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Aim

wind energy: aim of the talk
 - some background informations on wind energy
 - WE is not the solution of all energy but has some promising aspects
 - the need of fundamental physics 

Wind energy
- is too expensive
- is intermittent 
- is no physics
- …
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Content

Part 1: wind energy
 - basic concept of wind energy converters (WEC)
 - system and costs 

Part 2: fluctuating wind energy  - challenges for physics



© ForWind @ForWind_DE

power from wind

Pwind = ·Ewind

 density of air
 rotor area
 wind speed

·m = ρ ⋅ A ⋅ u

ρ

A

u

How does a modern wind turbines work?

=
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How does a modern wind turbines work?

power from wind

for u = 12 m/s Pwind = 1kW/m2

Pwind = ·Ewind =
1
2

·mu2 =
1
2

ρAu3

WEC

cP  0.59 Betz- Joukowsky  limit For 12m/s : about 500 W/m2

PWEC = cPPwind =
1
2

cpρu3A
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Needs to understand:

Precise wind prediction 

7

PWEC = cP
1
2
�Au3

https://map.neweuropeanwindatlas.eu



© ForWind @ForWind_DE

modern wind turbines

area = 12469 m2  area = 12469 m2

cP  0.59

Pwind  12MW

PWEC ⇡ 5� 6MW

R = 63m

PWEC = cp · Pwind



60m rotorblade



modern wind turbines

R = 63m

S = 80m



R = 110m

Haliade-X prototype  GE.com

modern wind turbines

• biggest wind turbine 2021 

• GE: Haliade- X  15MW 

• 2024:  Dongfang. 18MW

2019 - GE Haliade-X  12MW:  
R= 110m
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Offshore Wind park 
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Leveled osts of wind energy
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Costs of wind energy

wind energy one of the cheapest
el. energies

-> costs 5 cent/kWh
Why is wind so cheap?
- resource 0cent/kWh
- 1-2 € / installed Watt - running time /Year - 2000 h => 2kWh  0.1 € or 10% of investment≈
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Costs of wind energy

wind energy one of the cheapest
el. energies
-> costs 5 cent/kWh

Compared to other resources:
Oil - 5cent/kWh
Gas 3 cent/kWh
Coal 1-2 cent/kWh

Electric energy: 1kWh wind  3 kWh fossil
Wind is cheaper than fossil resource
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Wind energy

European renewable target for 2030

200 GW

350 GW



Center for Wind Energy Research

Bah Honnef 2024

Content

Part 1: wind energy
 - basic concept of wind energy converters (WEC)
 - system and costs 

Part 2: fluctuating wind energy  -  challenges for physics



© ForWind @ForWind_DE

fluctuating wind energy

Is intermittency a problem?
- yes !
What to do ? 

- showstopper ?
or a problem 

which can be handled by understanding the physics ?

comment - 
* Around 2000 impossible to have stable grid with more than 10% wind
Today up to 100% and overall a more state grid than 2000
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fluctuating wind energy

Is intermittency a problem?
- yes !
What to do ? 

- showstopper ?
or a problem 

which can be handled by understanding the physics ?

Intermittency : 
Large scale intermittency. 
- long term variability - two days no wind   (Dunkelflaute (dark doldrums) vs Hitzewelle (heat wave)) 
      => energy meteorology  (D. Heinemann)

(-> energy & meteo systems GmbH, OL)
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fluctuating wind energy

Is intermittency a problem?
- yes !
What to do ? 

- showstopper ?
or a problem 

which can be handled by understanding the physics ?

Intermittency : 
Large scale intermittency. 
- long term variability - two days not wind 
      => energy meteorology 

Small scale intermittency
- fast changes of wind power
     => next topic - we need statistics



effects of non-normal wind
https://www.youtube.com/watch?v=dRht4tkQJIM

https://www.youtube.com/watch?v=dRht4tkQJIM
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Part 1: wind energy
 - basic concept of wind energy converters (WEC)
 - system and costs 

Part 2: fluctuating wind energy  -  challenges for physics
- energy resource: fluctuating wind
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energy resource: wind gusts

measured time series
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• 10 min mean value
• turbulence intensity

wind measurements and data analysis
characterisation after IEC norm
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• 10 min Mittelwerte

~
 1

0 
m

/s

wind measurements and data analysis
characterisation after IEC norm
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τ = 4 sP(uτσ
−1)

u⌧ = u(t + ⌧)� u(t)

statistics of gusts
wind fluctuations can be  measured by velocity increments
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Boundary-Layer Meteorology 108 (2003)



© ForWind

τ = 4 sP(uτσ
−1)
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º 106

τ = 4 sP(uτσ
−1)

1/3000 years

1/day

Prob(uø > 6æ) º 10°4

Prob(uø > 6æ) º 10°10

statistics of gusts

Boundary-Layer Meteorology 108 (2003)

non-Gaussian called intermittency

=> Importance of statistics p(x)



IEC Wind and measured
IEC$Code$

Observa.on$

EUROMECH 528, S. Basu Uni Texas,
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homogeneous isotropic turbulence  -- hit

ur = u(x + r)� u(x)

η
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A.N. Kolomogorov

Leonardo da Vinci

r - depend of velocity increments:

- cascade and  statistics of increments 
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L     

homogeneous isotropic turbulence  -- hit

ur = u(x + r)� u(x)

η

10 -6

10 -4

10 -2

100
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104

-4 -2 0 2 4
u / σ∞

r

A.N. Kolomogorov

Wind turbine is a small scale structure



Load and damage estimation 
- intermittency



Load and damage estimation 
- intermittency

Load signal
Increment analysis: 
Turbulent intermittency 

τ

T. Mücke, et al. Wind Energy 14, 301 (2011)

Load cycles



Load and damage estimation 
- rainflow counting

Load signal 

Δσi

Counting ( ) the load cycles ni Δσi

Damage equivalent

Wöhler coefficient  m
metal m=3
Composite m=10
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We need to have an understanding of 
these extreme events
• How frequent 
• How big

Wind energy cost - up to about 25% O&M



Exp - Active grid in wind tunnel of Oldenburg

L. Neuhaus, et al. P.R.L. 125, 154503 (2020)  atmospheric turbulence Re 107

Modellanlage  AG von M. Kühn



Same wind speed

Laminar u u with turbulent Gaussian 
fluctuations u´

u with turbulent  
Intermittent fluctuations u´ 
Same turbulent intensity

Effect of wind on roofing shingles

https://www.zdf.de/dokumentation/zdfinfo-doku/natur-macht-geschichte--luft-100.html


Freifeldmessungen. - Forschungspark WiValdi - DLR, ForWind und Fraunhofer

Loads are more complex than one time series
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Further topics of wind physics

41

Numeric approach - CFD / LES 
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LiDAR - Light Detection and Ranging
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Motivation for turbulence research   - energy 

Wind energy operating under turbulent conditions

Fusion - tokamak type factor 

Turbulence is a major obstacle 
for building fusion reactors.

Claim - need of a profound understanding of 
turbulence
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Part 1: wind energy
 - basic concept of wind energy converters (WEC)
 - system and costs 

Part 2: fluctuating wind energy  -  challenges for physics
- energy resource: fluctuating wind
- turbulence and intermittency
- Fundamental understanding of turbulence
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Turbulence one of 7 milenium problems

@

@x
u(x) = limr!0

urz }| {
u(x + r)� u(x)

r

= limr!0
ur

r

velocity increment

limr!0 ur

have to understand
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homogeneous isotropic turbulence  -- hit

ur = u(x + r)� u(x)
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A.N. Kolomogorov

Leonardo da Vinci

r - depend of velocity increments:

- cascade and  statistics of increments 
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Data set of velocities  or heights  or other complex systemsu(x) h(x)

Aim to get the joint multi-time statistics  p(u(x0), u(x1), . . . , u(xn))

J.P., et al., Annu. Rev. Condens. Matter Phys., 10 (2019) 107  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Data set  / u(x) h(x)

u(x)

x0

…..

x1 x2 xnxi

…..

……

ur0

ur2

r0

J.P., et al., Annu. Rev. Condens. Matter Phys., 10 (2019) 107  

x

Aim to get the joint multi-time statistics  p(u(x0), u(x1), . . . , u(xn))

can be expressed by statistics of increments ur = u(x + r) − u(x)
p(u(x0), u(x1), . . . , u(xn)) = p(ur0

, ur1
, . . . . , urn−1

, u(xn))



© ForWind

Joint- n-point statistics and three point closure  => Markow process in scale

increments 
Cascade path   goes from  to    and 

ur = u(x + r) − u(x)
u( ⋅ ) ur0

urn
r0 > r1 > . . . r > . . . rn

ur0

urn

u(x)

x0

….

x1 x2 xnxi

….

…
ur2

r0

ur0
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Recipe for stochastic  analysis

data

conditional pdfs

Fokker-Planck equation describes the conditional pdf

Joint - n-point statistics reduces to 

<latexit sha1_base64="T3DucUOmr5ZG4I5CA13+59yTONY="></latexit>
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entropy of cascade trajectories
2nd law : entropy balance
there are two contributions of the entropy (cf. Seifert 2005) to the subsystem

(1) interaction with the medium results in power done on the subsystem 

for the cascade path ur

Sm(ur) = �
Z �

L
@rur @u'(ur, r)dr

ẋF = ẋ@x'

Stot(ur) = Sm(ur) + �S

'(ur) = lnD(2)(ur, r)�
Z ur

�1
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du0

‣ Nickelsen Engel PRL 110 (2013)
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rogue wave: event of negative entropy production

52
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A. Hadjihosseini, P. G. Lind, N. Mori, N. P. Hoffmann, and J. Peinke :

Rogue waves and entropy consumption,  europhysics letters 120, 30008 (2018)
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Stochastic data seem to be realistic - with extreme events

Events with negative entropy are the extreme events 

Fluctuation theorem balances negative & positive entropy events
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Stochastic data seem to be realistic - with extreme events

Events with negative entropy are the extreme events 

Fluctuation theorem balances negative & positive entropy events

Su
rfa

ce
 e

le
va

tio
n 

[m
]

−4

−2

0

2

4

6

Time [s]
2.602×105 2.604 2.606 2.608×105

Δ𝑆 = − 6

A.Fuchs ,   et al  PRL 129 (2022) 

For neg. entropy - extreme 
events instants or entropons  
can be determined

uτ
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For waves and ideal turbulence this works -  

   - promising first results for wind (in stationary turbulence) 

Aim - how frequent and how big are the wind extremes 
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Conclusion

Wind energy
- is no physics.    

— connected to one of the big scientific challenges: turbulence 

- is too expensive
        — no, is with solar the cheapest and environmental friendly

- is intermittent 
— yes, but we need a smart approach to make profit of WE and 
solar
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Conclusion

R = 63m

S = 80m



Research Initiated by eawe and iea-Wind
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