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STERN REVIEW
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Economics of Climate Change

Sir Nicholas Stern, Head of the Government 

Economics Service and Adviser to the Government on 

the economics of climate change and development, is 

delighted to present his report to the Prime Minister 

and the Chancellor of the Exchequer on the 

Economics of Climate Change
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Real problems start here
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The current level is 430 ppm CO2 today and its is raising at more than 2 ppm each year
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The current level is 430 ppm CO2 today 
At current rate of CO2 emission the level is raising at more than 2 ppm each year

+1ºC — + 4ºC

+1,5ºC — + 4,5ºC
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The benefits of strong and early action far outweigh the 
economic costs of not acting.
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WIND ENERGY 
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History

650 AD XIV sec. 100.000 in XIX sec.
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Current Situation :: I
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Current Situation :: Numbers
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Energy in the Wind

The Energy of the wind comes from the Sun  

Just about the 
0,02% of the total 

radiation is 
converted in kinetic 

motion of the 
atmosphere and 

the oceans

Power ~ 400 TW
(20 times our 

energy 
consumption)
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Wind Profile

Due to its nature, the horizontal component of the wind velocity is about 7 
times larger than the vertical component

Wind increase approximately logarithmically with height and in fact the 
most common expression is:

u2 = u1 ×
[
z2

z1

]α

where a is the wind shear exponent 
that is about 1/7 in general, oscillates 
from 0,1 to 0,4 and strongly varies with 
the terrain and on the stability of the 
atmosphere
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Wind profiles

More sophisticated models based on the atmospheric stability can give better 
results. A simple one is based on the neutral atmospheric assumption and can 
be written as:

u2 = k−1
√

(τ/ρ) log [(z + z0 − d0) /z0]

d0  zero point of the wind profile
       friction velocity
k is von Karman’s constant ~ 0,4
τ/ρ
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Real world

You must always measure the wind profiles by on site monitoring.

The available models for wind speed calculations are used mainly for making 
very large maps, in regional scale.

For micro-siting it is imperative to make measurements, at least 3 years. For 
long scale variation it is possible to use data obtained by small meteorological 
stations that are available (that are very common).

In order to know the wind shear exponent, the turbulence and the real energy 
that could be produced by installing a wind farm you must install a monitoring 
station by multiple instruments.   

16



Novembre 2006, Gianfranco Sorasio :: Energia eolica

Wind Resource Assessment

The assessment of the wind resource available on a particular site is 
probably the most important process in building up a wind farm.

Many details that are obvious are indeed very important:

- position of the threes (Tagus parque)
- name of the closest cities and villages (Galicia at Vento there is a very 
large wind farm ) 
- presence of old house or other human signs
- morphology of the ground

Other are very important in view of future development
- presence and type of roads
- presence of high voltage lines
- presence of telephone communication
- house and human presence 
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Classes of wind

Clearly, the harvest more energy you need to have very large blade in areas 
with strong wind.

If we double the rotor diameter we 
can collect 4 times the energy.

If the wind speed doubles, we can 
collect 8 times the energy 
(increase the hub height ~ 80m).

P =
1
2
ṁu2 =

1
2
(ρuA) × u2 =

1
2
ρπR2u3
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Wind velocity

Since we are interested in the 
wind a as source of energy, we 
should also consider that rapid 
variation of wind speed are 
negligible (rotors have up to 90 m 
diameters).

Usually wind data are averaged 
over 10 minutes period, that is a 
value comparable with the inertia of 
the rotor. 
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Can we use the whole wind energy?

No   ->    Betz limit
P =

1
2
ṁu2 Power in the wind at velocity u

We can only extract a part PE of that power due to both 
technological issues and theoretical limitations

cP =
PE

P
< 1

Equation of conservation of 
energy and mass
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Betz limit

udu + gdz + dh = ∂Q − ∂L
There is no variation of  altitude z, the process is adiabatic and the 
enthalpy is not varying (density and temperature are constant) 

P = ṁ

(
u2

1 − u2
2

2

)
The power really just depends on the difference 
of velocities between the two states 

Equation of conservation of mass

ṁ = ρS1 u1 = ρS2 u2

P =
1
2
ρS2 u2

(
u2

1 − u2
2

2

)
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Forces on the disc

The rate of change of momentum is equal to the overall change in velocity 
times the flow rate (equal to the net external forces acting on the fluid 
element):

FE = ṁ(u1 − u2) = −F

The power at the section S would be: P = F · u = ṁ(u2 − u1) · u

P = ρS

(
u2

1 − u2
2

4

)
(u1 + u2)

PT =
1
2
ρπR2u3

1

Real

Available
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Power coefficient

cP =
1
2

(
1 +

u2

u1

) (
1 − u2

2

u2
1

)
Power coefficient

maximum performance when u2/u1 = 1/3

The Betz limit for the maximum 
achievable performance is 

cP,MAX

(
u2

u1
=

1
3

)
= 0, 594
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WIND ENERGY :: REAL 
WORLD
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Power coefficient curves
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Wind data

Since the wind is not constant, we need to  evaluate what is the 
distribution function of the wind speed along the year

We need a frequency that indicates how many hours we had in one 
year with a particular wind speed  

fi =
ni

nTot

Hours with wind speed vi 
over total hours (8760)

Since the frequency distribution is crucial to evaluate the 
energy production, we need a general analytical 
expression .... Weibull distribution (cumulative distr.)

F = 1 − e−( u
A )k A = scale factor

k = shape factor (1,5 - 
2,5)
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Weibul cumulative distribution

f =
dF

du
=

k

A
·
( u

A

)k
· e−(u/A)k

Once we have the distribution function we can easily evaluate the 
energy that could be produced by a wind turbine by just 
considering

Preal = Pideal · cP Ereal =
N∑

i=1

Preal(ui) · ni
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Gamesa Eolica - 90 m blade, 2 MW turbine
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Gamesa Eolica - 90 m blade, 2 MW turbine
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Gamesa Eolica - 90 m blade, 2 MW turbine
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Resistive and lift forces
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Resistive forces

Axis of rotation

P = F · vp = CD · 1
2
· ρ · u2

R · A · vp

Power transferred from the wind to the blade

Power of the wind for the given profile

PTot =
1
2
ρ · u3 · A

With some algebra we obtain CP = CD(1 − vp/u)2 · vp

u

CP,MAX = 0, 2 − 0, 3
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Lift Forces

α is the angle of attack defined as the angle 
between the relative velocity and the axes 
of the profile

β is the angle of incidence

The are of the profile as seen by the wind is A = c · l

The profile of the velocity on the two sides of 
the blade is different and as a result there is a 
net force F with two components:
• D is called Drag
• L is called Lift  

33



Novembre 2006, Gianfranco Sorasio :: Energia eolica

Resistive versus lift :: what’s best

CP =
√

1 + λ2(CL − CD · λ) · λ

CP,MAX,LIFT = 15 > 45 · CP,MAX,RES
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What about the cost !!
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One real scenario
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