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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

Wind energy
- is no physics
- is too expensive
- is intermittent 
- …
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Energy discussion
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Energy

Environment Resources 

Dependencies
(Politics/ society)

Costs

New?  - Carter April 18, 1977
Address to the Nation on Energy
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Part 1: wind energy
 - basic concept of wind energy converters (WEC)

Part 2: wind energy and intermittency: challenges for physics
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modern wind turbines - WEC (wind energy converter)
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power from wind

Pwind = ·Ewind =
1
2

·mu2 =
1
2

ρAu3

 density of air
 rotor area
 wind speed

·m = ρ ⋅ A ⋅ u
ρ
A
u



© ForWind

modern wind turbines - WEC (wind energy converter)
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power from wind

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

WEC

PWEC = cP
1
2
�Au3

cP  0.59 Betz- Joukowsky  limit

Pwind = ·Ewind =
1
2

·mu2 =
1
2

ρAu3

About 500 W/m2
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modern wind turbines
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area = 12469 m2  area = 12469 m2

cP  0.59

Pwind  12MW

PWEC ⇡ 5� 6MW

R = 63m

PWEC = cp · Pwind
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modern wind turbines
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R = 63m

S = 80m
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R = 110m

Haliade-X prototype  GE.com

modern wind turbines

2019 - GE Haliade-X  12MW:  
R= 110m
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 - basic concept of wind energy converters (WEC)
 - system and costs 

Part 2: wind energy and intermittency: challenges for physics
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Research Budget Sources

5MW WEC - electr. energy for about 10.000 to 20.000 
persons

area = 12469 m2
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Turbine
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hub main shaft

nacelle

gearbox

high speed 
shaft

generator

electrical / control system
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Costs of wind energy

wind energy one of the cheapest
el. energies

-> costs. 5cent/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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Costs of wind energy

wind energy one of the cheapest
el. energies

-> costs. 5cent/kWh
Why is wind so cheap?



© ForWind 17

Why is wind energy so cheep?

+ gearbox , Rotor

Wind 
- resource 0cent/kWh
- 1-2 € / installed Watt
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Costs of wind energy

wind energy one of the cheapest
el. energies

-> costs

1kWh wind - replaces 3 kWh fossile
Cost 1-2 /€ per Watt
- for private  3000-5000 Euro 
- 15 - 20.000 Euro for all energy
Per capita
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Costs of wind energy

wind energy one of the cheapest
el. energies

-> costs
Cost 1-2 /€ per installed Watt

Mean power
- for private 1kW

•  3000-5000 Euro 
- all power per capita 5-6kW

• 15 - 20.000 Euro
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overall wind energy is a worldwide story of success

Annual new installation -> 100GW for 2022

20

Source GWEC annual report

See also iea Wind
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 - system and costs 

Part 2: wind energy and intermittency: challenges for physics
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Intermittency a problem?
- yes !
What to do ? 

- show stopper 
or physical understanding to handle it

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

Two comments - 
* Around 2000 impossible to have stable grid with more than 10% wind
Today up to 100% and more state grid than 2000
* running time : 25% - means at full power - running time much larger, 
like for a car - running with max speed.

22
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Intermittency a problem?
- yes !
What to do ? 

- show stopper 
or physical understanding to handle it

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 

23
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Small scale intermittency
- fast changes of wind power
     => next topics 

- we need statistics 

- ….

- stochastic process for advanced understanding

24



© ForWind

energy resource: wind
wind measurements and data analysis
wind conditions after IEC

• measurement at hub height in front of a turbine

measured time series
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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

–10 –5 0 5 10
0.0

0.2

0.4

0.6

0.8
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uτ / στ

Boundary-Layer Meteorology 108 (2003)



© ForWind

τ = 4 sP(uτσ
−1)
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Boundary-Layer Meteorology 108 (2003)
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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)
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IEC Wind and measured
IEC$Code$

Observa.on$

EUROMECH 528, S. Basu Uni Texas,



© ForWind

Load and damage estimation
- intermittency
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Load signal
Increment analysis: 
Turbulent intermittency 

τ

T. Mücke, et al. Wind Energy 14, 301 (2011)
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Load and damage estimation
- rainflow counting
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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
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Small scale intermittency
- fast changes of wind power
     => next topics 

- we need statistics 

- ….

- stochastic process for advanced understanding

34
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contribution of physics to wind energy: 

Inflow is energy resource 

claim - need to understand turbulence
what is the turbulence problem?
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Turbulence one of 7 milenium problems
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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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Boundary-Layer Meteorology 108 (2003)

τ = 4 sP(uτσ
−1)
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statistics of gusts uτ = u(t + τ) − u(t)



© ForWind

L

r2

η

r1

L     

homogeneous isotropic turbulence  -- hit
ur = u(x + r)� u(x)
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r - depend of velocity increments:

- cascade and  statistics of increments 

A.N. Kolomogorov

Leonardo da Vinci

WEC sees small
scale turbulence



© ForWind

L

r2

η

r1

L     

η

�rj
@

@rj
p(urj |urk , u(x1)) = {� @

@urj

D(1)(urj , rj , u(x1)) +
@2

@⇠2
j

D(2)(urj , rj , u(x1))} p(urj |urk , u(x1))

R. Friedrich

turbulence  - statistical physics
cascade as stochastic process in scale
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turbulence  - statistical physics
cascade as stochastic process in scale
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p(urj |urk , u(x1)) = {� @

@urj

D(1)(urj , rj , u(x1)) +
@2

@⇠2
j

D(2)(urj , rj , u(x1))} p(urj |urk , u(x1))

Knowledge of Fokker-Planck equ
Negative entropy events = 
wind gusts or intermittency =
Instantones 
Fluctuation theorems 

(noise and structures)
Precise forecasting of extreme events -

Annual Review of Condensed Matter Physics (2019)
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Further topics- wind physics
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Active grid to design turbulence

Free field

Controlled lab conditions

Numeric approach - CFD / LES 
Superstatistical wind fields = correct multipoint stat
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Just discussed one small aspect

Multiscale problem
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Conclusion 

Wind energy
- is no physics.    

— connected to one of the big scientific challenges 

- 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

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
 - aim intelligent use  combined with other systems!

Future of energy: be open minded!
- make up your own opinion, 

look at „facts“ but put this again and aging into questions
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Further reading
Initiated by eawe and iea-Wind
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End
And many thanks to my group
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