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* Background materials: these are not compulsory, only if you find the
lectures difficult to follow and need some basic information
* WExLaB (windext project) videos https://www.youtube.com/channel/UCMj6agB-

Jvw5EuViDnG5PtQ/videos
* Guided tour / Reference pdf of (older) web material (Background.pdf)
* "Wind Energy Engineering' by Letcher-2016
* "Wind Energy-Renewable Energy and the Environment' by Nelson-2009
e Wiley: Wind Energy Handbook, 3™ Ed 2022 (not open source — good for more details in
aerodynamics, load cases and design)

CONTACT FOR COURSE QUESTIONS: ASSISTANT Vahid <vahid.arabzadeh@aalto.fi>



https://www.youtube.com/channel/UCMj6aqB-Jvv5EuViDnG5PtQ/videos
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Content

Introduction to the course and wind power. Wind power globally and in Finland, status, development and market

forecasts.

Wind power meteorology. What is wind — profiles, distributions, turbulence. Temperature, stability, icing.
Estimating wind resources, wind measurements.

Wind turbines. Wind turbine aerodynamics. Wind turbine systems: Drive train. Yaw system. Pitch system.
Electrical system.
Loads & Control. Design load cases. Certification and Standards. Components: Hub, Nacelle, Tower

Wind power project I — resource estimation and planning (Tuulivoimahankkeen suunnittelu).
Wind power project I — economy and financing; building process (Tuulivoimahankkeen toteutus )

(no lecture)

Wind power project: planning procedures and environmental impacts (Tuulivoimahankkeen
ympdristovaikutukset ja lupamenettely. )

Wind turbine noise: measurements, modeling, and annoyance (Tuulivoimalamelu: mittaaminen, mallintaminen
ja hiiritsevyys)

Arctic wind power. Measurements. Condition monitoring, Reliability. Operation & Maintenance. (Arktinen
tuulivoima, jddtyminen. Mittaukset. Kunnonvalvonta, luotettavuus, huolto.)

No lecture

Network connection of wind farms (Sdhkdverkkoon liittiminen)

Wind power impacts on energy systems: variability & uncertainty; impacts on balancing, stability and capacity
adequacy (Tuulivoima energiajarjestelmissa: tuotannon vaihtelut, tuotannon ennustaminen, vaikutukset
sahkojarjestelmain.)

Wind turbine upscaling. The square-cube law. Wind turbine trends, Grand challenge of Wind energy science.
(Turbiinikoon skaalaus. Teknologiatrendit)

Summary of the course - main take-aways (Yhteenveto)
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1980-1985
California wind rush
55 kW machines



* Large (aviation)company MW demonstrations in Europe = no commercial success

e 1990’s:
e European demand for turbines starts
 Denmark, the Netherlands, Germany
* First offshore demos

* 2000’s:

* wind energy starts to be a significant part of
electricity generation
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or wind shadow (wake effec’t).

* 3 bladed, horizontal axis, became the basis for the industry

 Vertical axis turbines not cost effective in large turbines (more than 100 kW), more
material for same rotor swept area, the benefits can be used in smaller machines (no
yaw mechanism needed, possibility to place generator on ground)

* Two bladed machines nearly vanished from the market, due to more disturbing
visual impact, may be considered offshore




Total power generation capacity in the European Union 2005-2017

2015: Wind overtakes hydro
as the 3 largest form of

2013: Wind power generation capacity.

'
overtakes nuclear as

the 4t largest form 2016: Wind overtakes coal
of power generation as the 2™ largest form of
capacity. L power generation capacity.

2007: Wind overtakes
fuel oil as the 5%
largest form of power
generation capacity.
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* Property tax to municipalities where wind built

 Barriers/negative sides of wind power:
* Planning, acquiring site permits: public acceptance, ”NIMBY"
* In some countries also grid permits has or is becoming a barrier
* Negative environmental impacts of wind power

* Cost of energy (CoE) has been higher than with conventional generation THIS HAS
CHANGED TO BEING THE CHEAPEST NEW ELECTRICITY GENERATION TECHNOLOGY IN

MANY MARKETS




- Much higher than for conventional power plants (per MWh)
+ Wind turbines can be totally removed after use (e.g. 20-30 years)

- Needs space 9-15 MW/km?

+ But only 2-3 % of this used by turbines and access roads, possible to use for farming, forestry
etc.

- Closer to turbines:
- noise, flicker
- Impact on birds (and bats): sensitive sites should be avoided
- Related infrastructure, e.g. roads & electricity network
- Impacts during building phase



Should Finnish electricity production based

70 on wind power be increased or decreased?

Responses (%)
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Mean profile
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wind turbines are complicated!

3D Turbulent wind Dynamic response of
flexible blades

Closed-loop control system
adjusts blade pitch and
generator torque

conditions (over time, and at

Dynamic response of different sites)
flexible tower

Supervisory control system
& Safety system

| GL Garrad Hassan G L 15



Pra}ted

Region 2 Region

0 Veutin Vriated Veut off

* Low wind turbines: lower rated wind speed, can have lower cut off wind speed.

 Specific rating of turbines kW/m2: trend towards larger rotor versus generator size
(rated power), towards lower specific rating turbines



Materials breakdown for onshore and offshore wind farms

Onshore wind farm

Offshore wind farm

® Steel ® Steel
® Electronic scrap ® Electronic scrap
® GFRP ® GFRP
® Copper ® Copper
© CFRP © CFRP
Rare earth Rare earth

© Aluminium
®lead

® Concrete

© Aluminium
®lead

® Concrete

Source: BloombergNEE Note: GFRP = Glass fiber reinforced plastic. CFRP - Carbon fiber reinforced plastic.

7.9.2022 Recognis Consulting

Source : Global Wind Energy Council http://gwec.1n7et/



Source: Bloomberg NEF
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https://iea-wind.org/iea-publications/

NAVIGANT
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Order/ cabling and grid -
Sale preparation Delivery Installation ommence
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6 months 1-3 months 6 months Up to 1 week
~15 months
World Market Update 2012 March 2013 Page 19

‘www.navigantresearch.com
Phone: +45 97 32 5299 / Fax: +45 97 32 55 93 For more information about Navigant, o to: wwuw.navigant.con
© 2013 by Navigant Consulting, Inc


http://www.navigant.com/
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Turbine Price (2021 $/kW)

2,500 © U.S. turbine orders
+ BloombergNEF global index
© Wood Mackenzie U.S. index
2,000 o = Nordex global average
~ SGRE global average
O Vestas global average

1,500 %55

500
0
1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023

Sources: Berkeley Lab, annual financial reports, forecast providers
Figure 41. Reported wind turbine transaction prices over time

Source: US Wind technology
Market report
https://emp.lbl.gov/publications
https://emp.lbl.gov/wind-
technologies-market-report



https://emp.lbl.gov/publications
https://emp.lbl.gov/wind-technologies-market-report

Installed Project Cost (2021 $/kW)
6,000

5,000
4,000
3,000
2,000

1,000

1985 1990 1995 2000 2005 2010

Commercial Operation Date
Note: Area of “bubble” is proportional to project capacity
Sources: Berkeley Lab, EIA (some data points suppressed to protect confidentiality)

Figure 42. Installed wind power project costs over time

2015

2021

Source: US Wind technology
Market report
https://emp.lbl.gov/publications
https://emp.lbl.gov/wind-
technologies-market-report



https://emp.lbl.gov/publications
https://emp.lbl.gov/wind-technologies-market-report
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Figure 51. Estimated levelized cost of wind energy by commercial operation date

2019

Note: Yearly estimates reflect variations in installed cost, capacity factors, operational costs, cost of

,,,,,,

~ Interactive data visualization: https:/emp.lbl.

fi nancmg, and project life; includes accelerated deprecratlon but exclude PTC. See full report for details.

Source: US Wind technology
Market report
https://emp.Ibl.gov/publications

https://emp.lbl.gov/wind-
technologies-market-report
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Further cost reduction in wind power
production by

= design improvements and weight reduction
(35 %)
* improved performance (5 %)

= economy of scale, manufacturing
optimisation (50 %)

Levelized Cost of Energy ($/MWh)

Includes Federal PTC & MACRS

S60

$40

$S20

SO

2002-03 Current, 2012-13

Standard Technology Technology Choice

Source: IEAWind Task 26 Available at
http://www.ieawind.org/task 26.html



http://www.ieawind.org/task_26.html

CAPEX for typical onshore wind farm, 2020

Construction Finance 1.5% o

Contingency 6% o

Electrical infrastructure 9%
Assembly ' _© Rotor 21.4%

and installation 2.8%

Site Access
and Staging 2.8%°

Foundation 5.2%

Engineering and o |
Management 0.7%

Financial 7.5%

Balance of
system 22%

Turbine 70.4%
: ° Nacelle 35%
Development 1.6% °

Tower 14% o

Source: 2020 Cost of Wind Energy Review, Tyler Stehly and Patrick Duffy, National Renewable Energy Laboratory, 2021.
Note: The reference project represents a typical 600 MW fixed-bottom offshore wind project comprising 78 wind turbines
at 8.0 MW each, operating for 25 years with no major O&M events.

Component-level LCOE breakdown for typical onshore wind farm operating
for 25 years, 2020
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Source : Global Wind Energy Council http://gwec.net/
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CAPEX for typical fixed-bottom offshore wind farm, 2020

Insurance During Construction 0.9% °
Construction Finance 3.9% o~

Contingency 9.3% o

Decommissioning 3%

% ° Turbine 34.7%
Plant .
Commissioning 0.9%.

Lease Price 4.5% o Soft Costs

17.9%  Turbine 34.7%

Balance of System
47.5%

<]

Assembly

° Devel t2.3%
and installation 10.4% evelopment 2.3%

Electrical Infrastructure 17.6% ©

6

Substructure and Foundation 12.6%

Source: 2020 Cost of Wind Energy Review, Tyler Stehly and Patrick Duffy, National Renewable Energy Laboratory, 2021.
Note: The reference project represents a typical 600 MW fixed-bottom offshore wind project comprising 75 wind turbines

at 8.0 MW each, operating for 25 years with no major O&M events.

Component-level LCOE breakdown for typical fixed-bottom offshore wind farm operating
for 25 years, 2020

80
— Operation and Maintenance
'; 60
: Ll
v Soft Costs ' g
8 40 ' ~ ~—iw “
=1
Balance of System
20 . |
Turbine
0
o = + c t o c o c h-] o o c ) m
£ % g 5 5 & & & F £ %7 OE & & ¢
5 s g © 2 o 8 @ c S 5 ° g 9
2 o > 2 & 2 3T g £ o 8 2 3§ @ §
< 5 o k7 % 4] € £ £ = 2 o =
> o [} ol H] Q o c - e £ (o] =
a = = £ £ — - O 2 5 S £ 2
o 2 =2 = 2 =3 a 2 o =
£ 5 2 © o £ ‘E % ]
= o n L N 5 £ 2 €
5 g E 3 a @ i)
a ] ] c =
: T & =& £ g8 o S
> 2 S w a c a o
fiv b < < g
-] [ H]
2 = n
w n £

Source: 2020 Cost of Wind Energy Review, Tyler Stehly and Patrick Duffy, National Renewable Energy Laboratory, 2021. Note: The reference
project represents a typical 600 MW fixed-bottom offshore wind project comprising 75 wind turbines at 8.0 MW each, operating for 25 years
with no major O&M events.

Source : Global Wind Energy Council http://gwec.net/



O0CO2 kustannus

mKaytto & Huolto

OPolttoainekustannus

mPaidomakustannus

80
60 338 o
51.0
33.5
40 —s7 48.0
20 -
0 - i i . i .
42.4 55.4 63.8 743 61.4 76.2 1.4 68.9
Ydin Ydin  kaasy  Hiili Turve Puu Tuuli Tuuli
vanha paikka uusi paikka CCS lauhde maa meri

Kuva 1. Eri voimalaitostyyppien sdhkontuotantokustannukset, padstokauppa 0

€/1CO2.

7.9.2022

http://urn.fi/URN:ISBN:978-952-335-124-0
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http://urn.fi/URN:ISBN:978-952-335-124-0

* Older ones: Investment subsidy (FI, NO until 2011/12)
* Move towards auctions, also for land based wind power
e China, Norway phasing out subsidy systems in 2021

* PPA power purchase agreements, sell wind power production for fixed
price for 10-20 years directly for larger consumers

29
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Legislation

end of 2015

e each quartile, difference between tariff level and
average spot price will be paid (the green area)

Pro’s

e producers participate in the electricity markets

Con’s

e Guaranteed level not enough for offshore
e Financing collected in taxes — political risk

1/2007 2/2007 3/2007 4/2007 1/2008 2/2008 3/2008 4/2008
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Installed capacity (MW), Production (GWh)
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Source: Finland chapter in

IEA Wind Annual Report
https://iea-wind.org/iea-
publications/



https://iea-wind.org/iea-publications/
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https://tuulivoimayhdistys.fi/tuulivoima-suomessa/toiminnassa-olevat-puretut

Source VTT 2017 Wind power
statistics
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60%

50%

20%

Kapasiteettikerroin [%]

10%

0%

Tuotantotiedot:

2008 ja 2013: VTT tuulivoimatilastot
2017: https://tuotantotuki.emvi.fi/Installations

M %/4

& i energiavirasto

2017 kumulatiivinen
e ) 013 kumulatiivinen
e ) 008 kumulatiivinen
e= = 7017 keskiarvo, tuotantoindeksi 101%
== = 7013 keskiarvo, tuotantoindeksi 100%
== == 7008 keskiarvo, tuotantoindeksi 105%

Katkoviiva: keskimaarainen kapasiteettikerroin
koko vuoden kaytdssa olleille voimaloille

100
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300
400
500
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1100
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1300

Kumulatiivinen kapasiteetti [MW]

VTT on laskenut tuotantoindeksit tuulivoimaloiden sijoituspaikkojen ja tehojen perusteella IImatieteen laitoksen

alueellisista tuulisuusindekseista.

Tuulivoimatilastot 2017

1400

-technology /rotor size versus
capacity
-technical availability /faults

Grid/market:
-curtailments (grid congestion
or spot price negative)



Downtime
reason

Total downtime

Downtime by
power plant (h)

Power plant- and year-

specific downtime (h)

seisokkiaika (h)

Downtime share of
time [%]

R i B 1

Sahkdverkko
Huolto
Hairid

Jaatyminen
Muu syy
Vika

152 428

6.4
148 6
10114
154 4
169
2117 1

59
114
778
119

13
1623

007 %
0,13 %
0,89 %
0,14 %
001 %
1,86 %

Yhteensa

Source: VTT tuulivoimatilastot /A.Stenberg DI ty6 2010

253 789

35248

* Average downtime is 3,0 % of time
* Technical availability is 97,0 %

* The share of technical failures of downtime
is 61 % (breakdown of these by components)

2711

3.03 %

JaatyminenMuu syy
4

Hairié
29 %

Huolto
4 %

% 0%

Sahkoverkko
2%

Vika
61 %
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2 Aker Arctic, Arctech Shipyard, FCG, Ramboll, Reilers, Sitowice, ? Ja' °’-u‘"§e'i(k i:s:"s- ABB, Airice, Enersense, Hafmex, JBE Ser-
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TUULIMITTAUKSET / ANALYYSIT  Kuusakoski UY Wind Controller Oy, wpd windmanager Suomi = d I g
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KESTOMAGNEETIT ~ LAPAMATERIAALI | |/ = = “,(“,mE";T,,,ys“',,an Roka .
Neorem Magnets Anlstrom L/ / Rt Aintand0 - Energy companies
| / 2 = y MAARAKENNUS & HUOLTOTIET
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T SMUUTTAJA _ lluvent'as Gears Qy o M Hydr *: ‘ s - p
The Switch _ e _L ke i v
—~— ) SA HU'IUSJKRJESTELMK’V o SAHKOASEMAT, MUUNTAJAT
it \ A Safpomechndoges B VERKKOKYTKIMET Shared development
Vaisala it KON KR - VED, Hitachi ABB .
- N uumsmsmmmt anclfy tagiod ] Project developers
ASENNUSTARVIK kotec , '"landﬁv . i ﬁ e E . )
Ensto, Fibox A o
% LAPMJMMI‘I’YS & HUOI.'I'D NOSTIMET - Eltel, Enersense, Destia Oy ore Ig n com p anies
MUUNTAJAT . Blddefence Wicetec K . Jalo & Jalo .
Trafotek 7 llobadis = Domestic players
GENERAATTORIT TURNIT‘V TURBIINIPERUSTUKSET JA MUU RAKENTAMINEN
ABB, The Switch Levator, Stalatube, KSBR Lemminkainen, NCC, Peikka Group, Ruskon Betoni Oy, Skanska, YIT, Nord
JL-Metals Oy Raudoitus Oy, Penan Raudoitus, Kymppi Betoni Oy, Maarakennus Kamara
LAAKERIT
Schaeffler Finland Oy

* Kuvan yritykset ovat esimerkkejd Suomessa toimivista palveluntarjoajista, listaus ei ole taydellinen.
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37






New installations in 2021: Cumulative
installed

17.4 G =

TOTALEUR

g

= New
Instaliations
In 2021 (GW)

44% 31% 26% 24% 23% 22% 19%

4R e T aSI’A 4R §
w ' ' = = FISER] 4 =
ed new installations - Realistic Expectations Scenario nghast wlnd Qnergy shares %
30 400
350
= 25
= 300 g
(V)
g 20 g
6 250 8
o 15 200 8
‘,_’Z P 150 ¢
3 100 2
é’ - S0 g
O
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2017 2018 20189 2020 2021 2022 2023 2024 2025 2026
Offshore 32 vl 36 29 33 35 4.4 41 54 104
B Onshore 139 94 119 118 14.0 183 166 181 17.0 176
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Historic development of new installations (GW)
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Lagging growth in this decade leads to wind energy shortfalls by 2030
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Source: GWEC Market Intelligence; IEA Net Zero by 2050 Roadmap (2021). Projected new wind capacity from 2026-2030 assumes a ~6.6-7.0% CAGR, based on GWEC's projected



arge industry, and demand to increase the market globally



* USA Market report (also costs)
e https://emp.lbl.gov/sites/default/files/2020 wind energy technology data update.

pdf

* Wind Europe www.windeurope.org (also investments, and history
https://windeurope.org/about-wind/history/ )

* Finnish Wind Power Association (also list of ongoing projects in Finland)
 http://www.tuulivoimayhdistys.fi
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https://community.ieawind.org/publications/ar
http://gwec.net/
http://www.ren21.net/
https://emp.lbl.gov/sites/default/files/2020_wind_energy_technology_data_update.pdf
http://www.ewea.org/
https://windeurope.org/about-wind/history/
http://www.tuulivoimayhdistys.fi/

being handed over to us in operations

and maintenance is absolutely brilliant.
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https://www.youtube.com/watch?v=Ki9RsIX7hUo
https://venusvisual.com/portfolio/lakiakangas3/
https://www.linkedin.com/company/orsted/videos/
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http://www.recognis.fi/

