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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 OWECOBysi60] (2001), the DOWEC
study (the results of which are not publicly available), MREL WindPACT studies [43, 45, 88,
6, 85, 70] (mainly 2001) and studies by Risg, [44](1998).h& Wind Energy Handbook (2001)
[29] one can also find a cost breakdown. A comparison of thegBest in table 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 thefi@ble 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 a3 years [46, 47], 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

48 ECN-E-09-96



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.

66 ECN-E-09-96



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
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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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