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Windenergie op land

Jos Beurskens
SET Analysis
(Voorheen ECN)

KIVI
Mini Seminar Windenergie
Arnhem, 19 October 2016
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SET Analysis

Wind Farm Westermeerwind
Largest nearshore wind farm in the Netherlands, 700-1200 m off the dikes in the 1Jsselmeer lake(144 MW)

Wind Farm Westermeerwind
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Geschiedenis in vogelviucht
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© Jos Beurskens
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Enkele cruciale fysische begrippen

Eerste wetenschappelijke
benaderingen

SET Analysis

18-de eeuw: John
Smeaton (GB)
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Enkele cruciale fysische begrippen: de wind

‘e

E . = Y.m.\2
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1 m3 lucht weegt 1.2 kg, p = 1,2 kg/m?

Luchtdichtheid wordt mede bepaald door de hoogte (druk) en temperatuur
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Enkele cruciale fysische begrippen: de wind
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Vermogen (= energie per seconde)
van de wind Is:

P, =Y.p.V.V2 [W/m?]
P =1.0.\3 [W/m?]

p = luchtdichtheid; ongeveer 1,2 [kg/m?]
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Enkele cruciale fysische begrippen: de wind
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Windsnelheid Windsnelhed
(m/s) (Watt/m?)
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6 130

A [m?]
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P, =Y%.0.V3 [W/m?]

wind —

SET Analysis
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Enkele cruciale fysische begrippen: de wind

Puing = ¥%2.p.V3 [W/m?]

SET Analysis
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Enkele cruciale fysische begrippen: de wind
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Enkele cruciale fysische begrippen: de windturbine
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Enkele cruciale fysische begrippen: de windturbine
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1926: Albert Betz (D)

P=1/2p.Cp.V3.A

rotor

C, <16/27 bijna 60%

Zhukovsky-Lanchester-Betz limiet
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Enkele cruciale fysische begrippen: de windturbine

Karakterisering Rotoren: snellopendheid A
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_Snelheid rotortip
~ Windsnelheid




Enkele cruciale fysische begrippen: de windturbine

D [m] P Omw/s Omw/m
in

120 5MW 0,13 7,5
60 12MW 0,26 15,3
20 150kw 0,75 46
10 35kw 1,53 92
2 15kW 7,6 460
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Rotational speed decreases with increasing rotor diameter
(Same number of blades and wind speed)
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de Windturbine

SET Analysis

Senvion Lagerwey
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de Windturbine
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Main configurations for electrical conversion in WT'’s

WV o Directly Coupled Induction Gen.

=== e
% % X
gearbox u

fal

. Doubly Fed Induction Generator
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gearbox ac

l/
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v/

dc

Direct Drive generator with full
ac #- converter
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SET Analysis

Rotor diameter (m)
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de Windturbine

Opschalen

Some large scale prototypes 1981-1997. 33 m & (0,3 MW) — 100 m & (4MW).

16

8/10 MW

Airbus A380
wing span
80m

1% year of operation
installed power




de Windturbine

Opschalen

100 - =

Group of Rotor Diameters
Rotordurchmessergruppen
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,L1-90m

Share on the Yearly New Installed Capacity, %
Anteil an der jahrlich neu installierten Leistung in %

1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Source: DEWI -
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de Windturbine

%2)
% Opschalen
C
<
i Voor de ingenieur Voor de econoom
n
mass ~ (D?3) Investment cost ~ (D?3)
cross section ~ (D?) energy output ~ (D?)
stress (= mass/cross section) ~ D | | COE (= inv. cost/energy output) ~ D

l

Development of advanced materials
with a higher strength-to-mass ratio
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de Windturbine

De grootste turbines

SET Analysis
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de Windturbine

De grootste turbines

SET Analysis

e
B —

Photo: Ozlem Ceyhan-Yilmaz

EWEA 2012, Copenhagen
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de Windturbine

0
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< De grootste turbines

< Make & Type Rotordiameter | Rated power

= [m] [MW]

I8N ™1 [ MHI-Vestas V164 BMW 164 8+

7)) 2 | Adwen 164 8+
3 | Sinovel SL6000 155 6.0
4 | Siemens SWT-8.0-154 154 8.0
5 | ENERCON E-154 Medemblik 154 7.5
6 | Senvion 6.2M152 152 6.15
7 | GE Haliade 6MW (former Alstom) 150.8 6.0
8 | MingYang (2blades) SCD 6.0MW 140 6.0
9 | Dongfang/Hyundai 140 5.5
10 | Adwen AD5-135 135 5

2016-10®

Lagerwey turbines
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Windparken

2016-10-19

EXCHANGE WITH GRID
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Windparken

Wind turbine zog
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shear layer
VvV 2/3.V 1/3.V —2 0,9.V

stream line
~

-5.D -0.D 2.D 5.D | 10.D
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Windgarken

Lay out
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P=6to 15 MW/km?
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Windgarken

Zogregeling
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Nomalised power

Turbine number
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Windparken

Wind farm output variabiliteit als functie van
windrichting en turbulentie-intensiteit
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X X X X X
X X X X X
- X X X X X
X X X X X
X X X X X

1% ambient t.int 10% ambient t.int

Torben J. Larsen, Risg-DTU
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KOBBe"nﬂ aan het net

Wind turbine power rating
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700 7000
600 o 4 ! o Starkwing 06 W/m*
.E . Strong Wind
s E
S,
; 3 500
2 3 530W/m?
g 400 4 1 e Narmalwind 3
& by s Moderate Wind
§ 8. 5 ¢ A12wW/m'
- 200 . e o ity Schwachwind |
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g - s v
200
§ 212 W/im*
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100
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Nendslstung / Rated Power, W Windgeschwindigheit in Nabenhohe / Wind Velocity at Hub Height, m/s

Source: J.P. Molly, DEWI

P

P= —— [W/m?
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Koppeling aan het net

Wind turbine power rating and capacity factor

e — = ————— — e ——

=~ Capacity Factor = 75.5%, 100 W/m?
= Capacity Factor = 62.7%, 177 W/m?
= Capacity Factor = 57.9%, 212 W/m?
= Capacity Factor = 48.9%, 294 W/m?

Capacity Factor = 39.3%, 412 W/m?
= Capacity Factor = 32.4%, 530 W/m?
~—= Capacity Factor = 25.6%, 706 W/m?
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Normierte Leistung / Standardised Power

’ Mittlere Leistung |

Average Power ‘
20% + T T
[ |
| | 1
P

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Dauer pro Jahr / Duration per Year
Source: J.P. Molly, DEWI 100 m hub height, Weibull k=2,92, V,,, = 7,3 m/s)
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Koppeling aan het net

(7))
> Cost of de-rating wind turbines
qv] c = o e
C 3,50 - x =—— I
<E v = mittler Windgeschwindigkeit in 100m Nabenhohe
= v = average wind velocity at 100m hub height v=6m/s
LLd 3,00 | (Rayleigh distribution)
@ 5
‘ 7 % \—/:5 s
23 ;5 -
@ §
s
BB |
=
| & g 2,00
s &
@
23
4 ‘;’ 1,50 —
w w
2
% Si 1,00 Source: J.P. Molly, DEWI
x n
v
0,50
\
0,00
0 200 400 600 800 1000 |
Spezifische installierte Leistung / Specific Power Installation, W/m? ’

System rating: Low wind regime rating
Mechanical design: High wind speed regime
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Koppeling aan het net

(7))
‘w
= De windturbine karakteristieken: energie- en
< capaciteitsfactor (equivalente aantal vollasturen per jaar)
i
" =
S o
58 1 o
Prated/rotor
0.4 — swept area
o 0O
g5 \\
S &
0.2 7 {| \
0.1 —

i Prated/rotor

swept area
| Cap factor = E/P.T |
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Kogﬁelinﬁ aan het net

SET Analysis

Lower specific power Higher hub heights

— 450 120
= = 100
§ 400 E
= = 80
2 300 £ %
a S 40
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2 200 0
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97 O° Q79 2 QA0
N VY N YT Y
us Denmark «——Germany us Denmark =——Germany

Bron: Hethey, Ea
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Koppeling aan het net

7]
‘w
=
g Make & Type Rotordiameter | Rated power | Specific power
< [m] [MW] [W/m?]
- 1 | MHI-Vestas V164 8MW 164 8 + 380 +
LLI 2 | Adwen 164 8+ 380 +
0p) 3 | Sinovel SL6000 155 6.0 318
4 | Siemens SWT-8.0-154 154 8.0 430 offshore
5 | ENERCON E-154 Medemblik 154 7.5 403 onshore <€
6 | Senvion 6.2M152 152 6.15 339
7 | GE Haliade 6MW (former Alstom) 150.8 6.0 336
8 | MingYang (2blades) SCD 6.0MW 140 6.0 390
9 | Dongfang/Hyundai 140 5.5 357
10 | Adwen AD5-135 135 5 350

2016-1008

Rodi.nl
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Geinstalleerde capaciteit

m—-m-u-' windunelbeld o matars per secside 5 10 raslur becgts boves open s v
Mw-a W = over da geriode 1031
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B 40mhub height
A 55mhub height
® 75 hub height

Generation cost in € centl/kWh

3 5 7 9

Annual average wind speed at 50m height [m/s]

KNK iGRD



Geinstalleerde capaciteit

10 meter hoogte =0,3X 100 meter hoogte

§%)
n
=
©
-
<
|_
LL
0p)

9,5
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8,5

8,0
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6,5 -
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I Bron: RVO
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Geinstalleerde capaciteit

Eenheid [MW] Eenheid [10® MWh]
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BN NN N otem

© Contran! Dursay vosr 4 Satistiek, Den Hasgiseren 15-10-2016

Bron: CBS

» Concentratie in windrijke gebieden
« MW’s zeggen niet alles!!!
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Geinstalleerde capaciteit
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Urk, afgebroken

Zuidlob-Vattenfal-NUON
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Geinstalleerde capaciteit

Figuur 4.4 Ontwikkeling van de elektriciteitsproductie naar energiedrager in
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de periode 2016-2035.
Figuur 4.3 Ontwikkeling van de elektriciteitsproductie naar energiedrager s 35
2000-2015.
Elektriciteitsproductie
{terawattuur)
Elektriciteitsproductie
(erawatiur) 160
40 140 i i

6o 6o —— - - L= =
40 40
20 20 l I
o
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 20M 2012 2013 2014 2018° 2006 2017 2018 2079 2020 2023 2025 2030 2035
®» Nucleai * Centraal aardgas & overig fossiel Wind Overig" = Nucleak = Gascentrales » Meestook biomassa Zon-PV
s Steenkool Decentraal aardgas & overig fossiel Zon-PV a Kolen Gas decentraal Wind , Overig*

B 3005 3ijn voariopige clifers

1 v, kracht. blomassa stand alon
b afval, waterkracht, biomassa stand alone, Diomassa meestoak, stoom, voedingswater, elektriciton ut gasexpansia 4 afval waterkracht, blomassa stand alone

Bron: NEV




Geinstalleerde caﬁaciteit

Productie hernieuwbare elektricteit

% van totaal verbruik
13

SET Analysis

10

2000 2001 2002 2003 2004 2005 ‘2_006 2007 2008 2009 2010 2011 2012 2013 2014 2015*

mm Waterkracht en zon s Wind mm Biomassa

Bron: NEV
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Geinstalleerde capaciteit

Capaciteit windenergie

Megawatt
4 000
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3 500

3 000

2500

2 000

1500

1000

500

0
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015*

mm Op zee mmm Op land

Bron: NEV
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Geinstalleerde capaciteit

9D
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p] 2015 Installed Bestreken Jaarlijkse % van landelijk
power rotoropperviak | elektriciteitsproductie | elektriciteitsverbruik
[MW] [m? x 1000] [PJ.]
Op land 3031 6952 23,2 6,4
Op zee 357 954 4.1 1.3
Totaal 3388 7906 27,3 7,6

Bron: CBS/Beurskens
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Geinstalleerde capaciteit

QR
n
W “andeel windenergievermogen in EU-28, 2015 Capaciteit windenergie per inwoner, 2015
C Duitsland Denemarken
< Spanje Zweden
erenigd Koninkrijk Duitsland
I— Frankrijk Terland
LLI Italie Spanje
Zweden Portugal
m Polen Qostenrijk
Portugal Estland
Denemarken erenigd Koninkrijk
Nederland Nederland
Roemenié Belgis
Ierland Griekenland
Oostenrijk Cyprus
Belgie Finland
Griekenland Frankrijk
Finland Roemenié
Bulgarije Italie
Litouwen |fI Litouwen
Kroatie § Polen
Hongarije Luxemburg
Estland Kroatig
Tjechié Bulgarije
Cyprus Hongarije
Letland Letland
Luxemburg Tjechig
Slovenié Slovenig
Slowakije Slowakije
Malta Malta
0 S 10 15 20 25 30 % 0,0 0,2 0,4 0,6 0,8 1,0
Kilowatt
Bron: EWEA Bron: EWEA en Eurostat

Nederland: 0,2 kW/inwoner (nr. 11)
Denemarken; 0,9 kW/inwoner (nr. 1)
Een mens verbruikt ongeveer 0,1 KW continu
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Extreme klimaten

SET Analysis

Cold
Climate

Remote _ -
Mainstream Wind

Power

Offshore

g [o]
Deserts
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Extreme klimaten

(%)

2]

=

Q)

-

<

i

N Annual Energy production (P90) | 100%
No operation during icing 72%
Maximum Icing protection 99%

VTT, Winterwind 2013
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Extreme klimaten

Technology maturity curves for Cold Climate adaptations

A
H igh Low temperature adaptations /
Hot air circulation de- or anti-icing
Electrothermal de- or anti-icing (factory installgd)
Electrothermal anti-or de-icing (retrofitte // /

Anti-icing coatings
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Technological maturity level

Low

1990 2000 2010 2020
Time

2016-10-19



Extreme klimaten
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Acceptatie & Impact (visuele impact, opschalen)

g e O W e W
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2x53m (1MW)

n, D,

1x75m (2 MW)
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Acceptatie & Impact (visuele impact, opschalen)

H: height of tower
D: rotor diameter

P: power
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Acceptatie & Impact (visuele impact, opschalen)

Voor- en nadelen opschalen

SET Analysis

Rotordiameter: X 2
Aantal turbines: X 1/5 (+)
Toerental: x1/2 (+)

Zichtbaarheidsafstand:



Acceptatie & Impact (opschalen)
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wind ongestoord wind ongestoord

O = )\'Vwind ongestoord

R

Lager toerental vermindert negatief visuele impact
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Acceptatie & Impact (veiligheid voor omgeving)

D [m] P Omw/s Omw/
min
120 5MW 0,13 7,5
60 12MW 0,26 15,3
20 150 kW 0,75 46
10 35kW 1,53 92
2 15kw 7.6 460
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\ Figures apply for a wind speed of
— approximately 8 m/s; Beaufort 4/5.

Rotational speed decreases with increasing rotor diameter
(Same number of blades and wind speed)
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Acceptatie & Impact (veiligheid voor omgeving)
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Windenergie is een van de hoogstscorende energieomzettingstechnieken.
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Energy payback time:

4 to 6 months !!
(2 to 3 months on primary energy basis)
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Dank u voor uw aandacht !
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de Windturbine
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Direct drive:
Permanent magnets
(Scarcity of Neodymium?)

HTS (high temperature super
conductivity)
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Windgarken

SET Analysis

Wind speed U U
U0

{

Down stream distance

/

<«

>
Xseparation
Bron:Risg
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Geinstalleerde capaciteit
I
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Figure 15: Projected cumulative installed capacity (GW). Source: JRC
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Extreme klimaten

Cold Climate (CC)

A
= N

Icing Climate
(1C)
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(LTC)
Low Temperature Climate

Source: Expert Group Study on Recommended Practices for Wind Energy Projects in Cold
Climates. IEA Wind Recommended practices no. 13. 2012.
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Extreme klimaten
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Cold Climate wind energy about 25% of global wind
power, but growth potential is similar to world growth rate:

Sufficient track records for investors
&

Enormous room for application of innovations for cost
reduction
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