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What is ForWind - Center for Wind Energy Research ?

Association of research groups and institutes of three universities
covering a wide range of wind energy related research topics.

universitat |OLDENBURG

Leibniz

Universitat
Hannover

LUJ Universitat Bremen
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What is ForWind - Center for Wind Energy Research ?
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Energy demand worldwide 2020

1.55 - 10M*EW h in 2020
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Source: BP Statistical Review of World Energy, 2021, bp.com
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Consumption of fossile fuels - oil

How much oil is consumed every day worldwide?

One oil truck can fit about 35.000 litres of oil
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Consumption of fossile fuels - oil

I 4 billion litres of oil correspond to 402.000 filled trucks
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Resource oil

How much oil is left that we can continue at this rate?

Distribution of proved reserves

B Midcle East
W S. & Cent. America
B North America
W CIS
B Africa
Asia Panifin
B Furope

2020
Total 1732.4

thousand million

2010 barrels
Total 1636.9
thousard millon

barrels
Total 1300.9

thousand milion
barre s

Source: BP Statistical Review of World Energy, 2021, bp.com
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Resource oil
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From “Reserves, Resources and Availability of Energy Resources 2014”, BGR annual report
BGR :Bundesanstalt fur Geowissenschaften und Rohstoffe

° N
Michael Hélling, Mines Nancy 2022 slide 9 ForWind \Y.-

Zentrum fiir Windenergieforschung Oldenburg



Content

 Motivation

* general comments on wind energy

- working conditions for wind turbines

= need to understand turbulence

- ongoing experimental research at ForWind

Michael Holling, Mines Nancy 2022 slide 10



Potential of wind energy

Kinetic energy Power from wind
, 1 2 .
Erwing = Emu Puind = Ewind
1. o5 . , :
= 51 with m = pV
| = pA - u

waind — 5,014“3

Available power for u = 12 m/s: Puyina = 1kW/m?

Wind energy converter (WEC)

1 .
[ Pwecoc = CpipAUS J cp < 0.99 Betz - limit
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Modern wind turbines

Puind = 1]{7W/m2 at 12m/s

area about 12000 m?2
waz’nd S 12MW

{PWEC — Cp - P’wz’ndJ

Cp S 0.59

PWEC’ ~H— oMW

radius of about 60m
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World’s largest wind turbine

Haliade-X by GE
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Source: https://www.eeworldonline.com/heres-what-it-takes-to-build-the-tower-for-the-worlds-most-powerful-offshore-wind-turbine/

Michael Holling, Mines Nancy 2022 slide 13 ForWind\° e

Zentrum fiir Windenergieforschung Oldenburg



Wind energy - a story of success
Worldwide

Total Installed Capacity [MW]
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Wind energy - a story of success

Total Installed Capacity 2013-2017 (preliminary data)

EGK

SOK

[(MW]
| N
0y
A

AQK

o 34'G50
35K

32°458

2011

New Installed Capacity

5’810 MW

4'7z4 MW

2014 2015

4'827 NW

Germany - about 62GW in 2020

36'483

2015

€ 1LEMMN

2C16 2017

2016

Growth Rates

15 &%

47420

12.7%

2015

50019
VIS
hWEA
‘Norld Wine Faergy Asioviztion
N *2017 Preliminary Data
2027 2018
12.3%
10. 7%

2016 2017

Source:Word Wind Energy association, wwindea.org

6’164

Michael Holling, Mines Nancy 2022

slide

|5

ForWind \;

N

Zentrum fiir Windenergieforschung

eeeeee
nnnnnnn



Wind energy - a story of success

France about 18 GW in 2020
Total Installed Capacity 2013-2017 (preliminary data)
14K
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Source:Word Wind Energy association, wwindea.org
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Wind energy - a story of success

Average annual growth in global renewables generation

historically and in the Susteinable Development Scenaric (SDS]

0% 20% 40% 60% 80% 100% 120% 140% 160% 180% 200%

SDS - 2017-40

2017

2C000-16

0 80 15C 240 320 400 480 560 640 720 800
TWh
® solarpy @ Wind @ Hydro () Other ® Sharc of net growth (top axis)

Source: International Energy Agency, iea.org
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Wind energy - a story of success

LCOE =

sum of costs over lifetime

Levelized Cost of Electricity in € per kWh

PV PV Wind Wind Biogas Coal

small utility onshore offshore lignite

Source: Fraunhofer ISE, ise.fraunhofer.de
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Wind energy - environmental impact

One urban legend about wind turbines: if you want to see a pile of dead birds, go visit
a turbine.

Wind Turbines Are Not Killing Fields for Birds

Annual estimated bird mortality from selected anthropogenic causes in the U.S.

Median/Avg. Estimated

N 850,700,000
Collision - Building Glass GG 676,500,000

Collision - Vehicles - 214,500,000

Cats

Poison [l 72,000,000

Collisions - Electrical Lines I 32,500,000
Electrocutions ’ 6,250,000

Collisions - Wind Turbines 328,000

d

@statistaCharts Source: U.S. Fish and Wildlife Service StﬂtlSta 5
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Wind energy - environmental impact

What about rare earth e.g. Neodymium?

Table 11: Wind power technologies for large turbines and an indication of permanent
magnet demand [Jensen, 2012]

Manufacturer Technology Generator type and Perman.e.qt magnet
capacity amount

Siemens Wind Power Low speed/direct drive PMSG 6 MW High

Vestas (MHI Vestas) Mid speed/geared PMSG 8 MW Medium

Enercon’ Low speed/direct drive = EESG"" 7.58 MW None

Alstom Low speed/direct drive PMSG 6 MW High

Senvion High speed/geared DFIG 6.2MW None

Areva/Gamesa Mid speed/geared PMSG 5 MW Medium

" Over time Enercon has upgraded the capacity of its generator
" EESG - electrically excited synchronous generator
""" Typical permanent magnet amount: High = 650 kg/MW; Medium = 160 kg/MW; Low = 80 kg/MW

Source: http://publications.europa.eu/resource/cellar/7f3762be-aafe- | | e6-aab7-01aa75ed71a1.0001.02/DOC_2

Alternative technologies e.g. the EU project EcoSwing

MISSION ACCOMPLISHED: The EU-funded EcoSwing project ended as scheduled on
30.04.2019. EcoSwing successfully aimed at demonstrating world's first superconducting low-
cost and lightweight wind turbine drivetrain— on a large-scale commercial wind turbine.

Source: https://ecoswing.eu/project

. Ny~
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Wind energy - environmental impact

What to do with the old wind turbines? Recycling ?

blades ?

Well established recycling processes for
up to 90% of the components

hub (iron)
electronics
nacelle (mainly steel)

tower (steel, concrete)

/ foundation (concrete)
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Wind energy - environmental impact

Problem: rotor blades with glass and carbon reinforced fibres

/'/4‘
L
- "//‘
— -'/ g5
s 15 g = =
25.2 million tons of ——//-"'
plastic plates & cups will go /——-
10 to landfills over 30 years ///,4--/
/// 3 QB
| ‘/’ = ! -
< Turbine blade: 2.1 million tons/

2041

Source: https://cleangridalliance.org/blog/ | 37/wind-turbine-recycling-and-disposal

Mechanical Recycling Thermal Recycling
shredding and mixing burning, leftovers can be reused
to thermoplastic in concrete, paint and glue

Ongoing research: Project ZEBRA (Zero wastE Blade ReseArch)
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Wind energy - environmental impact

What to do with the old wind turbines? Recycling ?

Or other innovative solutions

Image: Siemens Gamesa via Twitter

This image shows a section of turbine blade which shelters bikes in Denmark.
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Resource wind

Atmospheric wind field is turbulent on different scales

on small scales on large scales

Source: youtube.com, American beauty (1999) Source: youtube.com

These are the working conditions for wind turbines

° Ny~
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velocity [m/s]

Standard description

Problem: standard characterisation of wind fields and turbine
response (power output) is based on | 0-minute averaged data

| | | | I 25 I I I | |
12 i
2.0+ -
: S 16l
5 10!
4 5 |
2 05}
O I : I : I : I : I : OO ) . . A | . I .
10 13 16 19 22 25 28 10 13 16 19 22 25 28
time [h] time [h]
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power [MW]

velocity [m/s]

Standard description

Dynamics of |0-minute averaged data
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velocity [m/s]

Fast dynamics

| Hz data within | 0-minute windows reveals highly dynamical
system on short time scales
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power [MW]

velocity [m/s]

Fast dynamics

Dynamics within |0 minute window at | Hz
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velocity [m/s]

Standard description - turbulence intensity

Dynamics within | 0-minute windows are accounted for by

turbulence intensity

14

—_
o

(00

l

(0))
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wind speed u [m/s]

Standard description

14

1

4 6 8 10

Temporal events e.g. gusts are not captured by turbulence intensity

|

|

|

|

™ d
Al

10 20V

30 40 50 60
time [min]

o
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Advanced description of wind fields

Velocity increment: U, := u(t + 7) — w(t)

u [m/s]

u(t + 7)

10+

< » t[S]

Michael Holling, Mines Nancy 2022 slide 32 FO[Wind\oﬁ eeeee

nnnnnnnn

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee



Atmospheric turbulence - increments

=]
P( U O T=4s
s | measured data
{160 - i
;_fp“. “'"'M_
10 * . .
Gaussian statistics of ~
wind fields for turbine
10
10 5 0 5
U, o

Boundary-Layer Meteorology 108 (2003)

1/100 years
Prob(u, > 6a) ~ 10~ -

P’I“Ob(uT - 60‘) ~ 10_4 \ 1/hour
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Atmospheric turbulence - increments

Intermittent velocity increments on small and large scales

p(ut) [a.u.]

103 T =0.5s

101"

101

103

105 7 T = 4000s
-5 0 5

Bottcher et al., Small and Large Scale Fluctuations in Atmospheric Wind Speeds, 2004
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p(u,) [shifted]

Is intermittency a problem?

Intermittent velocity Intermittent increments of
increments power output

ur = u(t + 7) — u(t) P, =P(t+71)— P(t)

: z-
o | T= 1 sec o 7%
T T = 8 sec i o
_ r=32 sec +40% power in 8 sec
T= 128 sec IR
- Gauss "
3 <
& o)
N
N
T <
@ (0]
20 T
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Motivation for research

Underestimation of turbulence can lead to higher failure rates

1 | 1 | | |

Electrical System _ ,
OLWK Failure Rate, approx 5800 Turbine Years

Electrical Control #‘ ® WMEP Failure Rate, approx 15400 Turbine Years
\
Other '—* OLWK Downtime, approx 5800 Turbine Years

Hydraulic System 8 WMEP Downtime, approx 15400 Turbine Years

#——‘
Yaw System *—'

Rotor Hub b l
Mechanical Brake #
Rotor Blades l—# ]
Gearbox h '

Generator h
Drive Train S E— '

1 0.75 0.5 0.25 0 2 4 6 8 10 12 14
Failure/turbine/year Downtime perfailure (days)

P Tavner et.al EWAE 201 |

. N
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Big wind tunnel

e 3m X 3m outlet
e open and closed test section
¢ 30m measurement section

e about 32m/s max. vel. in
open

e about 41m/s max. vel. in
closed configuration
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Experiments with model wind turbines

Model Wind Turbine Oldenburg - MoWiTO

MoWiTO 1.8 Il of MOWITO 0.6

_

T

é\. " h = T
N g,

° N~
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Idea - turbulent flow instead of laminar flow

Generation of reproducible turbulent inflow conditions with
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Active grid
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Generation of realistic inflow conditions
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Generation of special inflow conditions

velocity step

Ugust,zim = 4™/s
Tpcuk,aim 0.25s8
Tpemk.aim 0.5¢

Tpeak,aim 18

Tpcuk,aim 28

- == ideal gust

“norm” gust =,

-1 -0.5 0 0.5 1 1.5
t/Tpo_-n 13

Source: Neuhaus et al. Experiments in Fluids,(2021) https://doi.org/10.1007/s00348-021-03224-5
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Michael Hélling, Mines Nancy 2022 slide 45 ForWind \7--

nnnnnnn

A ” H
Zentrum fiir Windenergieforschung Oldenburg



MoWiTO 1.8

Dynamic response of MoWiITO to different inflow conditions and
control strategies
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MoWiTO 1.8

Velocity measurements in plane of rotation
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Wind farms and wakes
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MoWiTO 0.6 - wake measurements
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MoWiTO 0.6 - wake visualisation
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MoWiTO 0.6 - wake visualisation
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MoWiTO 0.6 - wake measurements

Wake development of two neighbouring turbines
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MoWiTO 0.6 - wake measurements

Wake deficit of two neighbouring turbines
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MoWiTO 0.6 - wake measurements

Wake recovery of floating turbines
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MoWiTO 0.6 - wake measurements

Wake recovery of floating turbines for surge motion
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