3 bladess rEsiults in the conclusion
that thecostof turbine blades has been roughly linear with power.
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5 Operation and maintenance cost

Next to the cost of the wind turbine itself (next section)ergiions and maintenance is a very
significant part of the cost.

There is a lot of discussion on what should and what should edh&luded in operation and
maintenance cost. In particular, whether to include costgpital and lost revenues depends. In
the cost of energy calculation in sectioh 6, we will not ird#uthe lost revenues as part of the
cost, but rather as reduced overall availability.

For onshore wind turbines, a fair estimate can be made daege Yolume of data from Germany,
in the form of the ISET (now part of IWES) WMEP database. For offshemd farms, the
amount of data is improving as more numbers on maintenamckeeing published, but the total
number of offshore wind farms and the time that they have lopenational is still limited.

Also, as was particularly obvious for some wind farms, theigie of offshore wind turbines was
not really mature enough. In the following subsections thistieg information on the cost of
operation and maintenance (O&M) is presented. The O&M castsrishore and offshore wind
farms are discussed separately, because of the largeedifies between them.

5.1 Onshore

For onshore wind turbines, a lot of operating experiencebleas collected and analysed. Since
onshore wind energy is a mature branch of industry, sufficielidble data is available. In table
some key figures are presented, mainly derived from @]]ﬂ] and ].

Failure rate 1.5 to 4 failures per year
Availability >98 %
Service contract 0.5 to 0.8% of invest. costs per year
5 to 8€/kW
Service contract incl. warranty 1.0 to 1.6% of invest. costsygar
10 to 16€/kW
Corrective maint. year 5 0.5 to 0.8% of invest. costs per year
5 to 8€/kW
Corrective maint. year 15 4 to 6% of invest. costs per year
40 to 60€/kW
Average O&M costs over lifetime 2 to 4% of invest. costs parye
Insurance costs 5 to8/kwW
(machine damage, third parties, revenue losses)
LPC (O&M costs) 5 to 10% of kWh price (of which half due to maint.)

0.5 (year 1) to 1.5 (year 1@ cent/kWh

Table 5.1: Key figures for O&M onshore (Investment cos&RN)

From the WMEP database 20086, [1], itis revealed that the O&Nkdmscome lower per installed
kW. Figure[5.1 shows the total operational cost relative ®ttirbine size. In Figure_ 8.2, an
analysis has been made in 2003 of the service contracts délaieawind turbines related to

their investment pricéﬂG]. The data has been compared heligures presented iﬂ3ﬂ37]
and with the offers for four commercially available turbitypes in the 1.5 to 2.5 MW range.
It is clear that the figures presented m[@[W] and [4] do include warranties, spare parts,
consumables, 24 hours monitoring, etcetera.

Figure[5.8 shows the total maintenance costs split up intts dos preventive and corrective
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Figure 5.2: Prices of service contracts as a function of terbine

maintenance. As can be seen, these costs are more or lessBganalysis has been done in
2003, but the conclusions are still valid when compared thighdata presented in 20@[37].

A German study performed by DEV\HlS] indicates that duringrty years of operation, ap-
proximately 64% of the investment costs is spent on spats.p@he study used data of smaller
wind turbines. On average, this corresponds to more thanfi¥#tednvestment costs per year.
With an investment price of 1388/kW, this equals 4€/kW which is far higher than the figures
given in figurd 5.1L.

5.2 Offshore

Because there are not many offshore wind farms yet and oéthioly a few have publicly avail-
able operation and maintenance (O&M) data, the cost is fimtnéxed by modelling and then
compared with figures that are available.
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Figure 5.3: Costs for preventive and corrective maintenascefunction of turbine size

5.2.1 Model based analysis

An example of a model based analysis can be found_in [84]. Frathdr recent studies for
developing O&M plans for offshore wind farms, ECN concludbdtt unsurprisingly, the costs
for maintaining offshore wind farms are higher than for ntaiiming onshore wind farms.

Typical figures (including costs for maintaining the park@structure, civil structures, etc.) are:
 preventive maintenance 0.003 to 0.0&KWh)

* corrective maintenance 0.005 to 0.0&YKWh)

It is interesting that the costs for corrective maintenaareea factor 2 higher than for preventive
maintenance, whereas for onshore turbines the costs feemtiee and corrective maintenance
are about equal. There are several causes for this; one iggbagive equipment that is needed
such as crane ships. Another is that the costs for the reMesses are substantially higher for
offshore wind farms. Offshore, long downtimes occur dueotedr accessibility of the turbines
due to high waves and strong winds, whereas the accessifilinshore wind turbines is hardly
influenced by the weather conditions. Furthermore the captagtors are generally larger for
offshore wind farms. Analyses revealed that the revenusebare about 50 to 80 % of the costs
for corrective maintenance. The figures are are subject td gneartainty, originating from a.o.:

« the failure rate of the turbines, indicating the demancdcfmrective maintenance;

 the equipment to use for access and lifting and their fluctgadrices;

the influence of the wave height and wind speed on the opagdtisindows for accessing
and repairing the turbine;

the distance to the shore;

logistical aspects (the crew size, stock control, comsradgth equipment suppliers and
offshore companies, etc).

It should also be noted that the number of wind turbines oafgitt be a factor in the calculation
of the maintenance cost. With equal mean-time-betwedurés (MTBF), the number of trips
required for corrective maintenance would be lower in a warch consisting of 5 MW turbines
than when it consists of 3 MW turbines. For preventative rtiesiance, the number of trips is also
defined by the number of wind turbine installations.

For wind farms that are further off shore, trips will take d@m and become more expensive. It

could therefore be cheaper to build bigger wind turbinesoftghore even if that increases the
turnkey cost of relatively to smaller turbines.
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Figure 5.4: O&M cost estimates for two Danish offshore winairfs[26]

Creating better failure prediction models that allow atsidm corrective to preventative main-
tenance would be welcome, as the high down-times could bieedoresulting in higher avail-
ability and thus lower cost per kWh.

In [@], cost estimates are presented of Danish offshore fdamms in the North Sea and in the
Baltic Sea, see figuie B.4. These figures match very well with the ffLikes.

5.2.2 Data from existing offshore wind farms

Only offshore wind farms with a total installed capacity 6fMIW or more have been considered.
These are:

» Middelgrunden, Denmark, 2000, 40 MW

e Horns Rev, Denmark, 2002, 160 MW

» Nysted, Denmark, 2003, 165.6 MW

» North Hoyle, United Kingdom, 2003, 60 MW

e Scroby Sands, United Kingdom, 2004, 60 MW
» Kentish Flats, United Kingdom, 2005, 90 MW
e Barrow, United Kingdom, 2006, 90 MW
 OWEZ, Netherlands, 2006, 108 MW

» Burbo, United Kingdom 2007, 90 MW

e Lillgrunden, Sweden, 2007, 110 MW

Q7/Amalia, Netherlands 2008, 120 MW

For only five of these listed offshore wind farms figures on thaial O&M costs have been
found. The results are presented in tdblé 5.2. This data istem@ince cost excluding revenue
losses due. Below the results for the five wind farms are dissdiin brief.

Barrow

The report mentions that since the wind farm is under a 5 yearabipn and maintenance con-
tract, the cost risk is carried by the turbine manufacu@t].[ The O&M costs that are in the
document only cover half a year and, taking availabilityoiatcount add up to 3.£ct/kwh.
However, the average availability of the turbines durinig tharticular period was very low,
at 67%. At normal availability and normal production (305 GM¥ar) this maintenance cost
amounts to 1.€ct/kWh.
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Name Country Turbines Distance toNater O&M costs
shore [km] depth [m] [€ct/kWh]

Barrow UK 30x Vestas 3.0 MW 7-8 18-22 19
Middelgrunden DK 20x Bonus 2MW 2-3 2-6 1.2-1.9
North Hoyle UK 30x Vestas V80 2MW  7-8 12 2.06-2.31
Scroby Sands UK 30x Vestas V80 2MW  2-3 4-8 1.45-1.65
Kentish Flats UK 30x Vestas V90 3AMW  8-10 5 1.55

Table 5.2: O&M costs for existing offshore wind farms

The next reporﬂEO] shows an improved availability of 78%splte an extra low availability due
to the exchange of all gearboxes. Production was 273 GWh jwhiults in a maintenance cost
of 1.296 p/kWh or 1.7&ct/kWh. This is much lower in Euros the amount of the previaymort
due to a drop in the exchange rate in 2007.

Middelgrunden

The specified costs include the cost of O&M as well as admitistrainsurances, coordination
and electricity consumption and are published each yeannoa reports|]3]. Availability over
the first 4 years was over 93%, lack of availability was mainkg ¢ack of grid and a number of
transformer malfunctions.

North Hoyle

The report mentions that since the wind farm is still underraty the availability and non-
routine maintenance cost risk is carried by the turbine rfaarturer. It is unclear whether these
maintenance costs are included in the listed fid@sﬂ@ﬁ(&ilability of the wind farm has
been about 87% on average. O&M cost averaged 1.47 p/kWhiog(tiee average exchange rate
during the last period of the reports).

Scroby Sands

According to the documents the turbine maintenance costs Ibeen included in these figures
[@,@, ]. Availability varied between 75 and 84%. In thstlyear, O&M was 1.13 p/kWh or
1.65€/kWh

Kentish Flats

The figure includes cost of turbine O&M (estimated value fromND&ontract with turbine manu-
facturer), insurance, lease and rent, surveys, import pam@administratior@@[bl]. Avail-
ability in the second year was down to 73.5% due to gearbdxésyas 89.2% during the last
reported year.

5.3 Summary and conclusions of O&M cost analysis

Onshore maintenance is cheaper than offshore maintendtnisealso less weather dependent,
resulting in much lower down-times. Current cost-estirmaty between 0.5 and 1&ct/kwh.

From recent studiesubﬂda@ @, ﬁ@ 60] combindi @m@@] ECN derived

the following generic key figures with respect to costs oftudie wind energy.

» The O&M costs form approximately to 30 to EYkW per year, or 1.2 to £ct/kWh (see
also Figure 6.3).

» Approximately 2/3 of the O&M costs (say 20 to £5kW installed capacity) are caused by
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corrective maintenance.

» The revenue losses are in the same order of magnitude asdtsef@ocorrective mainten-
ance.

The O&M costs for the five investigated offshore wind farmsyvarughly between 1.2 and 2.3

€ct/kWh. It should be kept in mind that all five consideredsbtire wind farms are located close
to shore. O&M costs for farms located further from shore &y to be higher; mainly caused

by harsher weather conditions and longer travel times. Thehleaweather conditions are also
likely to result in longer down-times due to lower accedigibi

During the past few years ECN has used its O&M Tool to estimaeQ&M costs of offshore

wind farms under development (which also include farmstiedéurther from shore and in deeper
water). The estimated O&M costs for these farms vary roughtywben 1.3 and 2.€ct/kWh.
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6 Cost distribution and cost of energy

6.1 Introduction

The cost of energy is probably the most relevant way of judgiiid energy, because it is the

main criterion for judging investments and policies. It$sential therefore to get a good idea of
what it is. For researchers and designers it is importantéch®w the cost of energy is affected
by different technologies and design choices.

To do that, we must first establish how the cost is distributestt the turbine and over the turnkey
cost. The offshore and onshore turnkey cost are analysetbselyaThat leaves the maintenance
cost, but that was already established in the previousosectihe cost/value at the end-of-life of
the turbine will not be considered here.

Then we will examine how this cost is affected by differentdas, such as material cost, changes
in the design, experience, or, for offshore, in the locatibthe wind turbine.

Once we have a good idea of the cost, the cost of energy idishdby examining the yield of
current wind turbines.

6.2 Cost breakdowns

6.2.1 Turbine cost distribution

Though a fair amount of cost studies on individual parts haenltonducted in the past, there is
actually fairly little original data available for the wheturbine. Quite a few studies are results
based on a scaled version of another data set. So far we have émly a few independently
published, original datasets regarding the cost breakduthe turbine itself. Most of those
seem to be estimates of cost rather than actual manufastypplied data.

The most recent publication features the cost breakdown obREs MM82 and MM92 2 MW
turbines [8] 9] (2005,2007). Other studies are the OWECO®8ys60] (2001), the DOWEC
study (the results of which are not publicly available), NREL WindPACT studieéﬂﬂﬂb&
E"fﬁﬂ)] (mainly 2001) and studies by Ridg) [44](1998).he Wind Energy Handbook (2001)
[@] one can also find a cost breakdown. A comparison of thegbest in tablé 6]1 shows that
the differences are large. Even for major components, ewsnary by a factor 1.5-3.0. An
inspection of the data shows that the differences betwessethreakdowns is not related to the
size of the turbine.

Because of the large inconsistencies, we will not hazarcetasldd an analysis as was done in
these studies. Instead we recognise that if we average thefkabld 6.1, 74% of the cost of the
parts of the turbine is defined by four component groups anddbkedistribution is:

» Blades + hub: 23%
e Tower: 20%
e Gearbox: 14%

» Generator + power electronics: 17%

Note that any of the percentage of any of these parts can r@mhg vary substantially from
turbine to turbine.

Hansen transmissions has published their sales data @v&rst3 yearslﬂ@?], but their wind
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MM92 DOWEC NREL Risg OWECOP MM82 WEH

Rated power 2 6 15 15 25 2 15
Tower 26.3 25.0 11.0 21.0 11 33 18.7
Blades 22.2 14.4 16.0 22.0 13 18 19.5
Hub 14 7.6 7.0 3.0 7 2 2.7
Main bearing 1.2 2.4 1.3 1
Shaft 1.9 2.2 5.0 5 2 4.5
Nacelle frame 2.8 1.4 7.0 13.0 10 3 115
Gearbox 12.9 131 164 15.0 11 14 13.3
Generator 34 6.1 10.6 9.0 7 4 8.0
Yaw system 1.3 2.0 1.3 5.0 2 4.5
Pitch system 2.7 10.3 3.9 5.0 5
Power conversion 5.0 2.0 10.9 16 6
Transformer 3.6 6.5 3
Nacelle cover 1.4 0.7 4.0 2
Brake system 1.3 0.7 0.3 2.0 1 1.8
Cables 1.0 1.9 1
Misc 11.9 12.4 1.6 20 3 155
100 100 100 100 100 100 100
Table 6.1: Percentage-wise cost distributions of diffestmdlies
Component Share [%]
o1 Wind turbines 75.6
Component Share [%0] Foundation 6.5
Wind turbines 65 Electric installation 1.5
Civil works (including foundations) 13 Grid connection 8.9
Wind farm electrical infrastructure 8 Control systems 0.3
Electrical network connection 6 Consultancy 1.2
Project development and management costs & and 3.9
: Financial costs 1.2
(a) According tol[29]. Road 0.9
(b) According to|[1B].

Table 6.2: Different cost breakdowns of a turnkey onshoreMirbine

turbine gearbox sales per MW increased from&BW to 86E/kW over the last 3 years. Com-
bining this with the breakdown results in a cost price forghére turbine between 512-680kW
with an average of 57€/kW.

On the other hand, combining the turbine breakdown of thigiee with the (more stable)
turnover data of LM Glasfiber (see sectidn 4) of 1&&W, that would result in the conclu-
sion that the cost price of a wind turbine (excluding waries)tetc.) varies between 536 to 908,
with an average of 66€/kW.

6.2.2 Turnkey onshore capital cost and cost distribution

Obviously, installing a wind turbine is more than just comibg its parts. Another process needs
to be tackled that involves, amongst other things, sitewplay, grid-access, financing and plan-
ning permissions. Onshore one also has to arrange lantsrigbnstruction of access roads,
building the foundation and transport and installationhaf turbine itself.

The cost of all of these can vary significantly depending on #gilations in the country, the
geological and ecological situation of the site, the sizénefturbine, local attitudes towards wind
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turbines, the size of park to be installed, etc. In genenalaidditional cost of these items add up
to some 20 to 40% of the total project cost onshore. Some 10df%B&t amount is spent on the
foundation.

The Wind Energy Handb09] contains a breakdown of a tydi€alW onshore wind farm
(table[6.2(d)). Wind Energy, the facts [13] gives a somewlfrent breakdown in table 6.2(b).

Assuming that the wind turbines did indeed cost about 75.68teoturnkey price in 2008 would
result in wind turbine price of about 1043/kW. The average turnover of Vestas, Gamesa, Nor-
dex, Suzlon and REpower in 2008 was 160&W .

6.2.3 Turnkey offshore capital cost and cost distribution

Onshore, the wind turbine makes up some 75% of the cost of malqgrroject, with the rest
being spent on foundations, grid connection and projectagament. For offshore wind farms
the turbines themselves only make up about 50% of the costreltés needed for the far more
expensive support structure, a substation at sea to caimeepower for DC transport to shore,
marine electrical cables, work to lead the cables safeljhamesand larger project management
costs.

EWEA@] published the breakdown in talple 6.3(a) for the céstrooffshore wind farm, based
on an analysis by Risg of the Nysted and Horns Rev wind farme.Nysted wind farm used a
gravity based support structure, while Horns Rev used mit@sprhe constructions do not seem
to differ much in cost.

A different publication by EWEA@S] uses a somewhat differenst breakdown (table 6.3[b)), a
report written by Garrad Hassan for British Department fiade and Industry [72] contained a
breakdown for the British 'Round 1’ offshore projects (&BlL3(c)). Another cost breakdown is
[@] (not reproduced here), which featured very similar bens to these three studies.

A poster presented at EWEC 2009 put the price of a gravity basawtation at 4068E/kW for
the Nysted/Rodsand Il offshore wind farm. This would matcthwhe data in tablg 6.3(b) if
the turnkey price was about 21@YkW. However, the gravity based foundations for Thornton
bank-phase | came to 27.5% of the cost of this 158pilot phase, according to the developers
website. This would mean 14G9/kW for the foundation alone.

Offshore wind turbines themselves are more expensive thahave ones as well. Recently,
large offshore contracts were announced by several manoéas. These contracts amounted to
between 1100-175€/kW.

It must be noted that as turbines are placed further offsharkin deeper water, the part of
the turbine in the overall cost declines as the foundatiorts edectrical supply become more
expensive. This will be further examined in secfion 8.3.3.

6.3 Cost driving factors

There are many factors that influence the cost of wind turbimegerials, size and for offshore,
distance to shore and water depth. These factors directytatffie cost price of a wind turbine.
A less obvious effect is that of learning: as we produce mooelycts, we learn how to control

Where available, only the (unconsolidated) sales from wind turbine installatoe used. Probably, some of these
figures include some service contracts. In the average the resultsweigitged equally for each company
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Component Share [%0]
Turbines ex works, including transport and erection 49

Transformer station and main cable to coast 16
Internal grid between turbines 5
Foundations 21
Design and project management 6
Environmental analysis 3
Miscellaneous <1

(a) Nysted and Horns Rev wind farnis[61].

Component Share [%0]
Turbines and ancillaries 51
Support structures 19
Offshore electrical systems 9
Installation of turbines and support structures 9
Installation of offshore electrical systems 6
Surveying and construction management 4
Insurance 2

(b) Typical offshore wind farm [13].

Component Share [%0]

wind turbine, transformer and tower supply 40
Foundation supply 8

Installation 22
Offshore electrical supply 6.5
Preliminary and management works 5.5

Onshore electrical works 4.5
Development expenses 2.5
Wind farm monitoring system supply 1.0

(c) 'Round 1’ offshore wind farmﬁZ].

Table 6.3: Turnkey offshore cost breakdown

production better which can be taken into account in thegtleand economies of scale allow
cheaper production. The turnkey price is also dependenteomérket.

6.3.1 Material cost

A wind turbine consists of quite large amounts of materialm8dvery) rough estimates would
amount to:

» About 150 tons of steel per MW for tower, hub, gearbox ancehadrame (based on the
data collected)

Another 300 tons of steel per MW for offshore monopiles (3&ater depth)
400 tons of concrete and 40 tons per MW of steel for a offspoaeity based wind turbine
Some 10 tons per MW of glassfibre reinforced material for tlaelés

4 tons or so of copper (depending on generator type, rouginas based on generator
weight)

100 tons of concrete for an onshore foundation

Sometimes a price-increase in the commaodity, such as staglinorease the cost price more as
it passes up the supply chain, due to, for instance a relptiviit margin on the material cost.
This makes it difficult to judge the overall effect of commodgsicing on the final cost of the
wind turbine as experienced by the manufacturer. In {aBleséme estimates on material prices
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Material Amount [tons] Price/ton [€] Total [k€]

Steel 150 0.4 60
GFRE 10 4 40
Copper 4 7 28
Concrete (onshore) 100 0.1 10
Concrete (gravity, offshore) 400 0.1 40
Steel (monopile, offshore) 300 0.4 120

Table 6.4: Material cost without work per MW for a wind turbifvery rough estimates)

have been made. The totals in this table are likely to be offiiaek significantly, but ought to
have the correct order of magnitude. It does give some idd@edgensitivity of the wind turbine
to material pricing. With a turbine costing 13&kW, materials add up to about 10%.

In arecent presentation by Dong Energy (EnergiRikekonfena2009, Haugesund), the material
contents of the cost price of an offshore wind turbine is alstimated at 10%. The cost of the
foundation and the cable however, was estimated consigtgpéctively) 40% and 60% material
cost.

For example: a doubling of the steel price (which happeneég 2808, before halving again in

the second half of 2008) would have (roughly) added an eX@@e€lkW to the overall cost price

for an offshore turbine (including its foundation) and soé@kE€for an onshore turbine. Based
on our estimates in sectién 6.2.1, that is about 10% of theprice. Offshore it is about 6% of

the turnkey price, the increase relative to the cost prideb@ihigher than that.

6.3.2 Scaling

A recurring question that was seen in the last 20 years in thd turbine industry, is whether
bigger wind turbines produce cheaper energy. Scaling wirldrte designs is a fairly common
way of studying this. Other question that might be studiethia way is how the cost of energy
changes if one uses a higher tower, builds a wind farm fuifiehore or in deeper waters.

Scaling the costs as was done in the WindPACT and DOWEC stualesell as certain books
(e.g. 1), consists of linking the cost to one of thesedext Usually the link consists of
two steps, the first is linking the dimensions of individuattpao the factor, the second is to
establish a cost function based on the dimensions (surtades machined, volume to be cast
etc.). E.g. linear upscaling of the rotor (multiplying eveliynension by the same factor) would
give a function:

Mplade = CwD? (10)

In a second step we could relate the weight to cost. Usualheat relationship is assumed:

Chiade = CcostMblade (11)

Alternatives for this function could relate the cost to thaamined surface area, the maximum
size of the piece that is being manufactured, etc. In thisntgthe functions that were fitted to
the data could also be considered scaling functions.

One must take great care with assumptions in scaling fumgtizecause they tend to oversimplify
the problem. First of all, the assumed relationship betweassnand a design factor could lead
to the wrong conclusions, if the factors in the equation arengy. We have already seen in the
section on blades that the data indicates a scaling fabttris possibly as low aB? whereas a
factor D253 or higher is used in literature.
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Figure 6.1: Rough turnkey costs per kW nameplate capacityadbuws offshore wind farms
[kE€/KW].

Similarly, assuming that cost varies linearly with mass camdpually wrong. The costs can vary
with any number of parameters that depend heavily on theyotamh method that is involved. For
limited production quantities, what is economically vielibr one manufacturer is not necessarily
viable for another, simply because they own different eongipt.

The scaling functions could also be wrong because at a diffelesign point, a different techno-
logy could become cheaper and this technology will probablye a different scaling function.

The scaling functions need to be correct for all parts thaekl@awmajor contribution. That also
includes the project cost of installing a wind turbine.

The only real way to establish whether a different design isencost-effective than another is to
really redesign in detail and establish the cost-price liat hew design using known and valid
manufacturing cost data. Such data is simply not availables @t this time.

This means that one must take great care when using scalictjdngs and be very critical of
their results.

6.3.3 Offshore cost drivers

The cost of offshore wind farms has gone up significantly sir@@62 see figure 6l1. In 2009,
BTM Consult's WorldMarket Updat@?] recommended usingrakay price for offshore energy
of 3000€/kW, where in 2006 it was 170€/kW @]. On-shore costs also rose from 1260 to
1380€/kW in same period, but this increase is much smaller. E Btimates that the
investment cost will come down again to a level between 15602060€/kW in 2015.

Some recent repor@@ 19], blame the rise for a large paherise in the price of raw materials.
We have already seen in the material breakdown that in igelfid increase the cost price of
an offshore turbine by something in the order of ¥8(W. This certainly influences the cost
significantly, but it is still far short of the 1308/kW rise that is seen in turnkey cost.

What is relevant to know, apart from the absolute cost, is th@xcost of wind turbines depend on
various factors, such as the distance to shore and the vegitir.d=igur€ 6J2 shows that distance to
shore and depth of offshore wind farms has increased sigmifycsince 2000. A recent report on
offshore wind energy costs by Garrad Hassan & Parthefs &Apart of the Windspeed project,
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Figure 6.3: ‘Trends’ depending on distance to shore, watethdend turbine size.

gives detailed cost models for a 'generic’ large far-offghpark consisting of 5 MW turbines. It
also describes cost models in terms of distance and deptrt &pm depth, they also show that
the cost depends on wave-height, tide-height and stornesurg

Figure[6.3 shows the price per MW relative to the distance treshthe water depth and the
turbine size for the projects where data is available. Thattst depends on the distance to the
shore seems obvious; the boats take longer to get to thedoncatd the cables going to shore
have to be longer and are thus more expensive.

The export cable itself can contribute about 5-10% of thd taist of an offshore farm. A price
of 3-5€/kW/km for an AC cable, (based on data concerning Horns R&hkeringham shoal and
Greater Gabbard) for projects further offshore (>25 kmyseeeasonable. For shorter distances,
the price becomes nearly independent on the distance te.dhor larger distances and/or larger
park sizes (>100 km and/or >500 MW) it is more efficient to useldd/connections, which use
cheaper cables, but have more expensive substations.

The trend lines suggest linear relationships with depth astmce to shore but the spread is
still very large. Obviously there are some outliers, sucfilasrnton Bank, which includes costs
for future expansions and Beatrice, which was the first agptio of offshore wind in very deep
water, very far offshore. Apart from wave-height, tidedtgiand storm surges, another cause of
the variation could be that the distance to shore is not emgutile length of the cables needed,
because it is more convenient in terms of infrastructurdtech the cables elsewhere.
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The same is true for the harbours. The nearest harbour abledmawodate the boats, equipment
and people needed for the project may be at a different mtakior instance: the distance to shore
for the Alpha Ventus site in German waters is approximatéyke. However, the distance to
the nearest, significant harbour (Emden) is about 75 km, notgadhipping lanes into account.
Similarly, for Thornton bank (Belgium) which is 29 km offshofastend (at 36 km) was the main
harbour of operations and was also the location for landiegtansport cables. Shipping lanes
and speed limits further complicate matters.

Ironically, if we do a simple analysis of the data, the priee kW seems most clearly related to
the size of the wind turbine. This is a bit unexpected as laigdines require fewer operations
at sea per kW installed. First of all, there is a bias in thisdhecause there is a trend to use
bigger turbines when building further out at sea and in deg@ger. Other factors that make
bigger turbines more expensive could be a smaller availabil suitable installation vessels and
the fact that there is less experience with installing suchimes.

Another factor that could influence the price, is a competitidvantage of large wind turbines.
A park consisting of 5 MW turbines ought to require 40% feweaimenance trips (at equal
mean time between failures) than a park consisting of 3 MWimn@s. As maintenance results
in a significant part of the total cost, this is a competitiveaadage over the 3 MW turbines.
If supply is still limited and the competition consists of @her turbine types, rather than other
manufacturers, this could result in a higher prices per k\ivels

Furthermore, large year-on-year increases in installedaigpduring this period may have lead
to a shortage of offshore installation capacity. The sameramishore wind turbines, the offshore
market must increase its supply chain to cope with the yaayear increases. That also includes
training of offshore crews and further development anddig of offshore installation vessels.
Unfortunately no clear explanation of the rise in turnkefglobre wind installation cost has been
presented yet.

6.3.4 Cost reductions through technological learning

Technological learning is the reduction in cost achievedjplying knowledge, obtained through
experience, research and use. Mechanisms identified byasewvghors studying IearnindﬂSS])
include:

e Learning-by-searching: structural research efforts improvements in the product and
manufacturing

» Learning-by-doing: improvements in manufacturing predeg manufacturing the product
repeatedly

 Learning-by-using: feedback from user experiences lggdirmprovements of the product
design

* Learning-by-interacting: diffusing knowledge betweenoas (such as research institutes
and manufacturers) supports diffusion of technology

» Upsizing: redesigning a technology can lead to lower gjpecbsts.

» Economies of scale: standardized products allows upsgrafiproduction plants.

Generally they are studied as a combined effect on the ptiothuost, usually as an logarithmic
function of the cumulative production:

log Ccum = lOg CO +0b 1Og Neum (12)
PR = 20 (13)
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where:C.,, is the cost per unii(y the (virtual) cost of the first unit produced,...,, the cumu-
lative productionp the experience index andR the progress ratio.

The progress ratio is a measure of the cost reduction achaftedeach doubling of cumulative
produced products. For wind this could be seen as the cuiwveilaind power installed. Up to
2001 at least, the progress ratio for onshore and offshand farms was about 82% (i.e. a 18%
cost reduction per doubling of cumulatively installed wpalver ES]. If this ratio had held since
then, the turn-key solution of an onshore wind turbine nayadvould cost only 62% per MW
of what it cost in 2001, offshore even only 42% (in 208and material prices).

Since 2001 market prices for complete turbines have not leehascording to any learning curve.
A return to more stable prices is hecessary before we canggaidea of further developments
on the production side of the cost. Economies of scale shavidamd during the next few years
ought to play a more important role, but it is likely that thegress ratio has gone up as well,
which means that the industry would have been learning averlcate.

6.3.5 Production cost vs turn-key installation cost and market forces

In the previous two sections, we examined how the costs atgldited over projects and wind
turbines. In this section, we reflect on how the cost is reltidte cost price.

In the last four years the price of a turn-key installatioraokind turbine onshore has steadily
increased from about 1068/kW in 2004 to about 138€/kW in 2007]. In 2009 the forecast
price was at the same level as the year before [27].

Several causes together create this increase in prices e@méhand, rising material costs in the
last few years will, to some extent, have increased the mtimhucost of the wind turbine. On the

other, there was a large increase in demand and a shortagedofgtion capacity that can have
resulted in price-inflation of wind turbines. We have alreatipwn that the increases in material
prices are unlikely to be the biggest part of the price ingeeas it amounts to about 10% in the
estimated cost price onshore and only 6% of the turnkey pfffshore.

It has also been noted that a high level of subsidies in cec@intries can cause price increases
elsewhere too as suppliers are more keen to deliver to desnthere they can get the best value
for their turbines. Furthermore, prices tend to vary perdite to (lack of) available infrastructure
to physically get the turbine on site and install it. On thieesthand, the price increase occurred
during a period where the average power per turbine hasilstéacteased from 1.25 MW to
1.56 MW. The larger turbine size (and accompanying highertights and relatively larger
diameters (sectidd 4)) will also have resulted in higheldge

With the price of wind turbines so heavily dependent on migideees and subsidies, one can not
expect technological advances that allow cheaper pramuttdiresult directly in cheaper turbines.

It is also likely that technological advances that reducénteaance cost or increase yields will

also result in higher turbine pricing, regardless of whethe cost of producing the turbine has
actually increased.

Though these effects may well be in line with market forcesupfdy and demand at the moment,
in the (very) long run wind energy will have to compete agaatker forms of renewable energy.
It is therefore important to keep trying to reduce overa#itanf turbines.

In the short run, though, it ought to be profitable for supgligirwind turbines to keep an eye on
developments that increase their profit margin. Either wayhrtelogical advances that reduce
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Cost component Unit Onshore Offshore

Turnkey turbine £/kW] 1380.00 3300.00
Capital cost £/kw] 892.75 2134.83
Maintenance cost/15 years €[kW] 562.50 1311.50
Maintenance cost/20 years €[kW] 750.00 1748.00
Total cost/15 years g/kw] 2835.25 6745.83
Total cost/20 years kW] 3022.75 7182.83
Production/15 years [kWh/kW] 56250 65550
Production/20 years [kWh/kW] 75000 87400
CoE/15 years €£/kwh] 0.050 0.103
CoE/20 years £/kwh] 0.040 0.082

Table 6.5: Calculation of CoE for an onshore class Il winkitoe and an offshore class | turbine.

the overall technical cost per kWh of produced power are ttzges that are most likely to be
adopted by industry. However, it may be that other issues had priority the last few years, such
as upscaling production or, more recently, examining tmsequences of the financial crisis.

6.4 Cost of energy calculation

The target being used to judge wind energy is the cost of e{@uof¢). The cost of energy would
be the sum of the cost of installing a wind turbine, the cobtsiioning the turbine and the cost of
removing the wind turbine at the end of its life cycle, dividey the amount of power produced
by the wind turbine during its life cycle.

However, what is included in these costs is very importanarigxes for installation costs are the
net-connection (especially for offshore wind-farms) amel tapital costs (the money you would
have made if you had invested in other things, or interest paiborrowed money).

As running costs we will only use the maintenance cost. Othst that could be included are
insurance cost. For the costs at the end of the lifetime, anddahave to put a value on all the
parts of the wind turbine, either for resale as second hand,the value of the part as scrap
material and the costs required to recycle, scrap or refhrbi

We will use the turnkey turbine cost, the capital cost ancctist of maintenance. End of life cost
and insurance cost are not examined. Thus we get:

COE— Cturnkey turbinet Ccapital + Cmaintenance (14)
Energy producted

The turnkey cost were assumed to be 183kKW for onshore and 3308/kW for offshore. Main-
tenance costs were assumed at G&JkWh for onshore and 0.02/kWh for offshore. Capital
cost was assumed to be 7% interest on a loan covering the anastment that lasts 15 years.

An analysis of the power curves for wind turbines we have fatashows that a modern class
Il (onshore) turbine ought to be able to give 3750 full-ldamlirs on a good class 1l site (average
windspeed of 8.5 m/s). Offshore turbines should be ablettd®@0 full load hours (at an average
windspeed of 10 m/s). These hours can be obtained by at le#stoR5he turbines that were
analysed in each class. If the average windspeed is 0.5 s¥/#han these values, at least 10% of
the turbines can still achieve these full load hours. Offetem availability of 95% was assumed,
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Figure 6.4: The cost breakdown determined in (left) the OMIELS study of Delft University
of Technology[[50] and (right) in the concerted actibn [68ireed out by various European wind
turbine manufacturers, offshore companies and R&D institu

onshore (nearly) 100%.

From these assumption we see that onshore, the cost of ermripe@s low as 0.0€/kWh and
offshore, 0.08€/kWh.

The figures show that the contribution of maintenance to kWhpoige is about 20-26% for

onshore wind, where as offshore it is also between 20-25%ieEBCN studies revealed that for
offshore the contribution to the kWh price is approximat@yto 30% EbO] whereas onshore,
the contribution was between 10 and 15%. The results of the E@iNes have been compared

with public data, e.g.| [57, 58, 50,134,/33/5] L6l 71, 24] and].[®ther studies, see figure b.4,

also show the O&M costs contribute 25 to 30% of the total kWéts0

Onshore, the maintenance part is higher than previoushyrteg, because a significantly higher
load factor is taken into account. This increased the maames part of the cost relative to the
turnkey cost.

For offshore, the difference in percentages is likely dukatb that the investment cost taken into
account here is the latest figure. This figure has increased tcathaover the last few years,
increasing the total cost per kWh whereas maintenance neadrelatively) unchanged. The
contribution to the total CoE has therefore decreased.

6.5 Market outlook - different scenarios

In 2008, 28 GW of wind energy was installed world wide, 9.2 difietr was installed in Europe.
World wide a global capacity was reached of 122 GW.

For the future, different organisations have some veryediffit outlooks for the prospects of
wind energy over the coming few years. The International Bhéaency (IEA, [10]) in 2007
foresaw by 2020 a global, accumulated wind power capacispofe 352 GW, half of which (176
GW) would be Europe. This would require some 24 GW of wind powdrd installed annually
worldwide and 10 GW in Europe. That is a reduction in annuakifegions compared with the
current rate.

In 2008 (]), it was recognised that a so-called 450 sderfhased on 450 ppm CO2 of green-
house gas equivalence) would require an additional 270 Ge¥¢aimulated wind power install-
ations, adding some 10 GW to be installed annually. The GMbatl Energy Council (GWEC,
[@]) on the other hand foresees, in what they call a mode@eario some 709 GW of accumu-
lated wind power capacity. In their scenario Europe accoiant$80 GW. This scenario would
require a yearly installation of 66 GW worldwide, a threefatcrease over the current yearly
installed capacity. Given that the wind energy market hase@sed more than threefold over the
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last four years, the industry is certainly capable of deilhgsuch an increase.

The European commission 2008 baseline model is more modeskeitheer of these, planning
120 GW of wind energy by 2020. That would require only of 5 GW ahavenergy to be
installed in Europe each year up to 2020. That is only half oftwi@s installed during 2008.

For all three of these scenarios, the growth in the markedriginly going to slow down over the
next few years. For Europe the market is expected to remats atiirent rate of installation or

even drop somewhat. This is may also result in a return to tyerbunarket and will probably

result in stable or gently dropping prices. For offshorejguts the stabilisation of prices may
take a while longer as the offshore market is still growingjaéy.

6.6 Conclusion

A breakdown of cost of a wind turbine over its installatiordats parts is possible, but results
differed significantly from one study to another. No verifiatxst breakdowns have yet been pub-
lished for direct drive wind turbines. Based on the averdgbe cost breakdowns and turnover
data from LM Glasfiber and Hansen, the cost price of a wind terfémncluding warranties, trans-
port and installation) is 570-666/kW. Based on the turnover data from manufacturers, tloe pri
of an onshore turbine was (ex works, warranties) was abdat19d3€/kW. Offshore turbines
are more expensive.

Allin all, the picture of the cost price is not complete enbuig easily judge different engineering
solutions. The question is, if it ever will be. One needs aatmuengineering data and accurate
cost functions on the production processes for both theentidesigns and the alternative design.

The last few years, industry has struggled to keep up with ddmdhis has led to a 'sellers
market’ and higher prices. Increasing raw material cosi atmtributed to some extent to the
increase in prices, but certainly not to the extent that eigokices increased.

Offshore turn-key costs have risen much more than onshoereBre a number plausible reasons
that each explain some part of the increase. The fact that mststlations are now further
offshore and in deeper water does explain part of the inereasost, material cost will also
have had some effect. However, the difference is larger tihese combined effects. This could
indicate a mismatch between supply (of offshore serviced)dkemand.

Most scenarios predict a smaller growth in the wind turbirerkat during the next few years.
This is likely to result in a more competitive market and resthiprices. For offshore, no slow
down is projected yet, but more installation vessels areetgal to become available. This could
also have some consequences for offshore installatioasric

Calculating a cost-of-energy (CoE) on the basis of turnksyaifation cost, a 7% interest rate,
maintenance cost and average power curves for class Il assl Iclurbines, results in an estimate
of 0.04-0.05€/kWh for onshore and 0.08-0.8YkWh for offshore wind energy.

6.7 Speculation

We saw quite a large spread in the amount of offshore costrathe data published of the
contracts for offshore wind turbines, were two 2 billion @(&€) framework contracts for 500
Siemens SWT-3.6-107 turbines and up to 1900 MW REpower 5M andusMnies and a 700
M-€MoU for 80 Multibrid 5000 (5 MW) at the Global Tech 1 site in @®ny. Multibrid is
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also said to have signed a contract valued at 5@0fdA Borkum West Il. The first two contracts
amount to about 110€/kW. Whereas the Multibrid contracts amounts to 1E/RW and 1250
€/kW respectively.

This could be because the framework contracts are vastlyrugded in news items, or it could
be because the Multibrid contract covered a lot more tharthedurbines. If we speculate that the
more expensive Multibrid contract includes a 5 ye&c2kWh maintenance contract for some
4370 full-load-hours (based on the same assumptions assherice estimates), that amounts to
437€/kW. If this is not included in the framework contracts ahd bther Multibrid contract, the
main cost-difference is explained. The remaining diffeeecmuld be down to the large difference
in the number of turbines.

On a different topic, the turnover and production data from Glsfiber may suggest techno-
logical learning, because the turnover per MW of blades mexm®ained more or less constant,
especially if inflation is taken into account. That means daate becoming relatively cheaper.
Relating this to a particular learning factor is difficult thgh, because over the period we have
data for, the length of blades have increased more thanghbeier rating and the average power
rating per blade increased. All together this implies adailgop in cost of energy, as far as the
turbine blades are concerned. This perhaps warrants fugtiingy.

Considering the increase in the scale of production thatillspsoceeding at the moment, the
theory of learning curves suggests that the cost price dimellprofiting from mass production
effects. That implies that production technology advancesaa likely to drive down the actual
cost as much, if not more than the technological developwiiie turbine itself.

Finally, the cost of energy for onshore wind seems to be nearyar with whole-sale electricity
prices (at least in parts of Europe). Assuming that the riskeairly fluctuations in energy vyield
due to varying yearly wind are similar to the fluctuations ie thrices of fossil fuels (for oil,
this does not seem unreasonable), the main remaining riskdwae the project risk of failed
applications for the placement of new turbines. Could theamthat subsidies can be reduced or
even abolished if the risks of failed applications is redike
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7 Current research

We have seen in the previous sections how the main parts @fittteturbine have changed with
size, how they contribute to the cost of energy, what theafostergy roughly is for wind energy.
This section examines what current research thefe is.

At the moment there are many institutes around the world sighificant research efforts in the
area of wind energy. Though there are still fundamental grobklto be solved, the research is
mostly aimed at reducing the cost of energy.

The European Wind Energy Technology Platform recently pubtigheir Strategic Research
Agenda (SRA,EIZ]). That document detailed to a large extent wieacurrent state-of-the-art is
and what main gaps in knowledge remain to be solved. It alamexed what policy decisions
and investments must be made to make sure the research nedill¢tiose gaps is done.

In this section we will focus on developments that are culyemngoing and that focus in partic-
ular on the aspects of wind turbine design, production aniht@@ance, i.e. on the aspects that
define the cost of a wind turbine. That does not mean that othieessdo not affect the total cost
of energy.

The other topics, for instance the integration of large ansohintermittent renewable energy
sources in a grid, are not examined here because they doreotliginfluence the design of the
wind turbine.

The main research topics are organised here in the followiggsa
» External factors

Modelling of the behaviour of a wind turbine

Wind turbine and wind farm design

Wind turbine and farm installation and operation

* New concepts

7.1 External factors
7.1.1 Wind

The wind resource is still not understood completely, inipalar predictions in complex terrain
can still be improved. Improved predictions would lead ténvproved siting of wind turbines.
These predictions are mostly concerned with the averageténgwind.

On a shorter time-scale it is also important to have goodtdbon (12 to 36 hours ahead) fore-
casts the wind. On the one hand, these predictions are nésgeedict the output of the wind
farm. Depending on the local electricity market the diffeves between predicted and actual
production can cost money. On the other hand, such predgctian aid offshore maintenance.

Extreme wind conditions are also important for the desigiparticular the 50-year extrenlE[G?,,
@,@]. Wind turbines have to be able to resist a 50-yeaemer but calculating accurately what
the 50-year extreme wind is at a particular site requiresig ttata-history, which is simply not

2We would have also liked to examine its impact on the cost of energy, buiawe not yet found a way to
meaningful way of linking these two.
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available at most sites. Also, in terms of loading and damee@esentative gusts during high
winds (e.g. a sudden drop in wind speed) may be much moreargleVhese are only accounted
for in a limited fashion in current norms.

Measurements at heights of more than a 100 meters, prefeatibéveral heights are needed to
verify the models of wind loading for larger wind turbinesaBtical means to so such measure-
ments robustly in various weather conditions are still urttyvelopment.

7.1.2 Standards

We have already seen in sectlon]3.1 (the different desigtiseabwers for Vestas V80-2.0MW)
that standards can influence the design significantly. Thoughrthy be because the different
standards reflect different wind conditions and loading,atlsl be wasteful if different aspects
of the turbine have to be over-engineered because diffstantiards prescribe different ways of
calculating essentially the same conditions.

It is therefore important that the design standards refledityeas closely as possible, to prevent
unnecessary over-dimensioning of parts.

Showing that a design matches the current IEC standard (IECQ0612(B) requires in the order
of a 1000 simulations of the wind turbine in various circuamgtes. Wind turbine manufacturers
are known to add additional simulation of their own to focusparticular issues. Research is
ongoing to understand the practical implementation of taedards, especially when calculating
the extreme loads (e.ﬂBO]).

The offshore norm is currently in its final draft. However, itikely there will be more iterations
as more experience is gained with offshore turbines in tlae foeure. One of the issues that may
lead to further changes is the interaction between waves] amnd the wind turbines itself.

7.1.3 Materials and production

A significant amount of the cost of a wind turbine is defined bydbsts of materials and the effort
required in processing those materials. The material ptiegetogether with the loads, define
how much material is needed and where it is best applied. l@itise the material properties
more effectively that could have a significant impact on therall costs of the wind turbine.

Itis also important to consider each part in the contextefthole turbine. For instance, reducing
the mass of the rotor blades could also lead to reductionseirweight of the hub, the nacelle
and the tower. Vice versa, the fibre-reinforced materialsheflilades tend to be much more
expensive than the steel used for the support structuress d$ing more expensive fibres with
higher strength and stiffness will only lead to a cheapéing, if the amounts of other materials
are reduced sufficiently.

The production methods that are used to create a wind turbéalso an important cost factor.
The production of the blades in particular is labour, time eapital intensive. For other parts,
such as the hub, the gearbox and the tower, the size of pariead to problems or additional
cost in production.

Coatings that minimise the amount of dirt and also the dragrofiles, can improve energy
capture.

Blade king is one of the projects that investigates matedal their use in production. Another
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interesting development is the use of fibre reinforced cdacre

7.2 Modelling the behaviour of a wind turbine

Models are a very important tool during the design of a windbine. Research into models
focusses on a number of topics, but in general one can searaddferentiation between theory
based, very detailed models that are used to improve destgiigor to clarify certain phenomena
and practice based, engineering models that are lessatktdNfhat model is used, is usually a
balance between detail and speed. Modal reductions aretisoeseused to change a highly
detailed model to a model of limited detail for simulation.

7.2.1 Rotor aerodynamics and wake modelling

On the one hand, computational fluid dynamics (CFD) calcuiatigse very detailed but compu-
tational very intensive models. CFD models are mainly usedddel phenomena for which the
engineering model needs to be improved or to study phenothahare not yet understood. The
engineering models give perhaps less accurate, but mastptable results to study the turbine
in operation with a lot less calculation effort. Both modeds and ought to be improved further
still, such that the difference between theory and pradsiceduced or at least better understood.

For engineering models, it is becoming increasingly imaatrto model the consequences of
extreme wind conditions, including various wake condisiar extreme yaw angles. Current
engineering models show varying degrees of agreement diygeon the wind conditiontE[_i4].

Wind turbines are often installed as part of a wind farm. Theractions between wind turbines
is an important factor in the design of a wind farm. The int&eecis caused by the wake of the
wind turbines. The models of the wakes are studied to improad models when a turbine is
in another turbine’s wake and can also help to improve tlivegsif the wind turbines within the
wind farm.

7.2.2 Aeroelasticity and aeroacoustics

Aeroelasticity and aeroacoustics describe the intenaatiothe structure with the wind. Aer-
oelasticity is used to study whether a certain combinatfomations of the turbine structure in
the surrounding airflow can produce large deflections or ifgtabrhis is usually done on the
basis of the same aerodynamics of the rotor that are useddy #te steady state of the wind
turbine. Again, more extreme conditions and the (aero)ayosin those situations are becoming
more important.

Aeroacoustics is a relatively new part of wind turbines ®sdbut has gained significant im-
portance over the last 10 years as the noise of a wind turtdsebbcome one of the limiting

design factors for the tip speed of the rotor. Research ragrsthat the noise of a turbine can be
predicted fairly well, but that it is difficult to reduce theise [86] 51| 18].

An interesting new line of research is the adaptation of gr®@dynamic profile of the blade to
different circumstances along the blade, so-called 8isteid control. It has been shown that ap-
plying distributed control on the blade could reduce thigytet loads on a blade significanﬂ62]
though further work on the controller will probably resudtfar larger reductions. However, these
systems rely on relatively fast changes in the effectivdeanfrattack and transient aerodynamics
play a more important role there.
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7.2.3 Structural modelling

The complexity of the models of the wind turbines used in satioh increases steadily due to
increasing computational power and the models can be ussddg more complex interactions
between different parts of the wind turbine. In particuthg interaction of the gearbox with the
rest of the structure has been a point of interest the lasiyéans @4@9]. This interaction can
be modelled with various amounts of detail, including mblidy-dynamics and finite element
models.

As with aerodynamics, a balance has to be found between therarof detail one can study with
the model and the computing time required to calculate setaild. The main question is what
level of detail is required at what point of the simulatiolr fhstance, is it enough to have a fairly
crude model of the gearbox in a turbine simulation to obtaelbads that act on the gearbox or
do we need to take the flexibility of the casing into accountvenecomplex modes of the gears
in the gearbox?

7.3  Wind turbine and wind farm design
7.3.1 Wind turbine design: design tools

Wind turbine designs are becoming more and more integréttediesign of the blade influences
the drive train and the tower all depend on the wind and wawneitions. This requires a good set
of design tools that allow the detailed analysis of inditparts of the wind turbine, but also, at
lower detail, the turbine as a whole.

Research is focussing on improving the integration of weximodels into one design tool and
including the possibility to optimise the turbine desigolglly for the lowest cost per kWh. This
requires a very careful balancing of all costs and the yi&lat is why detailed cost models of
production and maintenance, as well as accurate yield aahmdels are all necessary to design
such an optimal system.

7.3.2 Wind turbine design: parts
Foundation, support and tower

Onshore, research focusses on making towers more traabfgaind installable, as those aspects
contribute significantly to the total cost of the turbine. Loweeight and cost is limited due to
the stiffness required to avoid resonance, the strengtlope evith the thrust and fatigue due
to variations in thrust and load distribution. Control €ymss that reduce tilt and yaw moment
and generator torque variations or actively add dampinbded motions, ought to allow a more
flexible (i.e. lighter) tower.

Offshore, there is no convergence yet to a single suppodsginthough monopiles are favoured
in reasonably shallow (up to 30 meters) water for turbineless than 5 MW. Research into all
types of offshore foundations is still ongoing.

Drive train

In the drive train, research focusses mainly on reliabditg maintainability. The gearbox design
tends to be critical in terms of reliability. Recent reséahas indicated that not all loads are
understood well enough to correctly predict the behaviadrthus the lifetime of gearbox designs
[@]. Research is focussing on a better understanding olotds and on designing the wind
turbine in such a way that the loads are reduced or at leastulesertain. For instance, the
designs of Gamesa, Multibrid and GE in the 3+ MW class of wimtbines (claim to) feature
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load separation to some extent.

For direct drive layouts, the focus is mainly on designingeaegator that is as light and reliable
as possible and whether or not the main bearing should bgratesl.

Redundancy of or splitting certain parts of the drive traam @lso improve reliability or at least
minimise the impact of failures. The Clipper Liberty desigvertises with these arguments for
their design featuring four independent generators. Ottleeofiew concepts for the Bard 7 MW
turbine includes 2 variable gear ratio gearboxes and twemggors. Other manufacturers are also
opting for redundancy in at least some of the electricalesystRedundancy is only financially
interesting if costs of repair and loss of production ardigehtly reduced. It is therefore more
likely to be employed in offshore designs.

For both direct drive and geared drive trains, the trend isge higher-voltage generators to

minimise losses in the power electronics. Reducing eitreghanical or electrical losses reflects

immediately on the price per kWh. Recently, even electraméig bearings were suggested as a
replacement for the main bearing to reduce mechanicalﬂ@@a

Smart passive blade designs

For aeroelastic stability of the blades, coupling betwedgewise and flatwise motions of the
blade can increase aerodynamic damping. One way to aclhimsvis tby using pre-bent blades.
Another way is to use a clever lay-up of fibres that causes stmetgral coupling of the two.
How to achieve good coupling that achieves sufficient dampihie avoiding extra loads and
costs is part of ongoing research.

7.3.3 Wind turbine control

The operation of a wind turbine should focus on minimisingltels on the most critical parts
of the wind turbine, while maximising the energy productidhat way, the mean-time-between-
failures could be improved, loads reduced (and thus matenied) and yield could be improved.

Control algorithms such as 1p/2p/3p individual pitch coh{fPC) show that a significant reduc-
tions in the yaw and tilt moments on the tower are possiblative to current control design

[ﬂ,@,@]. Control algorithms for specific events, such astg) can also reduce Ioa[56].
It is likely that further improvements are still possible bbging more complex feedback control
algorithms or by combining feedback with feedforward cohtnethods.

The application of distributed control on the blade couldHar reduce the loads on the blade
itself, the drive train and the tower. Practical actuatoes #ilow distributed control have already
been examined for a while now (e.g. tabs [@,@,@M}S,ﬂb&s E‘HEBEEI[S] and jets
[@]) and have been shown to be fairly effective. This openamgntirely new line of control
research that requires very consideration of the desiggrieri The controller design and its total
impact on the structure and on operation is yet to be invatsty

As distributed control will require more actuators (movipgrts) and sensors, the business case
for wind turbine blades with distributed control is far frarivial.

If the influence of control increases and more sensors andtactuare used, the reliability of

these parts becomes more important. Fault tolerant cowwald allow continuous operation,
possibly at reduced power, if one or more of the sensors andtacs fails.
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7.3.4 Wind farm design, control and integration

Improved wake models may allow improved wind farm designdsoAcontrolling the wake
direction and wake intensity could contribute to lower Ipad the turbines and possibly improved
energy capture.

For the electricity grid as a whole, wind turbines and farrpsrate to some extent as a normal
power plant. To meet all the requirements of a power plaripua grid codes must be imple-

mented, either in the design of individual wind turbinesrothie design of wind farms as a whole.
This is also a two-way process, because the grid-codes thaerasee under development as well.
This is discussed in more detail in [2].

7.4 Wind turbine and wind farm installation and operation
7.4.1 Offshore installation

A large part of the capital cost of offshore wind farms cotssaf the offshore activities needed
to install the turbines. Offshore companies are examinifigrdnt means of installing the wind

turbine and its support to reduce cost. The main cost-driveodfshore installation are weather
dependence, the number of operations required and thetitoght sea. If any of these can be
reduced that would result in a lower CoE.

7.4.2 O&M planning

Maintenance is a very important topic for wind energy as firés up to 25% of the final cost
of energy. Research into the main factors that define this lasted to tools that aid in the
prediction of the maintenance need of a wind farm. The priedistare based on operational data
and can serve a base for optimising maintenance strategies.

For offshore wind farms improving the accessibility (tinrelaost need to get to the wind turbine)
also decreases downtime and associated revenue losses.

7.4.3 Condition monitoring and prediction

By using condition monitoring, one can detect or predicigfaé and/or wear on certain parts.
This gives the operator the chance to take action accordimgiyiaintenance or by reducing the
loads (by operating at lower output) until maintenance issfifle. This can prevent downtime
and reduce maintenance cost.

To some extent this is done already, e.g. by measuring thédyqagthe oil of the gearbox, but
research is still ongoing, for instance by including sessothe blade itself (the Smart Embedded
Sensor Systems project (SESS)).

There is also research into predicting the maintenance nieiedlbines in a farm, based on the
relative loading on one or a few reference turbines [79]. Biming this information with data

from inspections and other condition monitoring systemegjithe possibility to adjust mainten-
ance schemes for each turbine individually (based on itkh)eastead of a uniform strategy for
the complete wind farm.
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7.4.4 Accessibility

Offshore, safety is also a very important issue, becaussiti®are far more remote and difficult
to access. The combination of safety requirements and doitiggdas led to the development
of specific maintenance vessels and mechanisms that allew aadess to the wind turbine in
higher waves.

For future offshore wind farms placed further offshore,idatbd maintenance hubs, located close
to or in the offshore wind farm, will most likely be used towee the turbines in order to avoid
long travel times from the harbour.

7.5 Alternative concepts

Over time, different designs for utility-scale wind enemggnverters have been proposed. Here
we will take a look at a few concepts that are being investigiat the moment. In particular:
NOVA, Kite gen, Ladder Mill, Sky Wind power generator and theddan Air Rotor System.

7.5.1 NOVA

NOVA stands for Novel Offshore Vertical Axis (figure 7.7|(a))he idea begin the project is a new
design for a vertical axis wind turbine (VAWT), specificallyrfoffshore applications. VAWTs
have been studied fairly extensively for a long time. Theiinradvantage was the fact that
they did not require any yaw mechanism and that they coulé tta generator at ground level.
The varying gravity loads that HAWTSs suffer on their bladegrasied for varying aerodynamic
loading on the VAWT blades.

Other disadvantages were the generally lower energy @aflawerc,) and the total blade length
required. VAWT using straight blades suffered pulsatinadiog due to variation of the angle
of attack over the entire blade during each cycle. That Iagpélro resulted in strong vibrations
(resulting in failures). the largest VAWT ever built is a 4 Marrieus type wind turbine in

Quebec.

Some modern, small VAWT designs like Turby or Quietrevoluti@mve been able to alleviate the
pulsating load problem by using a helical profile. Each parhefderofoil is still subjected to

varying loads, but at different times. The net result is adtbgcally) constant load on the wind
turbine. However, this type of design is more suitable foekrecale applications than utility

scale turbines.

The NOVA design features a V-shaped wing design with permperteti winglets. The main ad-
vantage of the NOVA concept in comparison to HAWTs seem to kddbk of a tower. It is
unclear how the V-shape design would alleviate the pulgdtiad on the structure.

7.5.2 Kite Gen and Ladder Mill

The motion of an aerofoil on a wind turbine is limited by theusture it is attached to. Ideally, one
would wish to create a structure that is as simple as posaittlgenerates power as efficiently as
possible. Power is generated by the net velocity of the aiinfthe direction of the lift. A kite
on a rope could qualify as such a structure.

The main advantage of kites is that they can be used at muckradfitudes, with substantially

higher wind speeds. Because there is much more energy laieailane could choose to use
a much lower induction and create the same amount of powér mitch lower loads on the
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(a) NOVA VAWT concept (Image: NOVA project) (b) Ladder Mill
concept (Image:
Ladder Mill)
N

(d) Sky Wind Power, artist impression (Im- (e) MARS prototype design (Image:
age: Sky Wind Power) Magenn Power)

Figure 7.1: Impressions of new concepts for harvesting wiredgy

structure. Though proposed as early as the 1930s the coraeptker really taken off. At least
two concepts are still being investigated, they are nameésl &en and Ladder Mill.

Kite Gen (figurd 7.1(¢)) is a concept of multiple computer colfeed kites flying in formation

between 800-1000 m above ground level. The idea focusse®ating torque and motion on a
vertical axis generator.
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Also using kites, but different in execution is the LadderINfigure[7.1(b)). This idea focusses
on using the lift of fixed or flexible aerofoils at heights of 0@®00 m to drive a horizontal axis
turbine. The kites follow a trajectory that pulls up a cablaeted to the generator axis. The lift
is reduced and the cable is reeled in again. The differendé lretween the ascent and descent
results in power generation.

For both concepts, research is focussing on controllingitiee and finding effective trajectories.
For neither concept a short term commercial applicatioxjpeeted.

7.5.3 Sky Wind Power and Magenn Air Rotor System

Two other concepts that are based on capturing energy afen)cdititudes are the Magenn Air
Rotor and Sky Wind Power systems.

Sky Wind Power (figur@ 7.1(H)) is based on the idea of an autogitdogyros are similar to
helicopters in that they generate lift through a set of motgblades, but are different because the
blades are not powered. A horizontal propeller providegghrwhich causes forward motion,
which in turn causes the rotation of the blades, which ceelifte The Sky Wind Power system
uses this same concept, except the wind provides the thrdgha system is held in place with a
long cable. The rotating blades provide the power generataihone could imagine using them
in a 'helicopter’ setting to launch the vehicle.

The Magenn Air Rotor system (MARS, figyre 7.3(e)) is nothing markess than a helium filled
balloon that rotates around a horizontal axis. The torqueaatation are caused by Savonius-like
scoops. The generators are also airborne and attached &s ¢hat hold the system in its place.
Lift is provided mostly by the buoyancy of the balloon, assisby some aerodynamic lift on the
lower half of the balloon. A 10 kW prototype has been built & XV prototype is planned to
be ready for commercial operation in the next 3 years. Thitesy$as an estimated price tag
of 500 k$, i.e. 362 &€(at the current exchange rate (June 2009)) or 382OW. That is near the
going rates for offshore wind power. If equal load factons ba obtained and maintenance is not
more expensive, the price per kWh would be very similar tsladfe wind energy.

7.6 Conclusion

Most of the research focusses on reducing the uncertainteessign by improving the load pre-
dictions. Control strategies can play an important rolesishucing the actual loads, but to design
them well accurate models are necessary. Advances in @gbeoiperties or their application
obviously allow design improvements, but can be very diffitubbtain.

On the maintenance side of things, there is a focus on danragergion, i.e. trying to adjust
maintenance and operation of the wind turbine such thatdbeaf repair remain limited. Both
on- and offshore there is much to be gained as maintenanes fmsignificant part of the cost of
energy (see sectidmn 6).

7.7 Speculation

It would be good if one could estimate the consequences bfregearch topic on the cost of en-
ergy. This could give a clearer indication of the potentisdath research topic and result in a sort
of ‘business case’ for that line of research. Some topics tiiglie particular benefits in com-
bination with others, e.g. improved aerodynamic modelmligination with distributed control
of the blade aerodynamics. We thought about getting expénians on each topic to quantify
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their potential but quickly realised that this would prolyat@sult in very general statements. We
would welcome suggestions whether and how to proceed opaims.

It is unlikely that all of the alternative concepts will seexl. Some of these concepts certainly
have points that merit consideration. Tapping the high vwdpdeds that are available at high
altitudes is a concept that is likely to remain an idea thaippewill come back to with new or
improved concepts.
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8 Conclusion

8.1 About the study

This study was meant to give insight in different current witidine designs, the cost of energy
and how research and changes in turbine design can affecb$hef energy.

These goals were only partially met. We showed the main éiffees in drive train layouts and

we established a global model in terms of cost. We also esteal how design changes affect
certain parts of the turbine in terms of mass. However, thesmaas not linked directly to the

cost. We were also unable to quantify the possible impaasdarch on the cost of energy.

A lot of time was spent on gathering data and trying to makeoiteweliable. The idea is that the
data gathered in this project will be maintained over thet fex years. This should allow us to
shed more light on cost developments, technological legraind to improve the quality of the
data.

8.2 The data

This study has mainly consisted of gathering data and thémgtity extract useful information
from that data. Though data was gathered of over 130 difféuelines, there are still gaps in this
data that could do with filling. In particular, there was vaitild data on the weights of Enercon
turbines, on Vestas’ newest models or on any of the Chinesse wibines.

The data itself was fairly raw and there were some factors ¢batd introduce a small bias
here and there. For instance, REpower has licensed its MD@QVip»I77 designs to several
manufacturers. Here they have been used as separate d#mgosome of the graphs (not
all manufacturers revealed the details of their versiorh@f turbine). Considering the number
of turbines, this was not a problem. There are more of suchteanti®ns though, and there are
several companies that just design wind turbines but ldsvenass-manufacturing to others, such
as Wind To Energy and Lagerwey Wind. Not all 'doubles’ have bidentified yet and we still
have to look at how to handle them.

Similarly, certain blades of LM Glasfiber, Euros or Sinoi are pliyp@resent on several turbine
models.

Little data was found on generator cost or power electromae level of the wind turbine. This
will be a focus for further research. We found a little moréadan gearboxes and gearbox costs,
but this could also do with further research.

For the cost of offshore farms, one of the problems is howke taflation and currency effects
into account. In particular for British offshore farms it svdifficult to pin-point the 'correct’
exchange rate. The rates that were opted for were linked tetteeof earliest mention of the cost
of each wind farm. We have had to assume this is correct andgatety reflects the terms of the
contract.

8.3 Design trends

So far, there is no clear convergence in the drive-train layQuite a few manufacturers are start-
ing to employ permanent magnet generators and direct drafenblogy, but it is not a universal
trend. Almost universal are: pitch-to-feather, varialpleed and a 3-bladed upwind design. There
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are some exceptions though.

In terms of the rotor, onshore turbines show a trend to xedtilarger diameters in comparison
to the rated power. This ought to result in an increase of timetaw of full-load-hours.

Turbine towers for very tall, onshore turbines will probalble reinforced concrete, hybrid or
lattice solutions, rather than the standard tubular steeitd transportability.

For offshore installation concepts, the monopile is usedtmBut it is not obvious whether this
is the most economical solution. Gravity based solutioasgu cheap in Denmark for Nysted |
and Il, but expensive for Thornton Bank.

8.4 Cost of energy

The original goal of this study was to see if we could judge Whetertain design changes would
lead to a better (i.e. with a lower cost of energy) wind tuebim some ways this goal is met, in
others it is not.

It is still not possible from the data found in this study tage whether a drive train that is a
direct drive, a medium speed permanent magnet or a classigrdis cheaper than any of the
others.

On the other hand, we found that the cost of the wind turbimedstly defined by the blades, the
tower and the gearbox and generator (i.e. the drive-trgioug and that each of these seems to
behave approximately linear with the power, possibly gligmore than linear for the rotor and
the nacelle. The cost-price of an onshore wind turbine wamat#d to be around 570-6&&/KkW.
Turbines themselves sell at about 1GBKW with warranties included.

Offshore turbines were found to be more expensive. This ms&mrse, because the cost of the
turbine is a smaller part of the project, but the turbine dsfithe whole yield. This means it is
sensible to invest more in the wind turbine’s reliabilityget as high availability as possible.

The recent increases in onshore turnkey cost is only parégytdumaterial cost increases, it is
much more likely that the market forces (high demand vs éohisupply) played a significant
role.

Offshore, the picture is a bit unclear. The increases in ofisitost seems to coincide to some
extent with increased distance to shore and increased depths. Material cost also played a
role here, more in absolute numbers than onshore, but simifgercentage of turnkey cost.

For class Il and Il (onshore) turbines, larger wind turlsitave lower power densities than the
smaller ones in their class. The differences between therdiit classes of turbines are large, with
some turbines covering 2.5 times as much area per kW as plhwesgithin classes the difference
is still a factor 1.5. That means that high load factors arssiptes even for sites with low mean
wind speeds. For mean wind speeds as low as 6.0 m/s, turbiissleat can (theoretically)
deliver more than 3000 full-load-hours. That means that wdadculating the viable land-mass
for wind turbines the wind turbine choice must be taken irtocaint. If these turbines designed
for low-wind sites are not much more expensive than avethgeost of energy should be similar.

For good onshore sites, wind turbines were found to deliverenthan 4000 full-load-hours.

Calculated with 3750 full-load-hours, 138YkW turnkey cost, 0.0€/kWh maintenance cost
and a 7% rate of interest, the cost of energy (CoE) onshore ris1tm0.04 to 0.0 /kWh.
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Offshore, installation cost and maintenance cost are antially higher. The yield is also higher,
but not as much as the cost. Based on 38JRW turnkey cost, 4600 full-load-hours, 95%
availabiltiy and 0.02€/kWh maintenance cost, offshore CoE is 0.08 to GEIRWh. To get this
down to a number comparable with the onshore CoE, turnkeyneests to drop substantially and
maintenance cost must decrease.

8.5 Current research

A lot of research is aimed at improving the estimates of tlaglilog of wind turbine components.
To do that the models need to be closer to reality. This meatdrtiproved aerodynamic and
structural models are necessary, but their complexity i@ stdjustable to the design context, to
keep computation times realistic. International stansiéod wind turbine must also follow this
trend, to keep designs safe, but not over-designed unragdgss

On the maintenance front, research is working on predidtiegmaintenance need of wind tur-
bines correctly and on detecting wear and tear and redueenlpads on the wind turbine accord-
ingly to prevent failures. One of the options under investiimn is condition monitoring.

The designs can also become cheaper by reducing the loady arsihly the correct materials.
Loading can be reduced with improved control methods. Maltetilisation could be improved

by choosing materials that are cheaper and easier to prodyz®ving the materials themselves
and by adding materials at certain locations, for instanceagplying coatings, that locally im-

prove certain properties.

Alternative concepts show some promise, but are not exgdotde operating competitively
within the next 5 years.

8.6 Future work

The goals of this project were only partially met, so more wisntequired if we want to create a

more detailed picture of the cost. A question that is justrg®oirtant, is whether more detail also
results in more accuracy. The large differences found betlee cost-breakdowns presented in
sectior6 indicate that a more accurate picture may not b&lges

One aspect for which it may be possible to include more detadind more accurate data is
the electrical system. This has not received much attentiathis analysis so far, but some
aspects can be particularly relevant; for instance wherpeoimg the variable-gear-ratio gearbox
with a constant speed generator and fixed-ratio gearboxefirémt drives) with variable speed
generators.

The electrical systems and the grid within an offshore wirchfaontribute significantly to the
cost and to electrical losses. The analysis of this aspecheiawithin the scope of the project,
but could result in significant cost-savings.

The database should also be maintained, because of the largeenof wind turbines that are

announced each year. Apart from new turbines, existingrtagbare improved. It is probably
possible to find more data trends on the basis of current andlataw
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8.7 Request

As we said in the introduction, we would really appreciaté jtou share your thoughts, links
to data or comments with us. Also, if you feel a particularlgsia is lacking or that it could
interesting results, please do not hesitate to e-mail ttieoas!

engels@ecn.nl
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A Wind turbine characteristics

ECN-E-09-96

81



Acciona Bard Clipper Darwind DeWind Ecotecnia Enercon GE
Characteristic Unit AW-x/3000 Bard 5.0 Liberty DD115 DeWind 8.2 Eco-100 E-112 GE3.6/104
2.5MW
Rated power [MW] 3.0 5.0 2.5 5.0 2.0 3.0 4.5/6 3.6
Rotor diameter [m] 100/109/116 122 93/96/100 115 80 100 114 04 1
Rated wind speed [m/s] 11.7/11.1/10.6 12.5 13-14.5 12 13.5 3 1 13 14
IEC Wind class [-] la/lla/llla ? [la/llb/11Ib 1c I lla lla Sl/lc
Blade length [m] 48.7/53.2/56.7 57.5 45/47/49 39.1 48.3 55 0.55
Blade weight [ton] 10.4/11.5/12.3 28.5 ? 16 6.2 9.6 20 ?
Hub weight [ton] 36 70 ? ? ? 24 54 ?
Nacelle weight [ton] 118 156 72 180 66 105 440 ?
Gearbox [-] 2 helical, 1 2 two stage, none 2 stage spur and none 3 stage
planetary  planetary, 4 outgoing planetary &  planetary, planetary
1 cyl- axes Voith 3 stages spur
indrical Windrive
Generator type [-] asynchron- double 4 permanent 4 pole double fed, synchronous double
ous 6 pole, fed, asyn- permanent magnet brushless, asynchron- generator fed, asyn-
double fed chronous magnet synchronous ous chronous
Generator voltage  [kV] 3 ? 1.3 ? 4.16-13.8 1.0 ? ?
Hub heights [m] 100/120 20 80/site 100 80/100 80/90/100 124 site
specific specific
Tower material [-] concrete steel steel steel steel styletitl/ steel/concrete steel
hybrid
Year introduction  [-] 2008 2008 2006 2010(proto- 2007 2008 2002 (4.5 MW 2002
type)/ prototype), 2005 (proto-
2011(com- (6.0 MW prototype) type)
mercial)

Table A.1: Wind turbine characteristics, part 1
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96-60—3-NO3

Multibrid REpower REpower Siemens Vergnet \estas \estas WinWind
Characteristic Unit M5000 3.XM 5M SWT-3.6-107 GEV HP 1 V90-3 V112-3 WWD3
MW
Rated power [MW] 5.0 3.3 5.0 3.6 1.0 3.0 3.0 3.0
Rotor diameter [m] 116 104 126 107 55/58/62 90 112 90/100
Rated wind speed [m/s] 12 125 13 ca.l3 ?/?/15 15 12 12.5/13
IEC Wind class [-] la lla Ib la 1/1/m la lla lla/lllb
Blade length [m] 56 50.8 61.5 52 ? 44 54.6 44/48
Blade weight [ton] 16.5 11 17.7 17.5 4.5 8 ? 17.5
Hub weight [ton] 60.1 23 66.9a 42.5 ? 17 ? 42.5
Nacelle weight [ton] 199 104 290 125 65 70 ? 125
Gearbox [-] single stage, 2 planetary, 1 double 3 stage 3 stage 2 planetary, 1 ? single stage,
planetary helical spur plﬁnlt_etalry- epicyclic helical planetary
elica
Generator type [-] medium speed, double fed, asynchronous asynchronous double fed, permanent medium speed,
permanent magnet asynchronous squirrel cage asynchronous magnet permanent magnet
Generator voltage [kV] ? 0.95 0.95 0.69 0.69 1 ?
117(on-),
Hub heights [m] ? 80/100 85-95 80 or 70 80/105 84/94/119 80/88/100
(offshore)  site-specific
Tower material [-] steel steel steel steel guyed steel steel steel steel/steel/hybrid
Year introduction  [-] 2004(proto), 2008 2005 2006 2008(proto) 2002 2009 2004

2009(commercial)

€8

Table A.2: Wind turbine characteristics, part 2
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B Simple scaling functions

B.1 Generator torque at constant tip-speed

Suppose at equal tip-speed, we increase the size of the radsine. That means the rotational
must be reduced:

Utip = WoldTold = Wnewnew (15)
I (16)

T
Wnew = Wold old (17)

new

The power of a turbine increases with the swept area of theerrb

Prew o< crfbew (18)
Pg crgld (29)
(8 (20)
2
rnew
Phew = FPod P) (21)
Told

The torque is equal to the power divided by the rotational dpee

P,
Thow = —=2 (22)
Wnew
2
T 1
_ Pld new 23
2y Wold - (23)
3
Tozdr’?w (24)
Told

Torque scales as the third power of the rotor radius. Powézsaa the second power of the rotor
radius. Or otherwise:
T 13 o P1® (25)
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