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WE System 
Components 

&Power Calculation

• r- is the air density (kg/m3) (at 15◦C and 1 atm, ρ 
= 1.225 kg/m^3);

• A - is the cross-sectional area through which the 
wind passes (m^2)

• v = wind speed normal to A (m/s) (a useful 
conversion: 1 m/s = 2.237 mph).

POWER IN THE WIND

Summary of previous lecture



18/09/1440

ENEE5311   Renewale Energy and 
Photovoltaic Systems  (Nasser Ismail)2

• Notice that the power in the 

wind increases as the cube of 

wind-speed. 

• Later we will see that most 

wind turbines aren’t even 

turned on in low-speed winds,

• Wind power is proportional to 

the swept area of the turbine 

rotor.

• For a conventional horizontal 

axis turbine, 

• the area A is obviously just 

A = (π/4)D^2,  

POWER IN THE WIND

POWER For different rotor diameters
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Average wind speed
• Previous Example dramatically illustrates the 

inaccuracy associated with using average wind 
speeds.

• While both of the wind regimes had the same 
average wind speed, the combination of 9-m/s 
and 3-m/s winds (average 6 m/s) produces 75% 
more energy than winds blowing a steady 6 m/s. 

• Later we will see that, under certain common 
assumptions about wind speed probability 
distributions , energy in the wind is typically 
almost twice the amount that would be found by 
using the average wind speed.

IMPACT OF TOWER HEIGHT (important)

ENEE5307                Photovoltaic Systems          
Nasser Ismail              
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Impact of friction coefficient on 
windspeed

Placement of wind Turbines
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System Components
• The original derivation for the maximum power that a 

turbine can extract from the wind is credited to a German 
physicist, Albert Betz, who first formulated the relationship 
in 1919. The analysis begins by imagining what must 
happen to the wind as it passes through a wind turbine. 

• As can be seen, wind approaching from the left is slowed 
down as a portion of its kinetic energy is extracted by the 
turbine. 

• The wind leaving the turbine has a lower velocity and its 
pressure is reduced, causing the air to expand downwind of 
the machine. 

• An envelope drawn around the air mass that passes 
through the turbine forms what is called a stream tube, as 
suggested in the figure.

Maximum Rotor Effeciency

• It is interesting to note that a number of energy 
technologies have certain fundamental 
constraints that restrict the maximum possible 
conversion efficiency from one form of energy to 
another. 

• For PV, it is the band gap of the material that 
limits the conversion efficiency from sunlight into 
electrical energy. 

• And now, we will explore the constraint that 
limits the ability of a wind turbine to convert 
kinetic energy in the wind to mechanical power.
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System Components

Mass Flow Rate

ENEE5307    RE& PV Systems (Instructor Nasser Ismail) BIRZEIT  UNIVERSITY

(for info only)
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Power Extracted from wind

ENEE5307    RE& PV Systems (Instructor Nasser Ismail) BIRZEIT  UNIVERSITY

(for info only)

Power Extracted from wind
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Maximum Power 

• To find the maximum possible rotor efficiency, 
we simply take the derivative of Pb with 
respect to λ and set it equal to zero:

• Which has a solution:

ENEE5307    RE& PV Systems (Instructor Nasser Ismail) BIRZEIT  UNIVERSITY

(for info only)

Blade Efficiency

• If we now substitute λ = 1/3 into the equation for 
rotor efficiency Cp (we find that the  theoretical 
maximum blade efficiency is

• This conclusion, that the maximum theoretical 
efficiency of a rotor is 59.3%, is called the Betz 
efficiency or, sometimes, Betz’ law. A plot, showing 
this maximum occurring when the wind is slowed to 
one-third its upstream rate, is shown



18/09/1440

ENEE5311   Renewale Energy and 
Photovoltaic Systems  (Nasser Ismail)9

Blade Efficiency

• The blade 
efficiency reaches 
a maximum when 
the wind is slowed 
to one-third of its 
upstream value.

Modern wind Turbine Blades
• The obvious question is, how close to the Betz limit for 

rotor efficiency of 59.3 percent are modern wind 
turbine blades? 

• Under the best operating conditions, they can approach 
80 percent of that limit, which puts them in the range of 
about 45 to 50 percent efficiency in converting the power 
in the wind into the power of a rotating generator shaft.

• For a given wind speed, rotor efficiency is a function of 
the rate at which the rotor turns. 

• If the rotor turns too slowly, the efficiency drops off since 
the blades are letting too much wind pass by unaffected. 
If the rotor turns too fast, efficiency is reduced as the 
turbulence caused by one blade increasingly affects the 
blade that follows.
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• The usual way to illustrate rotor efficiency is to 
present it as a function of its tip-speed ratio 
(TSR). 

• The tip-speed-ratio is the speed at which the 
outer tip of the blade is moving divided by the 
wind speed:

• where rpm is the rotor speed, revolutions per 
minute; D is the rotor diameter (m); and v is the 
wind speed (m/s) upwind of the turbine.

Tip speed Ratio (TSR)
• A plot of typical efficiency for various rotor types versus TSR is given 

in Figure

• The American multi-blade spins relatively slowly, with an optimal TSR 
of less than 1 and maximum efficiency just over 30%. 

• The two- and three-blade rotors spin much faster, with optimum TSR 
in the 4–6 range and  maximum efficiencies of roughly 40–50%. 

ENEE5307    RE& PV Systems
(Instructor Nasser Ismail) BIRZEIT  UNIVERSITY

Rotors with fewer blades 

reach their optimum 

efficiency at higher 

rotational speeds.
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Tip speed Ratio (TSR)
• Also shown is a line corresponding to an “ideal efficiency,” which 

approaches the Betz limit as the rotor speed increases. 

• The curvature in the maximum efficiency line reflects the fact that a 
slowly turning rotor does not intercept all of the wind, which reduces 
the maximum possible efficiency to something below the Betz limit.

Example: Important

• Example 6.7 How Fast Does a Big Wind Turbine Turn?

• A 40-m, three bladed wind turbine produces 600 kW at 
a wind speed of 14 m/s. Air density is the standard 
1.225 kg/m3. Under these conditions, 

• a. At what rpm does the rotor turn when it operates 
with a TSR of 4.0?

• b. What is the tip speed of the rotor?

• c. If the generator needs to turn at 1800 rpm, what 
gear ratio is needed to match the rotor speed to the 
generator speed?

• d. What is the efficiency of the complete wind turbine 
(blades, gear box, generator) under these conditions
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Example
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Blade Efficiency

• The answers derived in the above example are fairly 
typical for large wind turbines. 

• That is, a large turbine will spin at about 20–30 rpm; 
the gear box will speed that up by roughly a factor of 
50–70; and the overall efficiency of the machine is 
usually in the vicinity of 25–30%. 

• In later presentations, we will explore these factors 
more carefully.

AVERAGE POWER IN THE WIND
• Having presented the equations for power in the wind and 

described the essential components of a wind turbine 
system, it is time to put the two together to determine how 
much energy might be expected from a wind turbine in 
various wind regimes,

• The cubic relationship between power in the wind and 
wind velocity tells us that we cannot determine the average 
power in the wind by simply substituting
average wind speed into (6.4). 

• We can begin to explore this important nonlinear 
characteristic of wind by rewriting (6.4) in terms of average 
values:

• In other words, we need to find the average value of the 
cube of velocity. 

• To do so will require that we introduce some statistics.



18/09/1440

ENEE5311   Renewale Energy and 
Photovoltaic Systems  (Nasser Ismail)14

• Suppose, for example, that during a 10-h period, 
there were 3 h of no wind, 3 h at 5 mph, and 4 h 
at 10 mph. 

• The average wind speed would be

• By regrouping some of the terms above, we could 
also think of this as having no wind 30% of the 
time, 5 mph for 30% of the time, and 10 mph 
40% of the time:
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• We know that the quantity of interest in 
determining average power in the wind is not 
the average value of v, but the average value 
of v^3.

• The averaging process yields the following:

ENEE5307    RE& PV Systems (Instructor 
Nasser Ismail) BIRZEIT  UNIVERSITY
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• Rayleigh pdf
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Important
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Websites for wind data
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• Optimum Spacing
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Power Curve


