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General Circulation 

aDue to earth’s rotation and unequal heating

a Horse Latitudes: 30 – 35 
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Brief on Wind Energy
a Wind 

a Wind Energy: 

` Clean, renewable energy Source
` Intermittent Energy Source (operation time is about 

75%)

a In the U.S., (             ) and (                       ) have 
the most wind energy production Æ wind farm
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Typical Wind Turbine Schematic
a Tower
a Blades
a Rotor
a Gearing
a Generator
a Speed 

Sensor
a Control 

Device
a Power 

Conditioner
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Wind Speed and Scale
aWind Speed 

Conversion
a 1 knot = 

0.5144 m/s
a 1 mph = 

0.447 m/s

a V=0.836*B3/2
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Solar and Wind Energy – SWERA site
a SWERA(Solar and Wind Energy Resource Assessment)

a https://openei.org/wiki/Solar_and_Wind_
Energy_Resource_Assessment_(SWER
A)

a https://maps.nrel.gov
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Solar and Wind Energy – SWERA site
a SWERA(Solar and Wind Energy Resource Assessment)

a http://maps.nrel.gov/re-atlas
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Windfinder
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Wind Power History
a 1891 – Danish scientist Poul la Cour used wind turbine to generate 

electricity, from which he produced hydrogen for gas lights in the local 
schoolhouse.

a 1930s and 1940s: Hundreds of thousands of small-capacity wind-
electric systems were in use in US in rural areas which were not yet 
electrified.

a 1980s: Oil price and tax credit programs made and broke the wind 
power boom in US

a 1990s: Europeans (Denmark, Germany, 
and Spain) made technology development 
and sold the wind turbines.

a Total installed capacity by country Æ
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Wind Power – History and Status
a US installed capacity ( up to 2002)            (From 2002 -- )

a California, Texas, Pacific Northwest, Great Plains
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A Wind Farm in California

aSan Gorgonio 
Pass Wind 
Farm
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San Gorgonio Pass Wind Farm 
a San Gorgonio Pass Wind Farm. 2007.
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Types of Wind Turbines
a Horizontal Axis Wind Turbines (HAWT)

`Upwind Machine:
⌧1
⌧2
⌧2
⌧3

`Downwind Machine: 

⌧1
⌧2
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Types of Wind Turbines
a Vertical Axis Wind Turbines (VAWT)
`Accept wind from any direction
`Advantages:

⌧1
⌧2
⌧3
⌧4

`Disadvantage: 
⌧1
⌧2
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Blades of Wind Turbines
a Number of rotating blades
a Factors

` Increased Turbine Speed Æ Turbulence cause by one blade affects the 
efficiency of the next blade

` With few blades, turbine can spin faster
` Faster spin Æ smaller generator size

a 3-blade turbines: European wind turbines (industry standard)
` 1
` 2
` 3
` 4

a 2-blade turbines: U. S. machines 
` 1
` 2
` 3
` 4
` 5
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Power in the Wind
a Power [W]

a “Power Density” [W/m2] :  Power per unit area
a “Specific Power” = “Power Density”
a What kind of wind-speed we use?

`Average wind speed?
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What Wind Speed ? 
a What kind of wind-speed we use?
a Example: Compare the wind energy contained in 1 m2 of the 

following wind regime.
` (a) 100 hours of 6 m/s (or 13.4 mph) winds. Æ average = 6 m/s
` (b) 50 hours at 3 m/s followed by 50 hrs of 9 m/s winds Æ average =  6 m/s
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Air Density Correction - Temperature
a Air Density (ρ): ρ = 1.225 kg/m3

` At 15C (59F) Air Temperature and at 1 atmosphere air pressure

a Complete Expression for Air Density

` Pa: Absolute Pressure (atm)
` M.W.: Molecular weight of the gas (g/mol)
` R: Ideal gas constant = 8.2056*10-5

` T:absolute temperature (K): K = C + 273.15

a Molecular Weight of Air ( = 28.97 g/mol)
` 78% of Nitrogen (N2): 0.7808 * 28.02
` 29.95% of Oxygen (O2): 0.2995 * 32
` 0.93% of Argon (Ar): 0.0093 * 39.95
` 0.035 % of Carbon Dioxide (CO2): 0.00035 * 44.01
` 0.0018% of Neon (Ne): 0.000018 * 20.18
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Air Density Correction - Altitude
a Air Density (ρ): ρ = 1.225 kg/m3

` At 15C (59F) Air Temperature and at 1 atmosphere air pressure

a Complete Expression for Air Density

` Pa: Absolute Pressure (atm)
` M.W.: Molecular weight of the gas (g/mol)
` R: Ideal gas constant = 8.2056*10-5

` T:absolute temperature (K): K = C + 273.15

a Correction of P with respect to Height (H)

` Pa0: Reference Pressure of 1 atm
` H: Height in Meters
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Class Activity - 5 
a Find the power density (W/m2) in 10 m/s wind at an elevation of 1500 m and a 

temperature of 32 °F.
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Impact of Tower Height – Friction Coefficient
a Impact of the roughness of the earth’s surface on wind speed – Friction 

Coefficient

` v: wind speed at height H
` v0: wind speed at height H0 (H0 is usually 10 m as reference)
` α : friction coefficient 

(rule of thumb for open terrain = 1/7= 0.14)
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Impact of Tower Height – Roughness Length (z)
a Impact of the roughness of the earth’s surface on wind speed –”Roughness 

Length” – Europe Style

` v: wind speed at height H
` v0: wind speed at height H0 (H0 is usually 10 m as reference)
` z: roughness length
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Impact of Tower Height - Example
a An anemometer mounted at a height of 10 m above a surface with crops, hedges, and shrubs shows a 

wind speed of 5 m/s. Estimate the wind speed and the specific power (or Power Density) in the wind at 
a height of 50 m. Assume 15◦C and 1 atm of pressure.

a SOLUTION
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Maximum Rotor Efficiency 
a Fundamental Constraints that restrict the maximum possible conversion 

efficiency from one form of energy to another
a Maximum power that a turbine can extract from the wind – formulated by Albert 

Betz (German Physicist) in 1919, with concept of Stream Tube.
a Wind ÆTurbine ÆWind (slower with a portion of kinetic energy extracted by 

turbine Æ Air expanded (due to reduced pressure))

a Question: Why can’t the turbine extract all of the kinetic energy in the wind?
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Betz’ Law
a Question: Why can’t the turbine extract all of the kinetic energy in 

the wind?
`By Betz Law:    λ= vd/v = 1/3

a Maximum Rotor Efficiency (at λ = 1/3) : 0.593

a 59.3% Æ “Betz Efficiency” or “Betz’ Law”

a Next page:  Details of Betz Law derivation
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Betz’ Law
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How close to the Betz limit are modern wind turbines?

a Under the best operating conditions: 80% of the limit Æ 45 – 50% efficiency 
in converting power in the wind into the power of a rotating generator shaft

a New Terminology: TSR (tip speed ratio): the speed of the outer tip of the 
blade divided by the wind speed: TSR = (Rotor Tip Speed)/ (Wind Speed)

a Typical efficiency
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Efficiency and TSR - Example
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Wind Turbine Generators
a Induction Generator
a Not a fixed speed
a Induction Motor
a Motor/Generator
a Motor: 

` during start-up
` Motor spins a littler slower 

than the sync speed 
established by the field 
windings

a Generator: 
` when wind picks up
` Spins a little faster than the 

sync speed 
` Delivers energy to the field 

windings
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Induction Motor/Generator
aStator                          Rotating Magnetic Field
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Induction Motor/Generator
a Squirrel Cage Rotor

`Copper bars shorted together at their ends –
forming a cage 

`The cage is imbedded in an iron core

a Stator-Rotor Reaction
`The moving electromagnetic flux induces emf (by 

Faraday’s Law) on the rotor bar allowing current 
flow (IR)

`The Rotor’s magnetic field produced by IR
interacts with the Stator’s field, producing a force 
that drives the cage conductor to spin in the 
same direction of the stator magnetic field.
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Induction Motor
a Induction Motor: The rotating magnetic field in the stator causes the rotor to spin in the 

same direction
a No electrical connection to the rotor
a When the rotor speed is the same as the speed of the stator magnetic field rotation, 

there is no relative motion between two, and thus there is no current induced to the rotor 
bar, and no force developed to turn the rotor

a Slip (s): “the difference between the rotor synchronous speed (NS) dictated by the 
rotating stator magnetic field and the actual rotor speed (NR)”

where, NS = (120*frequency)/P
a If load on the motor increases, 

the rotor slows down, slip increases, to the 
“breakdown torque” point where 
rotor stops.

a Slip vs Torque
a Breaking; Rotor is forced to run opposite direction 33



Induction Motor – slip example
a Example:  A 60-Hz, 4-pole induction motor reaches its rated power when the slip is 4%.  

What is the rotor speed at rated power?

a Answer:
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Induction Generator
a Rotor Shaft is connected to a wind turbine, and the stator is provided with 3-

phase excitation current Æ motor as a synchronous speed
a If the motor speed exceeds synchronous speed (NR > NS), the induction 

machine becomes a 3-phase generator delivering electric power back to its 
stator windings

a How to provide the 3-phase magnetizing current  which started the process?
` Grid-connected:  Power line provides the current
` Stand-alone machine: Induction generator provides its own ac excitation current by 

incorporating external capacitors, allowing power generation without the grid Æ Self-excited 
induction generator

a Self-Excited Inductance Generator
` Resonance of stator inductance and external capacitance
` Electronic oscillation
` Nudge? – remnant magnetic field in the rotor
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Induction Generator
a Self-Excited Inductance Generator
a Rotor speed is faster than the synchronous speed:  (NR > NS)
a Slip is a negative number: 1% for a grid-connected induction generator

for NS = 3600 rpm
a Rotor Speed Control
a Impact of Rotor speed on blade efficiency
a Impact of Rotor Speed on Delivered Power
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Induction Generator Speed Control Methods
a Rotor Speed Control

` Situation: variable rotor speed 
under different wind speed

` Requirement: Fixed speed of 
generator is desired in order to 
deliver current and voltage in phase 
with the grid

a Pole-Changing 
` 2 pole machine --- 3600 rpm
` 4 pole machine --- 1800 rpm
` Stator winding which connects to 

external circuitry that switches to 
different number of poles 

` Common in household appliance 
motors such as washing machines 
to give 2- or 3- speed operation 
(Example: washing cycle, spin-
cycle)
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Induction Generator Speed Control Methods
a Multiple Gearboxes

` 2 gearboxes with separate generators
` Low-wind-speed gear ratio & generator
` High-wind-speed gear ratio & generator
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Induction Generator Speed Control Methods
a Variable-Slip Induction Generators
a Slip

` Dependent on DC resistance of the rotor 
conductance

` Addition of variable resistance to the rotor
` Slip can change up to 10%
` RPM tolerance can be of 1800 – 2000 for 4-pole 

machine

a How to make a connection between the 
rotor conductors and the resistors?
` Electrical connection Æ wound rotor with slip rings 

and brushes etc (Complication)
` Electronics to control 
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Induction Generator Speed Control Methods
a Indirect System

` No control at all
` Control for maximum power only, no frequency control
` No direct Grid-connection
` Variable frequency is rectified to DC
` DC is inverted to AC
` Filtering the choppy AC
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Average Power in the Wind
a Power in the wind vs. wind velocity: Cubic relationship 
a Average Power: 
a Need: Average value of the cube of wind velocity Æ Some statistics
a Example for average power: for a 10-h period [ 3-h no wind, 3-h at 5mph, and 

4h at 10mph]: 
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Average Power in the Wind
a Need: Average value of the cube of wind velocityÆ Some statistics
a Example for average power:
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Wind Speed Histogram- Example
a Question: Using datasheet given below, find the 

average wind speed and the average power in the 
wind (W/m2).  Assume the standard air density of 
1.225 kg/m3. 

a Solution

a (V3)avg= Σ {vi
3*p(v=vi)}=653.24

a Average Power: 
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Wind Power Probability Density Function (PDF) 
a Continuous format of histogram Æ pdf
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Wind Speed Distribution – Weibull and Rayleigh statistics
a The starting point for characterizing the statistics of wind speed is Weibull pdf.
a k : shape parameter
a c : scale parameter
a Weibull pdfs with c=8 with k=1(similar to exp),2 (Rayleigh pdf) ,and 3 (similar to normal)
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Rayleigh pdf - Average Speed derivation 
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Rayleigh pdf – Expressed with Wind Speed and Average Wind Speed

a Example: Probability of wind speed 6 m/s in a regime with 
7 m/s average wind speed?
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Rayleigh pdf for Average Power

a Most realistic pdf for a likely wind turbine site
a When wind details are not known, the usual starting point is to 

assume Rayleigh pdf

a If we assume Rayleigh statistics, the average of the cube of wind 
speed is just 1.91 times the average wind speed cubed.
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Average Power by Average Wind Speed
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Wind Power Density  - Calculation Example

a P: Average Power [W]
a P/A = Power Density [W/m2]
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Real vs. Rayleigh pdf comparison
a Altamont Pass, CA
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Real vs. Rayleigh pdf comparison – HW
a HW: Reagan 

National Airport:  
Make out a 
histogram and 
compare with 
Rayleigh Distribution

52

ckim
Rectangle

ckim
Rectangle



Real vs. Rayleigh pdf comparison – HW
a HW#3: Reagan National Airport:  Make out a histogram and 

compare with Rayleigh Distribution
a Data File: XLSX file (provided)
a Submission:  Excel file with data and graph (DCA wind distribution 

with  Rayleigh distribution)
a Submission Due: 

`Email Submission by Monday March 27, 2017 12:00 noon
` File Name Convention: HW3_Lastname.xlsx
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Simple Estimates of Wind Turbine Efficiency
a Average Wind Power(W) or Power Density  (W/m2)
a How much of the Power in the Wind can be captured and converted 

in to electricity?
a Efficiency Determination Factors

`Machine (rotor, gearbox, generator, tower, control, etc.)
` Terrain (topography, surface roughness, obstructions, etc.)
`Wind regime (velocity, timing, and predictability, etc.)
`Purpose: Individual Wind turbine or Wind Farm

a Wind Turbine Efficiency
`Max Wind Power Conversion (Blade) efficiency: 59.3%
`Max Rotor Efficiency: 75%
`Gearbox and Generator Efficiency: 67%
`Overall? : about 30%
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Wind Turbine Efficiency and Energy delivery – Single Turbine Example

a A NEG Micon 750/48 (“750-kW generator, 48-m 
rotor”) wind turbine is mounted on a 50-m tower in 
an area with 5 –m/s average winds at 10-m height.  
(Q) Estimate the annual energy delivered (kWh/yr) 
with assumption of standard air density, Rayleigh 
statistics, Class 1 surface roughness, and an overall 
efficiency of 30%,
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Wind Turbine Efficiency and Energy delivery – Site Example
a A NEG Micon 750/48 (“750-kW generator, 48-m rotor”) wind turbine is mounted on a 50-m tower in an area with 5 

–m/s average winds at 10-m height.  Estimate the annual energy delivered (kWh/yr) with assumption of standard 
air density, Rayleigh statistics, Class 1 surface roughness, and an overall efficiency of 30%,
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Wind Turbine Efficiency and Energy delivery – Wind Farm Example

a Wind farm or wind park: 
clustering wind turbines together 
at a windy site
` Reduced site development costs
` Simplified transmission connection
` Centralized O&M

a Number of Turbines in a given 
site?
` Downwind is slower than upwind
` (Array) Efficiency
` Some distance between turbines is 

required
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Wind Turbine Efficiency and Energy delivery – Wind Farm Example

a Rule of Thumb
` 3 – 5 rotor diameters (D) separating towers within a row
` 5 – 9 diameters (D)  between rows
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Wind Turbine Efficiency and Energy delivery – Wind Farm Example

a Example: Suppose that a wind farm has 4-rotor-diameter tower 
spacing along its row, with 7-diameter spacing between rows (4D x 
7D).  Assumer 30% wind turbine efficiency and array efficiency of 80 
%.  (a) Find the annual energy production per unit of land area in an 
area with 400 W/m2 winds at hub height (the edge of 50 m, Class 5 
winds).  (b) Suppose that the owner of the wind turbines leases the 
land from a rancher for $100 per acre per year (about 10 times what a 
Texas rancher makes on cattle). What does the lease cost per kWh 
generated?
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Wind Turbine Efficiency and Energy delivery – Wind Farm Example (a)
a Example: Suppose that a wind farm has 4-rotor-diameter tower spacing along its row, 

with 7-diameter spacing between rows (4D x 7D).  Assumer 30% wind turbine 
efficiency and array efficiency of 80 %.  (a) Find the annual energy production per unit 
of land area in an area with 400 W/m2 winds at hub height (the edge of 50 m, Class 5 
winds).  (b) Suppose that the owner of the wind turbines leases the land from a 
rancher for $100 per acre per year (about 10 times what a Texas rancher makes on 
cattle). What does the lease cost per kWh generated?
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Wind Turbine Efficiency and Energy delivery – Wind Farm Example (b)
a Example: Suppose that a wind farm has 4-rotor-diameter tower spacing 

along its row, with 7-diameter spacing between rows (4D x 7D).  Assumer 
30% wind turbine efficiency and array efficiency of 80 %.  (a) Find the 
annual energy production per unit of land area in an area with 400 W/m2

winds at hub height (the edge of 50 m, Class 5 winds).  (b) Suppose that 
the owner of the wind turbines leases the land from a rancher for $100 
per acre per year (about 10 times what a Texas rancher makes on cattle). 
What does the lease cost per kWh generated?
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Energy Calculation from Specification - Spreadsheet
a Suppose that a NEG Micon 60-m diameter wind turbine having a 

rated power of 1000 kW ( often expressed as 1000/60) is installed 
at a site having Rayleigh wind statistics with an average wind speed 
of 7 m/s at the hub height.  
` (a) Find the annual energy generated, 
` (b) From the result, find the overall average efficiency of this turbine in these 

winds, 
` (c) Find the productivity in terms of kWh/yr per m2 of swept area.

a Use the Wind Turbine Power Specification (next page)
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Wind Turbine Power Spec
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Energy Calculation Example - Spreadsheet
aWind Turbine Power Specification 

`Power Generation amount is different at different wind 
speed

`So we can use the simple equation (with the cube of 
average wind speed equation) only for calculating 
Power in the Wind

`Instead, we need to find the probability of each 
every possible wind speed from the given average 
wind speed with Rayleigh distribution
⌧Then, for each wind speed
⌧Find the hours of that wind speed per year
⌧Find the electric energy generated by the wind turbine using 

the specification
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Energy Calculation Example – REVIEW first
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Energy Calculation Example - Spreadsheet
a Suppose that a NEG Micon 60-m diameter win turbine having a rated power 

of 1000 kW ( often expressed as 1000/60) is installed at a site having 
Rayleigh wind statistics with an average wind speed of 7 m/s at the hub 
height.  
` (a) Find the annual energy generated, 
` (b) From the result, find the overall average efficiency of this turbine in these winds, 
` (c) Find the productivity in terms of kWh/yr per m2 of swept area (“A”).

a Steps
` 1. Probability of wind speed f(v)
` 2. Estimate of the hours per year the wind blows with above speed v
` 3. Calculate the Energy produced by the Wind Turbine at the above wind speed.
` 4. Calculate the total energy produced by the Wind Turbine per year at all wind 

speeds
` 5. Calculate the Average Power in the Wind
` 6. Calculate the Total Energy in the Wind per year (for efficiency calculation 

purpose)
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Example Calculation for wind speed of 6 m/s
a Steps – example with a wind speed of 6 m/s

` 1. Probability of wind speed f(v)

` 2. Estimate of the hours per year the wind blows at 6 m/s 

` 3. Energy Delivered by the Micon Turbine at 6 m/s wind

` 4. Calculate the Average Power in the Wind
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Example Calculation for at all wind speeds
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Example Calculation at all wind speeds 
`5. Calculate the Energy produced by the Wind Turbine at all wind 

speeds.

`6. Calculate the Total Energy in the Wind per year
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Example Calculation
a Steps –

` 7. Average Efficiency of the Wind Turbine

` 8. Productivity by the swept area
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Capacity Factor
a Calculation complex when every possible wind speed is considered
a Also: Wind turbines don’t run at full power all year
a Easier approach – Use of the Rated Power of Wind Turbine
a Capacity Factor (CF): Percentage of the rated power produced at the 

average wind speed
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Capacity Factor
a Calculation by CF (but with known CF)

a Determination of CF?
a What is the CF of Micon 1000/60 In the previous example? 

a Is this CF (0.325) the same at all average wind speeds? 
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Capacity Factor – a moving target

a CF of Micon 1000/60 In the previous example?  (CF is not a constant !!!)  It is a function of 
average wind speed. 73



Capacity Factor (with wind speed and rated power) – Approximation
a CF of Micon 1000/60 Linear Approximation

74



Energy Estimate using CF 

a Question: The Whisper H900 wind turbine has a 900-W generator with 2.13 m 
blade diameter.  In an area with 6 m/s average wind speed, estimate the energy 
delivered.
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Wind Turbine Economics  - Capital Cost
a Capital Cost

` Includes: Turbine, tower, grid connection, site preparation, controls, and land
` $1500/kW (1989) [150 kW Turbine] Æ $800/kW (2000) [1650 kW 

Turbine]

a O&M Cost
` Regular maintenance, repairs, stocking repair parts, insurance, land lease fees, 

and administration
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Capital Cost Analysis - Example
a 60 MW Wind farm

` 1.5 MW turbines (x 40)
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Levelized Cost  ( average total cost over produced energy over lifetime)

a LCOE (Levelized Cost of Energy) [$/kWh]:
` constant unit cost (per kWh) of a payment stream that has the same present value 

as the total cost of building and operating a generating plant over its life.
a LCOE = Annual Cost ($/yr) divided by Annual Energy Delivered [kWh]
a Annual Cost [$/yr]

`Spread the capital cost out over the lifetime using an appropriate factor
`Add the annual O&M cost
` Example

⌧A financed wind farm project by debt – principal amount (P [$])
⌧ Annual Payment (A [$/yr]) with Capital Recovery Factor (CRF): with interest rate i

[decimal fraction] and loan term n [yr]:

`Annual Cost = Annual Payment (A) + O&M Cost
a Annual Energy Production [kWh/yr] --- calculation with CF
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CRF Table
a Annual Payment (A [$/yr]) with Capital Recovery Factor 

(CRF): with interest rate i [decimal fraction] and loan term n [yr] 
for the Principal borrowed P:
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Example Calculation for Cost/kWh
a Suppose that a 900-W Whisper H900 wind turbine 

with 7-ft (2.13 m) blade costs $1600.  By the time the 
system is installed and operational, it costs a total of 
$2500, which is to be paid from with a 15-yr, 7% 
interest loan.  Assume O&M costs of $100/yr.

a Question:  Estimate the cost per kWh over the 15-
year period if average wind speed at the hub height is 
15 mph (6.7 m/s).
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Example Calculation for Cost/kWh
a Suppose that a 900-W Whisper H900 wind turbine with 7-ft (2.13 m) blade costs $1600.  

By the time the system is installed and operational, it costs a total of $2500, which is to 
be paid from with a 15-yr, 7% interest loan.  Assume O&M costs of $100/yr.

a Question:  Estimate the cost per kWh over the 15-year period if average wind speed at 
the hub height is 15 mph (6.7 m/s).

a SOLUTION
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Class Activity - 6
a A wind farm project has 40 1500-kW turbines with 64-m blades. 

Capital costs are $60 million and the levelized O&M cost is $1.8 
million/yr. The project will be financed with a $45 million, 20-yr loan 
at 7% plus an equity investment of $15 million that needs a 15% 
return. Turbines are exposed to Rayleigh winds averaging 8.5 m/s. 
What levelized price would the electricity have to sell for to make 
the project viable?
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Wind Power --- Intermittency
a Wind power is by nature intermittent
a Wind does not always blow; 

sometimes a wind power plant stands 
idle.

a Wind power is not “dispatchable” – you 
can’t necessarily start it up when you 
most need it. 

a Wind does not replace an equivalent 
amount of existing generating capacity 
– i.e. the thermal generators that 
already existed will not immediately be 
dismantled

a But the cost of wind power 
intermittency gets lower

83



Wind Power Penetration and CO2 Reduction
a The German company E.ON is basing its wind strategy for 2020 on an 

ultimate wind penetration of less than 4%. It has recognized the wind-
induced reliability impacts on its grid. 

a 4% Penetration: Using E.ON’s conservative assumptions, the realizable 
CO2 emissions reduction due to wind is about 18g of CO2 equivalent/kWh, 
or about 3.6% of total emissions.

a 20% Penetration:  This analysis points to 20% as the extreme upper limit 
for wind penetration. At this point, the maximum realizable CO2 emissions 
reduction due to wind is approximately 90g CO2 eq/kWh, or about 18% of 
total. 

a 10% Penetration: However, it’s more likely that 10% wind penetration is the 
upper limit, given the increased storage costs, decreased grid reliability and 
increasing operating costs required to achieve this level. At this more 
realistic point, the maximum realizable CO2 emissions reduction due to 
wind is approximately 45g CO2 eq/kWh, or about 9% of total.   
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Wind --- Its problem with variability
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Wind --- Shutdown?
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Environmental Impacts of Wind Turbines

aNegative Impacts
`Bird kills
`Noise 
`Aesthetic impacts
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Bird vs. Blade
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Duke Energy Wind Farm and Eagles
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Eagle Deaths at Wind Farm
a WASHINGTON -- The government 

for the first time has enforced 
environmental laws protecting birds 
against wind energy facilities, 
winning a $1 million settlement 
Friday from a power company that 
pleaded guilty to killing 14 eagles 
and 149 other birds at two Wyoming 
wind farms.

a In 2009, Exxon Mobil pleaded guilty 
and paid $600,000 for killing 85 
birds in five states. 

a PacifiCorp, which operates coal 
plants, paid more than $10.5 million 
in 2009 for electrocuting 232 eagles 
along power lines and at its 
substations. 90



Wind Turbine Noise Level
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Mysterious Disease by Wind Turbine?
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Sources of Wind Power Noise
a 1) Tonal Noise: noise at discrete frequencies caused by wind turbine components 

such as meshing gears, non aerodynamic instabilities interacting with a rotor blade 
surface or unstable flows over holes or slits or a blunt trailing edge.

a 2) Broadband Noise: noise characterized by a continuous distribution of sound 
pressure with frequencies greater than 100 Hz. It is often caused by the interaction 
of wind turbine blades with atmospheric turbulence, and also described as a 
characteristic "swishing" or "whoosing" sound.

a 3) Low frequency Noise: .Noise with frequencies in the range of 20 to 100 Hz is 
mostly associated with downwind turbines (turbines with the rotor on the downwind 
side of the tower). It is caused when the turbine blade encounters localized flow 
deficiencies due to the flow around a tower.

a 4) Impulsive Noise:  This noise is described by short acoustic impulses or thumping 
sounds that vary in amplitude with time. It is caused by the interaction of wind turbine 
blades with disturbed air flow around the tower of a downwind machine.

a Source: “Wind Turbine Noise Issues” University of Massachusetts at Amherst.  March 2004.
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Sound Power Levels

a Source: “Wind Turbine Noise Issues” University of Massachusetts at Amherst.  March 2004.

94



What Wind Turbine Sound Like

aMp4 video file
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Suit over Noise
a An Oregon man has filed a $5 

million lawsuit against the operator 
of a 50-turbine wind farm, claiming 
that low frequency noise from 
spinning turbine blades has caused 
a variety of health problems.

a "It's hard to explain it to people 
unless you experience it," Williams 
told the AP. "There's the actual 
noise that wakes you, but there's 
also the infrasound you can't hear 
but your body feels. The best I can 
describe it is like a train or an 
airplane coming and going.“

a The World Health Organization 
doesn't recognize wind turbine 
syndrome, NPR reported, "nor does 
any other medical institution."
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