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Use of renewable energies in Germany

Primary sources

Wind
energy
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Use of renewable energies in Germany

General statistics

Bruttostromerzeugung aus erneuerbaren Energien in Deutschland im Jahr 2023
Gesamt: 272,4 Terawattstunden (TWh)

biogene feste undfliissige Brennstoffe!
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tinkl. Klarschlamm; 2 biogener Anteil des Abfalls in Abfallverbrennungsanlagen mit 50 % angesetzi
Hinweis: Stromerzeugung aus Geothermie aufgrund sehr geringer Mengen (0,1%) nicht dargestelit

Quelle: Arbeltsgruppe Erneuerbare Energlen-Statistik (AGEE-Stat); Stand: Februar 2024
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Use of renewable energies in Germany

General statistics

Entwicklung der Bruttostromerzeugung aus erneuerbaren Energien in Deutschland Entwicklung der Zusammensetzung des erneuerbaren Stroms in Deutschland
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Quelle: Arbeitsgruppe Erneuerbare Energlen-Statistik (AGEE-Stat); Stand: Februar 2024
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Quelle: Arbeitsgruppe Erneuerbare Energien-Statistik (AGEE-Stat); Stand: Februar 2024
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Use of renewable energies in Germany

Renewable Energies Act (Erneuerbare Energien Gesetz — EEG)

Amendment in 2023 has sharpened climate change goals:

Construction and operation of renewable energy plants is in the overriding public interest and serves public safety.

Climate neutral power supply until 2035 instead of 2050.

Share of renewable energies on gross electricity production 80% instead of 65%.

To reach these goals focus on expansion of solar and wind energy. New expansion rates and goals:

Technology | Increasing expansion rates Expansion goals for 2030

Solar 22 GW per year 215 GW

Wind onshore 10 GW per year 115 GW

Wind offshore 2023-2026: 5-7 GW per year 30 GW
2027-2030: 4 GW per year

= Remuneration according to EEG: Fixed rates for solar energy whereas remuneration of on-/offshore wind energy is
determined from the market premium achieved in previous awards during regular calls for tender. E.g. remuneration for
onshore wind energy in 2024 is 7.35 ct/kWh. Qﬁl
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Current status and future development of onshore wind energy

Statistics on on- and offshore wind energy

Entwicklung der Bruttostromerzeugung und der installierten Leistung von
Windenergieanlagen an Land und auf See in Deutschland
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Current status and future development of onshore wind energy

Statistics on onshore wind energy

Entwicklung der installierten Leistung von Windenergieanlagen an Land in Deutschland Entwicklung des Zubaus neuer Windenergieanlagen an Land in Deutschland
sowie Zubauziele der Bundesregierung nach Erneuerbaren Energien Gesetz (EEG 2023) bis 2030 sowie bendtigter Zubau nach Erneuerbaren Energien Gesetz (EEG 2023) bis 2030
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Quelle: Arbeitsgruppe Erneuerbare Energien-Statistik (AGEE-Stat); Stand: Februar 2024 Quelle: Arbeitsgruppe Erneuerbare Energien-Statistik (AGEE-Stat); Stand: Februar 2024
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Bundesverband WindEnergie
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Current status and future development of onshore wind energy

WINDENERGIE IN DEUTSCHLAND 2022

Megawatt [VI\W]
Gesamtleistung installiert
58.106 MW an Land
8.136 MW auf See

Anlagen [kumuliert]
28.443 an Land
1.539 auf See

Megawatt [[VI\W/]
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MW an Land

auf See

Terawattstunden [T\/V/h|
98,6 TWh an Land
24,7 TWh auf See

Prozent

Anteil an der deutschen
Stromproduktion

Durchschnittliche Anlage 2022
Leistung 4.362 kW
Gesamthdhe 206 m
Rotordurchmesser 137 m




Current status and future development of onshore wind energy

Europa Top 10 Lander: Installierte Leistung

Stand: 31.12.2022
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Legal framework and approval process

Designation of wind energy areas

The Windenergieflachenbedarfsgesetz (WindBG) 2023
defines specific goals for the designation of wind
developing areas which need to be reached until 2032.

Regional planning act (federal law)

Regional development plan (state level)

Regional plan (level of regional government)

federal building

Land use plan (Municipal level)
code
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Flachenverteilung fiir Windenergie
Potenziale und Teilziele in den Regionen
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Legal framework and approval process

Planning procedure and anticipated time frame

bank guaranty

required
L S &8
1. Flachensuche 3. Genehmigungs- 5. Riickbau
(Vorplanung) phase
Betrieb iiber
etwa 20 Jahre
N _ N
- 7 ) 7
Q s
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NE
©NRW.Energy4CIimate ~ 8 years *Typische Verfahrenslaufzeiten von Windenergieprojekten nach Analyse der FA Wind von 2023 =f@
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Al

Windfarm mit Anlagen von mehr als 50 Metern mit...

» Federal immission control act and federal immission control
ordinance — admissibility under immission control law
A==

» Building regulation law — admissibility under building regulations
'

Legal framework and approval process
Genehmigungsverfahren fir Windenergieanlagen

Approval process

For wind turbines of 50 m hub height and more both approvals are
always necessary which are gained in a formal approval process.

For wind farms with more than 20 turbines an additional
!

environmental impact assessment is mandatory.
For projects with 3 to 20 turbines the approval authority decides if an
environmental impact assessment is necessary based on preliminary
!

|
assessments or decides that it has to be performed in any case.
This regular approval procedure is more extensive but offers more
legal certainty against lawsuits as it includes a formal public
participation process which addresses the relevant stakeholders !
which is not the case in the simplified procedure.
(8§20, 21 der 9. BImSchV, 10 Abs.7 BImSchG)
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Selected case studies

Wind farm Lentfohrden/Weddelbrook, Schleswig Holstein

Developer/Operator: EnBW

= 5 Nordex N 133 turbines
= Hub height 190 m, rotor diameter 133.2 m
» Rated power 4,8 MW

Die Windparks der EnBW im Bau und in der Planung
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Selected case studies

Wind farm Albringhausen Lower Saxony

Developer/Operator: WestWind Energy

Repowering:

= Dismantling 13 Enron EW 1.5 turbines

= Substitution by 10 Enercon E-160 EP5 E3
turbines with hub height 166 m, rotor diameter
160 m and 5.56 MW rated power

= Construction of new turbines on usually
different location within the wind farm
according to wind and ground conditions.

j:3;-..:-_-'Albriﬁghausen H
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Selected case studies

Citizen wind farms RothaarWind | and Il near Siegen

Concept of public participation

= 5and 17 Enercon E-138 turbines

= Hub height 110/130 m, rotor diameter 138
m, 4.26 MW rated power

= Operator: RothaarWind GmbH & Co. KG

» Around 90 shareholders, among these the
city of Hilchenbach and many private
individuals.

© RothaarWind Planungs- und Geschéftsfuhrungs GmbH
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Basics of foundation design

General design principles

At the moment competing regulations:
DIN EN IEC 61400 — deals wind turbine structure including foundation as machine components

DIN 18088 with DIN EN 1997 — deals wind turbine structure including foundation as a building structure

In any case design should follow limit state design, i.e. it needs to be verified that none of the P ——
the foundation's qltlmate lateral hi_ngev of thF." pile
following limit states of the structure, which separate permissible from impermissible states, occur: (ol falure) eyl
FJ
Ultimate limit state (ULS): Bearing resistance failure, sliding failure, overturning or tilting, structural WJ/LJ
.'Jill

failure such as a plastic hinge; partial safety factors are introduced on actions and resistances.

Serviceability limit state (SLS): too large settiements or differential settlements, limited range of
static and dynamic spring stiffnesses; criteria depend on the specific turbine type.

SLS: Tilt angle exceeds %
allowable value ( ‘=
(Arany et al" 201 7) (serviceability failure) f
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Basics of foundation design

General design principles

Establishing the ground model from field and laboratory ground investigations:

DPH 1 /RKB 1 DPH 2 /RKB 2 DPH 3/RKB 3 DPH 4 /RKB 4
NHN+44 .80 m NHMN+44 80 m NHM+44 80 m NHMN+44 80 m

l l i l

i
=z
5
5

), dicht

-- mdseesssseey
» - M ' SO0 Ky Sond andfeucht mittegcht e L) mm et
% i gelblichbraun
Y.
= ECh
. . I . AT )
leaves room for interpretation: involved uncertainty Qf@
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Basics of foundation design
General design principles

Limit State Design - Example: Load test on a footing

Settlements: s(P)

linearized
Load-deformation curve ‘—'{ safety margin

2 limit states — 2 design exercises

1 uttimate Limit State (ULS)

2 Serviceability Limit State (SLS)

settlements

Foundation must be designed to withstand all

e

failure load

L failure state @

possible limit states (ULS + SLS)!

DAAD Seminar on Renewable Energies | Fortaleza, Brazil | 17.09.2024 | Univ.-Prof. Dr.-Ing. habil. Kerstin Lesny

__sharp increase of settlements




Basics of foundation design

Foundations for onshore wind energy turbines

= Typically type-certified shallow foundations, if necessary together with suitable soil improvement (e.g. by rigid
inclusions); more rarely pile foundations.

» Shallow foundation must be fully removed after end of use (besides the turbine with all its components); piles may
be left in the ground (cut below ground surface) as removal probably will cause more damage to the environment.

(© FuBau GmbH)
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Basics of foundation design

Foundations for onshore wind energy turbines

Typical layout of a shallow foundation for a 6 MW type-certified onshore turbine:
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Suitability of the foundation for the respective site conditions must be
verified (i.e. verification of the respective ULS / SLS design criteria). Q%

DAAD Seminar on Renewable Energies | Fortaleza, Brazil | 17.09.2024 | Univ.-Prof. Dr.-Ing. habil. Kerstin Lesny



Basics of foundation design

Foundations for onshore wind energy turbines

= Ground improvement if ground conditions are not sufficient; two possible options are vibratory compaction or vibration
replacement:

Vibratory compaction Vibration replacement

Arbeitsablauf Ritteldruckverdichtung ROV Herstellen Schottersdule (Ruttelstopfverdichtung — Top Feed)

(© Bauer Spezialtiefbau)
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Basics of foundation design

Foundations for onshore wind energy turbines

= Vibratory compaction: i

N T=

(@ — ()

(© Keller Grundbau)
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Basics of foundation design

Foundations for onshore wind energy turbines

= Vibration replacement:

AN|

[5]

N
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i mELLER N

Windfarm Ihlow
“Strict requirer

conservatio o
- Grouting of columns to:prevent interaction betweentwo aquifers

(© Keller Grundbau)
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Basics of foundation design
Foundations for onshore wind energy turbines

» |f ground conditions are not sufficient pile foundations are required.

= Bearing behaviour strongly depends on pile material and type of installation:

Pile systems
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BN EN 12689 clementsaretes e « Ground conditions (esp. shear strength)
DIM EN 1536

. » * Groundwater conditions
L Reinisrond concmete |2223 bnsupported Castin place piles [2.26)
Frefabn o dirre e b Prestressed conarete [2223] | - e . .
T pagfee 223 2212 s | « Type and magnitude of loading

S — — L} Castiron 223
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(from the German Recommendations on Piling, 2012)
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Basics of foundation design

Foundations for onshore wind energy turbines

Axially loaded piles: fv

l s

I TP \T AN Compression pile (right):
oW ! . i o
l l 1 ] Compression loading; load transfer via pile tip resistance and
| D | ) D i shaft friction.
I s I s S
| Mg ! i 3 Tension pile (left):
= = | Tension loading, | fer via shaft friction onl
l i":- ] ) & ension loading, load transfer via shaft friction only.
I c
i i @ $ ¥ ’ Design parameters: Pile length for a selected diameter
- N
N ()

tip resistance

Moderate lateral loading is accomodated by a pile group with one or more inclined piles!

e‘fl
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Basics of foundation design

Foundations for onshore wind energy turbines

Example: Use of prefabricated driven piles (Centrum Pfahle)

T

-

-4

(© K. Lesny) (© Centrum Pfahle)
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Basics of foundation design

Foundations for onshore wind energy turbines

BS WEA 11
Ansatzpunkt:GOK
g 2' Hgégm— Eggnm': Feinsand, humos,
. . . m schluffig
Example: Wind farm Wohnste — pile layout and design parameters SN oi 200 regT—
B3[]160m Geschiebelehm, bei 0
75 m Kies band ’
abgerundet
B 4[]3.00m ﬁ::ﬁzﬂd, feinsandig,
g;egsecmﬁgg\lehmbénder
4 gelbgrau
: = 8 5[]450m
= 8616 00m P ring
grau
e I o e £ |BAUGRUND
3 B7[17.50m
5 SCHCHTENFOLGE.  FOLGENDE SCHICHTENFOLGE UND STEFBMODULE ey
¥ WURDEN FUR D STATISCHEN BERECHNUNGEN ANGESETZT Endiefe
A von bis Schicht E“’m Elrﬂlﬂ-
[mOKG] [mOKG] i-] [ MNim* ] [ MNm* ]
N 400 keme Betiung 000 000
- 200 £00 wich | 5o g 150 100,00
§ E Al A__ Geschishemgne -
o= T 500 Prahiul bieed i foal =11 1] 130,00
GCRUNDWASSER.  WAAKIMALER GRUNDIWASSERSTAND IST AN GELANDECBERGANTE
PEAHLGRUNDUNG] adopted from:
STANDOAT ANZARL A prALURTEFE| WGP | xaee. [ocormL | sl | BR. | cem Wardinghus, P. (2014):
& PFAFLE | QUERSCHNTT| BEWERRUNG | LOTRECHT LANGE NEKGUNG | LANGE | LANGE : " :
~ [ | [onuce] |aemeomeme| [wOKE] [mosG]| (m] | (moKS] ? i} | (] Tiefgrindung von Windener-
b WL F T o Tngal o loblds | ok LN gieanlagen mittels Pfahle, 5.
- . | | 1 | 28 ] W Fachveranstaltung Baugrund-
4. CHARAKTERISTISCK BENESSUNGINER] besserung und Griandungen fur
8 {y=1.0FACH) (\EACH) : .
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PEAHLE ST TR TR Y (IO - S (Onshore), Haus der Technik,
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Basics of foundation design
Foundations for onshore wind energy turbines

Example: Wind farm Wohnste — pile-driving protocol

BV Windpark Wohnste 20 E82, Wohnste

Pfahlart : Stahlbetonkupplungspfahl 45x45
Pfahifliche : 2025 cm?

Pfahllinge : 30 m Pfahl : P 1
Neigung : lotrecht
Umfang : 180 cm

DS (MN/m?) Mr (kN/m?)
CPT WEA 11-3 Mitr (CPT WEA 11 300 o 500
om 0 400 0_ 56 MNm/m T - |
. = [
1m + — 4 e t——
2m - —
3Im ! = | =4 |
4m — — == |
5m - - — -
6m ] S
im — i T
g = 1 —
i — —— SEmEs =
12m = = T 14 + L
=~
f4m = . EE====
;gg = > 2t S =
17 == [ = o — —
gm : — - - i — adopted from:
5m e —— S i —— — Wardinghus, P. (2014):
22 - = : . .. .
535 : e L = Tiefgrindung von Windener-
25m| — I — EmmEs = — gieanlagen mittels Pfahle, 5.
o - | ee— EESS T
28m b f e Teee = e _====== Fachveranstaltung Baugrund-
29m Rammung —— ——— apez {kiNmT - Mr (kNAld.m)
30m — I Energiesumme 202338 kNm———————CApWAP erkundung, Baugrundver-
%E — - —— —— besserung und Griindungen fiir
m — e — : .

MESSUNG . T - Windenergieanlagen

\Datum ____ |Fallhéhe | Bdr | W(theor) |Setz./Schiag |Standzeit W (eingel) |Case(0,3)  Case(04) |CAP (gesamt] CAP (Mantel) CAP (Ful) | i

|25,08.2011 10,95m 9t 86 kNm <«<fmm |9T | 35 kNm 4950 kN 4750 kN 4750 kN 3770 kN 980 kN | (OnShore)’ Haus der Technik,

! Essen 20.11.2014
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Basics of foundation design

Foundations for onshore wind energy turbines

Example: Wind farm Wohnste — construction phase

adopted from:

Wardinghus, P. (2014):
Tiefgrindung von Windener-
gieanlagen mittels Pfahle, 5.
Fachveranstaltung Baugrund-
erkundung, Baugrundver-
besserung und Griandungen fur
Windenergieanlagen
(Onshore), Haus der Technik,
Essen 20.11.2014
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Soil-structure interaction (SSl)

Soil-Structure-Interaction (SSI) and it‘s effects on structural turbine dynamics

» Research project MakroWind, funded by progres.research NRW at USi, PhD candidate Kachallah A. Kau

= Problem statement:

wind load during designt;

/\/

0 0.2 0.4 0.6 0.8 10 V] 0.2 0.4 0.6 0.8 1.0
time (minutes) time (minutes)

*
average 1P load : 10

AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY

force (MN)
force (MN)

average 3P load * <10 f
g A A AR AR AR ARV
=~ lh'n.Mwh.-'.'wlh'm'.‘aW\‘n.-'.ulllh'n.-‘.NW\...:'I'HH...‘;WU&”
g
=l
0.2 0.4 0.6 0.8 1.0

o

time (minutes)

dynamic wave load during design':

AVAVAVAVAVAVAVAVAVAVL

force (MN)

0.2 0.4 0.6 0.8 1.0
time (minutes)

*these values are just indicating the magnitude of the different quantities

Power Spectral Density

Kaimal wind JONSWAP wave

g Vestas V90 3MW at Kentish Flats Offshore Wind Farm (UK)

gromssensens Vestas V90 3MW at Thanet Offshore Wind Farm (UK)

spectrum spectrum
/ /(Dlle peak)
1P

(Rotor frequency)

3P
(Blade passing frequency)

1P and 3P for Vestas V90 3MW

o
=

y =

o 01 02 03 04 05 06 07 08 09

Soft-Soft
| —————————,

Frequency [Hz]

i Soft-Stiff !
—————

(Bhattacharya et al. (2017): Soil-Structure Interactions (SSI) for Offshore Wind Turbines, to appear in: IET (The Institution of Engineering and Technology)

Engineering & Technology Reference [http://digital-library.theiet.org])

1

! Stiff-Stiff
| ————
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Soil-structure interaction (SSl)

Soil-Structure-Interaction (SSI) and it‘s effects on structural turbine dynamics

» Research project MakroWind, funded by progres.research NRW at USi, PhD candidate Kachallah A. Kau
= Possible solutions: -

Rotor, Nacelle and

N
_ I
\ : Blades assembly
m J':I::,_. |
Along-wind direction (x) W R |
-y I
Ncell Jf o !
)/ [
| |
I Tower
/—M 2,.J } f | _Tower :
Top head mass + intertia / !
P* I
| [
i
L, El, m
oo /_ = qunpde Foundaion 7z
Euler-Bernoulli V< 25D -
Support beam model M / H Soil / monopile
structure .~ Interface
R
1 |
Substruciure I:> E L
/_KL :
Monopile :
v Ly
Foundation X : i
K 3 springs I
model i
.
(Bhattacharya et al., 2017) f HEFFHEEEEH

Modeling structure + soil

continuum too complex
_...I.-,,:D,,;z |..._ e

Linear, independent springs too simplified
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Soil-structure interaction (SSl)

Soil-Structure-Interaction (SSI) and it‘s effects on structural turbine dynamics

» Research project MakroWind, funded by progres.research NRW at USi, PhD candidate Kachallah A. Kau
= Alternative:

C Substitution of soil continuum by single
Along-wind direction () (macro) element relating forces V, H and
: ] i G = mom_ent M with displacements u; and
) M, ; rotation o of the foundation.
op head mass + intertia
M 4

Tower

Euler-Bernoulli

Support beam model

structure

Substructiure

Foundation

element

(Bhattacharya et al., 2017)
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Soil-structure interaction (SSl)

Soil-Structure-Interaction (SSI) and it‘s effects on structural turbine dynamics

» Research project MakroWind, funded by progres.research NRW at USi, PhD candidate Kachallah A. Kau
= Some results:

: 1

ME Mod el r-:-"IEModeI
¥  Plazis 1D ¥  Plaxis 3D
097 . 0.9t i
08 r 0.8 r
07 r 07t
06T 06 F
R 2 *
L o5 L o5
] kad
L L

0.4

0.3

0271 02t
0.1 0.1 f
D 1 1 1 1 1 1 D 1 i i I i i i 1 A
a 0.02 0.04 0.06 0.08 0.1 012 0.14 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 NE
F/F20 M, /(D*F ) _](ﬁj
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Soil-structure interaction (SSl)

Soil-Structure-Interaction (SSI) and it‘s effects on structural turbine dynamics

» Research project MakroWind, funded by progres.research NRW at USi, PhD candidate Kachallah A. Kau
= Some results:
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Soil-structure interaction (SSl)

Soil-Structure-Interaction (SSI) and it‘s effects on structural turbine dynamics

» Research project MakroWind, funded by progres.research NRW at USi, PhD candidate Kachallah A. Kau
= Some results:
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Conclusions

» Germany plans further expansion of onshore wind energy as a major contributor to reach the goals of climate neutrality.

» For that, wind energy developing areas are currently established in regional development plans on state level to reach these
goals.

» As a consequence, onshore wind turbines are now allowed in closer distance to buildings and may probably developed in
areas which where formerly less attractive e.g. in hilly or forest areas which suffer from calamities from the past years.

» Onshore wind turbines are usually founded on type-certified shallow foundations maybe in combination with ground
improvement measures if ground conditions are not suitable.

» The applicability of the type-certified foundation for certain site conditions must be verified in the design.

» As onshore wind turbines become continuously larger and, with that, also the dynamic turbine loading, the soil-structure
interaction (SSI) plays an important role for a reliable performance of the turbine over its anticipated lifetime of 20 years.

» This requires innovative solutions to consider SSI in dynamic analyses. For this, macroelement models may be a suitable
alternative.
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Thank your very much for your attention! Questions?

Univ.-Prof. Dr.-Ing. habil. Kerstin Lesny

University of Siegen
Chair of Geotechnical Engineering Visit our website: ‘
Paul-Bonatz-Str. 9-11

57076 Siegen
kerstin.lesny@uni-siegen.de

WWWw.geo.uni-siegen.de
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