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Άδειες Χρήσης  

• Το παρόν εκπαιδευτικό υλικό υπόκειται σε άδειες 
χρήσης Creative Commons.  

• Για εκπαιδευτικό υλικό, όπως εικόνες, που υπόκειται 
σε άλλου τύπου άδειας χρήσης, η άδεια χρήσης 
αναφέρεται ρητώς.  

 

 

2 



 Πανεπιστήμιο Δυτικής Μακεδονίας 

Χρηματοδότηση 
• Το παρόν εκπαιδευτικό υλικό έχει αναπτυχθεί στα πλαίσια 

του εκπαιδευτικού έργου του διδάσκοντα. 

• Το έργο «Ανοικτά Ψηφιακά Μαθήματα στο Πανεπιστήμιο 
Δυτικής Μακεδονίας» έχει χρηματοδοτήσει μόνο τη 
αναδιαμόρφωση του εκπαιδευτικού υλικού.  

• Το έργο υλοποιείται στο πλαίσιο του Επιχειρησιακού 
Προγράμματος «Εκπαίδευση και Δια Βίου Μάθηση» και 
συγχρηματοδοτείται από την Ευρωπαϊκή Ένωση  
(Ευρωπαϊκό Κοινωνικό Ταμείο) και από εθνικούς πόρους. 
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Wind Energy 
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Increasingly  
Significant Power Source  

The global theoretical potential of wind power is currently 
estimated at 55 Gtoe, corresponding to 550% of the global 
energy balance. The technical potential, i.e., the amount that is 
technologically feasible to be exploited, is estimated at 5 Gtoe or 
50% of the global energy balance. 
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Europe Wind Potential  
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Why Is Wind Energy So Popular? 

• Wind is a clean/free energy source. 

• Wind Farms are relatively cheap to build because of 
government incentives. The payback can be in the 
range of 2-4 years. 

• The operating life of the wind turbine is +30 years.  
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Advantages of Wind Power 

• Environmental (no emissions of harmful pollutants). 

• Economic Development. 

• Fuel Diversity & Conservation. 

• Cost Stability to a utility’s resource portfolio. 

• Bring income and tax benefits to rural communities. 
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Environmental Benefits 
 No air pollution. 

 No greenhouse gasses. 

 No depletion of natural sources (fossil fuels). 

 No pollution through extraction and transportation (No 
hazardous wastes). 

 There is no need for water. 

 

One 750-kW wind turbine would displace: 

•  3 million lbs of carbon dioxide per year. 

•  14172 lbs of sulfur dioxide. 

•  8688 lbs of nitrous oxides. 
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Economic Development Benefits 

• Expanding Wind Power development brings jobs to 
rural communities (providing steady income 
through lease or loyalty payments to farmers and 
other landowners). 

• Reducing “hidden costs” resulting from air pollution 
and health care. 

• Each MW of wind power development provides 2.5-3 
jobs years of employment. 

• Wind plants can be a valuable source of property tax    
income for local authorities.  
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Fuel Diversity Benefits 
• Domestic and Inexhaustible energy source. 

• Reduced supply risk. 

• Wind facilities consist of small generators that cannot be 
easily be damaged at the same time and easy to replace.   

• If a wind facility is damaged, there is no secondary risk to the 
public, such as in the release of radioactivity, explosions, or 
the flooding of a dam.  
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Cost Stability Benefits 

• With good wind resource estimates, the cost of the 
project is almost all in the up-front construction 
costs, and therefore constant over the life of the 
project. 

• Flat-rate pricing:  

– hedge against fuel price volatility risk. 

• Wind electricity is inflation-proof. 
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Introduction Of Wind Turbine 
A wind turbine is a rotating machine 
which converts the kinetic energy in 
wind into mechanical energy. If the 
mechanical energy is used directly by 
machinery, such as a pump, the 
machine is usually called a windmill. 
If the mechanical energy is then 
converted to electricity, the machine 
is called a wind generator, wind 
turbine, wind power unit (WPU), 
wind energy converter (WEC), or 
aero generator. 
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Wind Energy Technology 
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Wind Velocity and Energy 
• The kinetic energy of a mass of 

air, m, which moves with a 
certain velocity, V, equals to: 

 

 

• The Power (energy per time): 

 

 

Where 

ρ= Air density (standard 
conditions ρο=1.225 kg/m3). 

A= (πD2/4) – Swept rotor area (D= 
2xL).  

 
15 



 Πανεπιστήμιο Δυτικής Μακεδονίας 

Power in the Wind (W) 
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Specific Wind Power (W/m2)  
• The wind potential in a wind farm site is evaluated based on 

the specific power p: 

 

 

• From the whole power that is included in the wind, only a 
single fraction can be captured by the wings, Po: 

 

 

Where  

V= Air velocity before the swept area. 

Vo= Air velocity behind the swept area. 
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Mass flow rate through the wings 
• The turbine is intercepting the air flow in the whole swept 

area although is usually consisting of 2-3 blades which cover 
the 5-10% of this area. 

• The air velocity at this level equals to: 

 

 

• Therefore the air mass flow rate through the wings is given 
by: 
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Rotor Efficiency  

• The power acquired by the blades equals: 

 

 

 

or  

 

  

• Rotor efficiency, Cp : 
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Betz Limit or Efficiency  

• Theoretical max. efficiency= 0.59 for (Vo/V)=1/3. 
• The Betz limit denotes that the max. power that can be 

extracted from the wind it cannot be over 59% and this 
efficiency is only achieved when the air velocity behind the 
wind turbine equals to 1/3 of the air velocity before the 
turbine.  
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Actual Efficiency (1/2)  
• In actual cases, the rotor efficiency reaches 50% and usually is ranged 

between 20-40 %. 

• The power that is generated from a steam turbine: 

                         Po= Cp x ½ x ρ x Α x V3 

 

• The rotor efficiency coefficient is affected by its rotation velocity in relation 
to air velocity that hits the wind turbine.  

 

• The tip-speed ratio (TSR) equals to: 

 

 

 

where VTIP  is the velocity of the wing edge. 

And ω is the angular rotation velocity. 
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Actual Efficiency (2/2)  
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The effect of air density  
• The power that is contained in the wind and the power that is achieved 

through the wind turbine is depending on the air density. 

 

• The air density is related to temperature and pressure: 

 

 

 

• Essentially, the density is not varied that much from temperature 
fluctuations, however it does change from pressure (altitude).  

 

• The density is related to height, as follows: 
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Wind Energy Characteristics (1/2)  
• Wind Speed: 

– Wind energy increases with the cube of the wind speed. 

– 10% increase in wind speed translates into 30% more 
electricity. 

– 2X the wind speed translates into 8X the electricity. 

 

• Height: 

– Wind energy increases with height.  

– 2X the height translates into 10.4% more electricity. 
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Wind Energy Characteristics (2/2)  
• Air density: 

– Wind energy increases proportionally with air density. 

– Humid climates have greater air density than dry climates. 

– Lower elevations have greater air density than higher 
elevations. 

• Blade swept area: 
– Wind energy increases proportionally with swept area of the 

blades. 

• Blades are shaped like airplane wings. 

– 10% increase in swept diameter  21% greater swept area. 

– Longest blades up to 413 feet in diameter. 

• Resulting in 600 foot total height. 
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Air velocity distribution (1/2)  
• Air velocity is always changed and its distribution is also 

changed from season to season.  

• The variations of air velocity in one year are described from 
Weibull distribution: 

 

 

 
where k is the dimensionless Weibull shape factor,  
c is the Weibull scale factor (m/s), which is related with the mean 
air velocity, at each location, 
hi(%) is the probality the air velocity to be equal to Vi or the % 
frequency of Vi.   
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Air velocity distribution (2/2)  
The actual air velocity distribution follows the Weibull distribution with k= 2 
(Rayleigh distribution) and c= 5-25 m/s. At other c values is inefficient to exploit 
the wind potential. 

 

 

 

 

 

• Rayleigh distribution: 

 

 

 

λ= 1/c (s/m). 
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Annual air velocity distributions  
• The most frequent value of distribution. 

 

• Mean annual velocity                           = 0.9 x c. 

 

• Root mean cubic velocity, Vrmc 

 

• The Vrmc is a “tool” to calculate the specific wind potential. 

                                                        (Wh/m2) 
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Exercise 1 (1/3) 

In South Evia, a land of 16.000 acres have a 
mean annual wind velocity of 11,5 m/s. 
Considering that the wind velocity in these areas 
follows a Rayleigh distribution, draw the wind 
velocity and energy distributions and calculate 
the annual specific wind potential. 
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Exercise 1 (2/3) 

• The Rayleigh 
distribution is the 
Weibull distribution for 
k= 2, where c= Vave/0.9= 
11.5/0.9= 12.8 m/s. 

• For Rayleigh 
distribution for λ= 1/c= 
0.078 s/m, the speed 
frequencies are the 
following. 
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Exercise 1 (3/3)  
The corresponding energy distribution is calculated from: 

ei= (24 x 365) x hi x pi= 8760 x hi x (1/2 x ρ x Vi
3)  kWh/m2/yr. 

 

 

 

 

 

 

 

The mean annual specific wind energy potential equals to: 

Vrmc= (0.0122 x 13+ 0.0239 x 23 + … + 0.0015 x 303)1/3= 13.8 m/s. 

Mean annual specific power: prmc= ½ x ρ x Vrmc
3= 1.62 kW/m2 . 

Mean annual wind energy: εrmc= prmc x 24 x 365= 14226 kWh/m2  . 
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Exercise 2 (1/4) 

Draw the velocity and energy distributions for 
the same areas of southern Evia and calculate 
the annual specific wind potential, if the wind 
velocities follow a Weibull distribution with a 
shape factor equal to k = 1,75 and 2,25. 
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Exercise 2 (2/4) 
• For a Weibull distribution around k=2; c= Vave/0.9= 

11.5/0.9= 12.8 m/s. 

• For a Weibull distribution for k= 1.75, the velocity and 
specific energy distributions are: 
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Exercise 2 (3/4) 
• For a Weibull distribution for k= 2.25, the velocity and 

specific energy distributions are: 
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Exercise 2 (4/4) 
• The root mean cubic velocity for the three different k values: 

 

 

 

• Mean annual specific power: 

 

  

 

• Mean annual wind energy potential: 
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Exercise 3 (1/6) 
• Apart from the 16.000 acres of Example 1, in South Evia, 

there are also the following areas: 

– 26.000 acres with a mean annual wind velocity of 10,7 m/s. 

– 44.500 acres with a mean annual wind velocity of 9,8 m/s. 

– 69.500 acres with a mean annual wind velocity of 9,0 m/s. 

• Considering that the wind velocity at these locations 
follows the Rayleigh distribution, design the velocity and 
and energy distributions. Calculate also the annual 
specific wind potential. 
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Exercise 3 (2/6) 
The scale factors in the four cases are: 
• mean annual wind velocity 11,5 m/s   c = Vmean/0,9 = 11,5/0,9 = 12,8 m/s. 
• mean annual wind velocity 10,7 m/s   c = Vmean/0,9 = 10,7/0,9 = 11,9 m/s. 
• mean annual wind velocity 9,8 m/s     c = Vmean/0,9 = 9,8/0,9 = 10,9 m/s. 
• mean annual wind velocity 9,0 m/s     c = Vmean/0,9 = 9,0/0,9 = 10,0 m/s. 
• The velocity and specific energy frequencies for a mean annual wind velocity of 10,7 m/s, 

are: 
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Exercise 3 (3/6) 
• If the mean annual wind speed is equal to 9,8 m/s, then the 

velocity and specific energy frequencies are: 

 



 Πανεπιστήμιο Δυτικής Μακεδονίας 39 

Exercise 3 (4/6) 
• And for a mean annual wind velocity of 9,0 m/s, the velocity and 

specific energy frequencies are: 
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Exercise 3 (5/6)  
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Exercise 3  (6/6) 
The corresponding root mean cubic velocities, are:  

– Vmean = 11,5 m/s vrmc = 13,8 m/s. 
– Vmean =10,7 m/s vrmc = 13,0 m/s. 
– Vmean =9,8 m/s vrmc = 11,9 m/s. 
– Vmean =9,0 m/s vrmc = 11,0 m/s. 

Respectively the mean annual specific power is equal to: 
– Vmean = 11,5 m/s prmc = 1,74 kW/m2.    
– Vmean =10,7 m/s prmc = 1,34 kW/m2.    
– Vmean =9,8 m/s prmc = 1,04 kW/m2.    
– Vmean =9,0 m/s prmc = 0,81 kW/m2.  

And the mean annual potential, are:                 
– Vmean = 11,5 m/s  εrmc = 14.226 kWh/m2.   
– Vmean =10,7 m/s εrmc = 11.725 kWh/m2.   
– Vmean =9,8 m/s εrmc =   9.137 kWh/m2.  
– Vmean =9,0 m/s εrmc =   7.117 kWh/m2. 
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Fundamentals 

42 



 Πανεπιστήμιο Δυτικής Μακεδονίας 43 

 

Wind Turbine Classification 
• Wind turbines can be 

separated into two types 
based by the axis in which 
the turbine rotates.  

 

• Turbines that rotate around 
a Horizontal axis are more 
common.  

 

• Vertical-axis turbines are 
less frequently used. 
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Types of Wind Turbine 
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Wind Turbines 
Power for a House or City 
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Sizes and Applications 
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Generating Electricity  
• To make electricity, the shaft of the turbine must be connected to an electrical 

generator. Through gearboxes, the generator converts the mechanical energy 
of the spinning turbine shaft into electricity. 

• Generators are small enough that they can be housed under a light 
aerodynamically designed cover at the top of the pole or tower. Wires running 
down the tower carry electricity to the grid, batteries or other appliances, 
where it is stored, and/or used. 

 

47 



 Πανεπιστήμιο Δυτικής Μακεδονίας 

Components of Wind Turbine 
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Components  
of a Wind Turbine (1/3) 

A wind turbine of horizontal axis consists of: 
– Τhe tower. 

– Τhe rotor, consisting of the hub and usually 2 or 3 
blades. 

– Τhe chamber which contains the gearbox, the 
control system of the rotational speed, the brake 
and the electric generator. 

– Τhe orientation system of the chamber and the 
rotor, and, 

– the corresponding power electronic systems. 
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Components  
of a Wind Turbine (2/3) 

• The tower supports the chamber and the hub and its height 
serves for the capture of wind energy in the greatest possible 
distance from the ground, where the wind speed is increased.  

• In wind turbines of small nominal power the height of the 
tower can be several times greater than the length of the 
blades.  

• The main problem regarding the design of the tower is its 
resistance to the torque imposed by the wind and the 
vibration which arises from the rotation of the blades.  

• Critical to the design of the whole setup is the avoidance of 
resonance phenomena, in the whole range of possible winds. 
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Components  
of a Wind Turbine (3/3) 

• The blades are manufactured from epoxy synthetic materials of 
high strength and low specific weight, in order to withstand the 
developed torques and to minimize them.  

• Especially the connection of the blades to the hub receives the 
highest mechanical stresses and is the most sensitive point of the 
whole construction.  

• In order to hold these stresses below a threshold and to prevent 
the detachment of the blades, the speed of rotation is controlled by 
a mechanical brake, located inside the chamber.  

• In cases of very strong winds, the rotation of the rotor is stopped 
and the plane of rotation of the blades, together with the whole 
chamber, rotates parallel to the wind direction. 
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Nominal  
Capacity of Wind Turbines 

• The categorization of wind turbines is based on the maximum 
power that the generator can produce and the blade 
diameter, e.g. 300kW/30m.  
 

• A second method to classify wind turbines in terms of their 
size, is the specific rated capacity (SRC), which is defined as: 
 

 
 
 
e.g.  a 300/30 wind turbine has a SRC= 300/(π x 152)= 0.42    

 kW/m2 .  
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Operation at  
varied rotational speed 

• For a given wind speed, the rotor efficiency Cp varies with 
the TSR ratio. 
 

• In order to keep the wind turbine efficiency constant at 
its maximum value, the rotational speed of rotor has to 
be controlled at wind speed variations to optimize the 
TSR at values of maximum efficiency. 

• Based on rotor rotational speed control, 4 different 
regions of wind speeds are determined: 

• 1st region is ranged from zero wind speed to the velocity 
that the rotor starts to rotate (0 < Vi < Vs). Poi= 0 kW and 
Cp= 0. 

• Vs is the start velocity and achieves values around 5 m/s. 
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Actual Efficiency  
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Operation at  
varied rotational speed (1/2)  

• 2nd region is ranged between Vs and nominal velocity, Vn (Vs < Vi < Vn), 
where Vn achieves values around 15 m/s.  

• In this region the wind turbine operates at constant Cp, equaled to the 
nominal efficiency (Cp= Cpn). 

• In this velocity region, the rotational speed is linearly increased with wind 
velocity, keeping TSR at its optimum value where Cp is maximized. 

    P*
oi= cpn x Pi (kW/m2) the power that is achieved. 

• 3rd region is ranged from Vn to limit velocity, VL, where the brake 
immobilizes the rotor and the nacelle turns accordingly in order to locate 
the blades in parallel to wind direction. 

• In this region, the rotor is rotated at a constant speed, generating constant 
power (P*

oi= const, Poi= const). 
 cpn= 100 x P*

oi/Pi (%). 
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Operation at  
varied rotational speed (2/2)  

• 4th region contains velocities higher than VL. The rotor is 
immobilized. At these too high wind velocities the wings have 
moved parallel to wind direction (P*

oi= 0). 
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Cp vs Wind Velocity 
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Turbines Constantly Improving 
• Larger turbines produce exponentially more power, reducing 

unit cost. 

• Specialized blade design. 

• Power electronics improve turbine operations and 
maintenance. 

• Computer modeling:  

– produces more efficient design. 
• Manufacturing improvements. 
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Recent Capacity Enhancements 
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On-site  
Generation to Offset Demand 
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Components  
of a Wind Turbine System 
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Wind Disadvantages 
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Market Barriers 

• Siting: 

– Birds. 

– Noise (has been eliminated nowadays). 

– Aesthetics (local people are reluctant). 

• Intermittent source of power. 

• Transmission constraints – Connection to grid.  

• Financing. 
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Wind Farm Development 
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Wind Farm Development (1/6)  

• Key parameters: 

– Wind resource. 

– Zoning/Public Approval/Land Lease. 

– Power purchase agreements. 

– Connectivity to the grid. 

– Financing. 

– Tax incentives. 
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Wind Farm Development (2/6)  

Wind resource: 

– Absolutely vital to determine finances: 

• Wind is the fuel. 

– Requires historical wind data: 

• Daily and hourly detail. 

– Install meteorological towers: 

• Preferably at projected turbine hub height. 

• Multiple towers across proposed site. 

– Multiyear data reduces financial risk. 
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Wind Farm Development (3/6)  

Zoning/Public Approval/Land Lease:  

– Obtain local and state governmental approvals: 

• Often includes Environmental Impact Studies: 

– Impact to wetlands, birds. 

• NIMBY component. 

– Negotiate lease arrangements with farmers: 

• Annual payments per turbine or production 
based. 
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Wind Farm Development (4/6)  
Power Purchase Agreements (PPA): 

– Must have upfront financial commitment from utility. 

– 15 to 20 year time frames. 

– Utility agrees to purchase wind energy at a set rate: 

• e.g. Greece, 0.25 €/kWh for <50kW capacity. 

• For >50kW capacity 0.087€/kWh and 0.099€/kWh 
(islands).               

– Financial stability/credit rating of utility important aspect 
of obtaining wind farm financing: 

• PPA only as good as the creditworthiness of the utility. 

• Utility goes bankrupt – you’re in trouble. 
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Wind Farm Development (5/6)  

• Connectivity to the grid: 

– Obtain approvals to tie to the grid: 

• Obtain from grid operators.  

– Power fluctuations stress the grid: 

• Especially when the grid is operating near max 
capacity. 
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Wind Farm Development (6/6)  

• Financing: 

– Once all components are settled…: 

• Wind resource. 

• Zoning/Public Approval/Land Lease. 

• Power Purchase Agreements (PPA). 

• Connectivity to the grid. 

• Turbine procurement. 

• Construction costs. 

– …Take the deal to get financed. 
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Sitting a Wind Farm 
• Winds: 

– Minimum wind speed >7 m/s. 

• Transmission: 
– Distance, voltage excess capacity. 

• Permit approval: 
– Land-use compatibility. 

– Public acceptance. 

– Visual, noise, and bird impacts are biggest concern. 

• Land area: 
– Economies of scale in construction. 

– Number of landowners. 
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Distance among wind turbines 
• Wind turbines should be located at certain between them 

distances in order to maximize the “extraction” of power. 
• Wind turbine distances are depending on: 

– Area morphology. 
– Wind speed. 
– Wind direction. 
– Turbine size. 

• The optimum distances between the wind turbines are: 

– 8 to 12 X Wing diameter in the wind direction. 
– 2 to 4 X Wing diameter in the vertical direction of 

the wind. 
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Exercise 4 (1/6)  
Calculate the nominal capacity and the energy produced during 
the year by a wind turbine (120 m height and 126 m diameter) 
located in the wind field of Example 1. If the ratio of the blade tip 
speed which maximizes the efficiency is 5.5, calculate the 
distribution of the angular velocity of the blade, in the range of 
wind velocities that the wind turbine operates.  

– ground roughness   a = 0.15  .  

– limit velocity   vl = 25 m/s. 

– start velocity   vs = 5 m/s  .    

– nominal rotor efficiency          Cpn = 45 %. 

– nominal velocity   vn = 15 m/s .  

– generator efficiency   nel = 85 %. 
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Exercise 4 (2/6)  
For the estimation of the annual produced energy, the wind 
velocity distribution of Exercise 1 has to be reformed to the 
certain height of the wind turbine. 
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Exercise 4 (3/6)  
• Remember that a wind turbine starts to operate at Vs= 5 m/s and till Vn= 15 m/s the rotor 

efficiency is constant. 

• For velocities higher than Vn and lower than Vl= 25 m/s, the wind turbine generates constant 

power.  

 Vhi, the wind velocity at the height of the wind turbine. 

 Phi, the specific wind power per swept area, at the height of the WT. 

 

– Cp, WT efficiency, which equals to Cpn for Vs < Vi < Vn.  

– The Cp for Vn < Vi < VL is calculated from P*
oi/Phi. 

– P*
oi, specific rotor power= Cp x Phi, which is constant between Vn < Vi < VL.  

– P*
oi= ½ x ρ x Cpn x Vn

3= ½ x 1.225 x 0.45 x 153= 0.93 kW/m2. 

– Poi, achieved rotor power= A x P*
oi. 

– hi, possibility for a Vhi wind velocity. 

– ti, the hours of the year that the wind velocity equals to Vhi (hi x 24 x 365). 

– Eoi, the energy that achieved by the rotor during all year at Vhi (ti x Poi). 

– Eel, the electrical energy produced by the WT (=nel x Eoi). 
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Exercise 4 (4/6)  
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Exercise 4 (5/6)  
• Cp and wind and rotor power against wind speed variations.  

 

 

77 



 Πανεπιστήμιο Δυτικής Μακεδονίας 78 

Exercise 4 (6/6)  
• The specific rated capacity, SRC, of the WT: SRC= Motor Capacity 

(kW)/Swept Area (m2)= 12000/(π 632)= 0.96 kW/m2.  

• The nominal capacity of the motor is selected to be slightly higher 
compared to the power that will be produced at constant power 
conditions (12000 kW > 11600 kW). 

 
The distribution of velocities are: 

                                                where Vtip is the                        
                                                       velocity of wing end                     

                                               (= 5.5 x Vhi) and 
                                                               ω is the angular velocity  

                                       of the wing 
                                                   = (60 s/min) x Vtip  

                                   (2 x π x r).   
 



 Πανεπιστήμιο Δυτικής Μακεδονίας 

Exercise 5 (1/2)  

• Estimate the number of turbines of Example 4 
that can be sited in the location of Example 1 
as well as the annual electricity generation of 
the wind farm. 
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Exercise 5 (2/2)  
• The turbines are located as follows, where d= 126 m. 
• The area that is needed for each W/T equals to: 

 
 
 
 
 
 
 
 
 
 

• Therefore in the 16000 str, 16000/476.2= 34 W/T will be located. 
• The total electricity generation= 34 x 45830.1= 1558223 MWh. 
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Exercise 6 (1/5)  
A private owner has available 10 acres (100 x 100 m) in a region where the 
average wind velocity is 11,5 m/s, in the southern Evia of Example 1. What is 
the expected annual electricity production, if the land is used for the 
installation of a wind farm. Assume that the wind direction that leads to the 
maximum power acquisition is perpendicular to the one side of the area. 
Given:  

• ground roughness            a = 0,15        

• limit velocity              vl = 25 m/s 

• start velocity   vs = 5 m/s        

• nominal rotor efficiency        Cpn = 45 % 

• nominal velocity  vn = 15 m/s        

• generator efficiency  nel = 85 % 

• turbine height  3 x blade diameter 
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Exercise 6 (2/5)  
• One or more turbines should be placed at the front 

(windward) side of the field, that leads to maximum 
power extraction and should not affect the wind flow for 
a distance over 100 m downstream (behind turbine).  

• Assuming that a turbine affects the wind flow behind it 
for a distance of 10 times the diameter of the blades, the 
maximum diameter should be, 10 m.  

• Also the distance between the turbines in a direction 
perpendicular to the wind direction, that leads to the 
maximum power acquisition, is 3 times the diameter of 
the blades. 
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Exercise 6 (3/5)  
The total area swept by the blades of 
the turbine is: 3 x π x 52 = 235,5 m2 

 

 This is the selected siting 

 

A second alternative for turbine siting 
is the one shown in the figure and 
involves turbines with 5 m diameter 
blade in which the total area swept 
by the blades of the turbine is: 

12 x π x 2,52 = 235,5 m2 
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Exercise 6 (4/5)  

The height of the turbines is equal to: 

               Υ = 3 x 10 m = 30 m 

and the distribution of wind velocities should be 
converted to the height of turbines by the equation: 
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Exercise 6 (5/5)  
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The calculation of the 

 annual energy production is: 
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Wind Economics 
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Wind Farm Design Economics 
• Key Design Parameters: 

– Mean wind speed at hub height. 

– Capacity factor: 

• Start with 100% . 

• Subtract time when wind speed less than optimum. 

• Subtract time due to scheduled maintenance. 

• Subtract time due to unscheduled maintenance. 

• Subtract production losses: 

– Dirty blades, shut down due to high winds. 

• Typically 33% at a typical wind site. 
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Wind Farm Financing  

• Financing Terms: 

– Interest rate.  

– Loan term: 

• Up to 15 years.   
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Construction Cost Elements 

Turbines, FOB 

USA

49%

Construction

22%

Towers 

(tubular steel)

10%

Interest During 

Construction

4%

Interconnect/

Subsation

4%

Land 

Transportation

2%
Development 

Activity

4%

Design &  

Engineering   

2%

Financing & Legal 

Fees

3%
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Wind Farm Cost Components 

0%
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Cost of Energy Components 
Cost (¢/kWh) = (Capital Recovery Cost + O&M) / kWh/year 

 

– Capital Recovery = Debt and Equity Cost. 

– O&M Cost = Turbine design, operating 
environment. 

– kWh/year = Wind Resource. 
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Economics of Wind Energy 
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Improved Capacity Factor 

• Performance Improvements due to:  

– Better sitting. 

– Larger turbines/energy capture. 

– Technology Advances. 

– Higher reliability. 

• Capacity factors > 35% at good sites. 
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Wind Farm Economics (1/2)  

• Key parameter: 

– Distance from grid interconnect: 

• ≈ $350,000/mile for overhead transmission 
lines. 
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Wind Farm Economics (2/2)  
• The wind turbine cost is depending on its nominal capacity, Pn: 

 
                                                                            [€/kW]   

 
 

The cost of a W/T equals to CWT= cWT x Pn (€). 

 
Taking into account all peripherals (per W/T) and the associated 
installation cost, the total specific cost of a W/T, is a calculated 
from: cWT,tot= cWT x 3.971 x Pn

-0.14 (€/kW), αnd the total cost 
CWT,tot=cWT,tot x Pn (€). 
 
While the initial investment cost of a wind farm equals to: 
                   C= N x CWT,tot (€), N: number of W/T.  
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Exercise 7 (1/8) (a) 
In the areas of southern Evia, wind farms are to be installed 
employing wind  turbines of 2MW nominal power capacity: 
 

– 1st category: 16.000 acres mean annual wind velocity 11,5 m/s. 
– 2nd category: 26.000 acres mean annual wind velocity 10,7 m/s. 
– 3rd category: 44.500 acres mean annual wind velocity 9,8 m/s. 
– 4th category: 69.500 acres mean annual wind velocity 9,0 m/s . 
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Exercise 7 (1/8) (b) 

Calculate: 

the number of turbines to be sited, the annual electricity production from 

each category of land, the installation cost of wind farms in each category of 

land, the price for MWh electricity, from the wind farms of each category, in 

order for the initial investment to be paid off in 10 years. Wind velocity in 

these areas follows Rayleigh distribution, given:  
– ground roughness              a = 0,15 .    

– limit velocity             vl = 25 m/s. 

– start velocity                vs = 5 m/s .    

– nominal rotor efficiency     Cpn = 45 %. 

– nominal velocity               vn = 15 m/s .    

– generator efficiency          nel = 85 %. 

– turbine height               100 m. 
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Exercise 7 (2/8)  
The wind velocity distribution for a h= 100 m. 
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Exercise 7 (3/8)  
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Exercise 7 (4/8)  
• Calculation of wings diameter in order to obtain a 2MW nominal 

capacity in the designated areas. 
• The wind speed values, Vhi, are independent of the area and only 

the frequency that a specific speed is observed is changing with the 
specific area. 

• Each speed “transfer” a certain specific power and only a single 
fraction is captured by the W/T (P*

oi) depending on Cp and the wind 
speed region (e.g., constant efficiency region or constant power 
region). 

• The P*
oi is multiplied with the swept area, A, which is calculated in 

order to obtain a nominal capacity, Poi equal to 2 MW. 
• A= 2 MW/0.93 kW/m2= 2151 m2. 
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Exercise 7 (5/8)  
• Since A= 2151 m2, then D: 

 

• The needed area for this specific W/T equals to: 

 

• Therefore the number of W/T that can be located in each 
region equals to: 
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Exercise 7 (6/8)  
The energy that is going to be 
produced from each W/T: 
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Exercise 7 (7/8)  
• Total annual electricity generation: 

 

 

• The specific cost of a W/T: 

 

The total specific cost: 

 

• Total cost: 
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Exercise 7 (8/8)  
• Initial investment of the wind farm: 

 

 

 

 

• Electricity cost to payback in 10 years: 
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Future Trends 
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Future Cost Reductions 

• Financing Strategies. 

• Manufacturing 
Economy of Scale. 

• Better Sites and 
“Tuning” Turbines for 
Site Conditions. 

• Technology 
Improvements. 
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The Future of Wind - Offshore 
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Wind Energy Storage (1/2) 
• Pumped hydroelectric: 

– Georgetown facility – Completed 1967. 

– Two reservoirs separated by 1000 vertical feet. 

– Pump water uphill when wind energy production exceeds 
demand. 

– Flow water downhill through hydroelectric turbines when 
wind energy production is less than demand. 

– About 70 - 80% round trip efficiency. 

– Raises cost of wind energy by 25%. 

– Difficult to find, obtain government approval and build 
new facilities. 
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Wind Energy Storage (2/2) 
• Compressed Air Energy Storage: 

– Using wind power to compress air in underground storage 
caverns. 

• Salt domes, empty natural gas reservoirs. 
– Costly, inefficient.  

• Hydrogen storage: 
– Use wind power to electrolyze water into hydrogen. 
– Store hydrogen for use later in fuel cells. 
– 50% losses in energy from wind to hydrogen and hydrogen 

to electricity. 
– 25% round trip efficiency. 
– Raises cost of wind energy by 4 X. 
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Τέλος Ενότητας 
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