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3. Renewable Energy Sources

Part A: Wind Power

Reference for this part of the lecture: 

Renewable and Efficient Electric Power Systems (by Gilbert Masters), Wiley 2004.

Charles Kim, “Lecture Note on Analysis and Practice for Renewable Energy Micro Grid Configuration,” 2013. www.mwftr.com

General Circulation 

Due to earth’s rotation and unequal heating
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Brief on Wind Energy

Wind is the circulation of air caused by the 
uneven heating of earth’s surface, by the sun 
heating the land more than the water.  The 
warm air over land rises and cooler air moves in 
to take its place, producing convection current.

Wind Energy: Wind  turns the blades (usually 3) 
in the wind that turns a turbine and the drive 
shaft to the generator, which produces 
electricity

Clean, renewable energy Source

Intermittent Energy Source (operation time is 
about 75%)

In the U.S., Texas and California have the most 
wind energy production windfarm
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Typical Wind Turbine Schematic

Tower

Blades

Rotor

Gearing

Generator

Speed 
Sensor

Control 
Device

Power 
Conditioner
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Wind Speed and Scale
Wind Speed 
Conversion

1 knot = 
0.5144 m/s

1 mph = 
0.447 m/s

V=0.836*B3/2
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Solar and Wind Energy – SWERA site

SWERA(Solar and Wind Energy Resource Assessment)

http://maps.nrel.gov/SWERA
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Windfinder
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Wind Power History

1891 – Danish scientist Poul la Cour used wind turbine to generate 
electricity, from which he produced hydrogen for gas lights in the local 
schoolhouse.

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.

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

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

Total installed capacity by country 

US installed capacity
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A Wind Farm in California

San Gorgonio 
Pass Wind 
Farm
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Near Palm Springs
San Gorgonio Pass Wind Farm. 2007.
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Wind Power in Korea
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Wind Power in Korea (plan for 2020)

South Korea plans three-
phase 2.5GW offshore 
Wind-gens by 2020

First phase would be in the
3MW to 7MW class. 

Eight major domestic 
industrial groups involved: 
Doosan Heavy Industries, 
Daewoo Shipbuilding & 
Marine Engineering, 
Samsung Heavy Industries, 
Unison, Hyundai Heavy 
Industries, Hyosung Heavy 
Industries, DMS, STX Heavy 
Industries. 15



Offshore Wind Farm in Korea

The 196 MW 
proposed offshore 
wind project will 
comprise 28 wind 
turbines with a 
capacity of 7 MW, 
which will 
generate enough 
electricity to 
supply 100,000 
households.

Ulsan
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Wind Turbine

Classified by Rated Power at a certain rated 
wind speed. 

P [W]= 0.5*SweptArea [ m2]* AirDensity [kg/m3] 
* Velocity3[m/s]

Capacity Factor: Wind Turbine’s Actual energy 
output for the year divided by the expected 
energy output if the turbine operated at its rated 
power output for entire year.

Important to know the capacity factor at the 
average wind speed of the intended site, for 
estimating annual energy output.

Range of capacity factor: 0.4 (very good), 0.25-
0.30 (reasonable)

Annual Energy Output is important
Energy = Power * Time

Bill is on kWh
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Capacity Factor
Capacity Factor: Wind Turbine’s Actual energy output for the year divided 
by the expected energy output if the turbine operated at its rated power 
output for entire year.

Rough Capacity Factor (RCF): Percentage of the rated power produced at 
the average wind speed

Energy production per year = Rated power * RCF*8760 Hour/Year

Example:  100kW*0.2*8760=175,200 kWh

How do we get Average Wind Speed?

Wind Power Distribution: Percentage time the wind blows at various wind 
speeds over the course of an average year How do we know this?

Two common wind distributions to make energy calculation (More to come)
Weibull Distribution

Rayleigh Distribution
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Power Output
Which one do you choose for your max load of 1000 – 1200 [W]?
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Wind Power Curve
Wind power curve: How much power a wind turbine can extract from the wind at a 
variety of different wind speeds – wind power curves are different for different wind 
turbines:  

Cut In Speed: wind transfers enough force to the blades to rotate the generator shaft ( is 
close to Start Up Wind Speed --- electricity is generated)

Example Curve for Bergey XL1 Wind Turbine
Max Power: 1.2 kW at 29 mph

Rated Power : 1 kW wind speed 24 mph

Furling Speed: Too high wind speed (>40 mph) New method of blade 
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Wind Turbine Power Spec
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Types of Wind Turbines

Horizontal Axis Wind Turbines (HAWT)
Upward Machine

Downward Machine

Vertical Axis Wind Turbines (VAWT)
Accept wind from any direction
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Wind Speed Impact on Tower Height and Friction

v : wind speed at height H

vo : wind speed at height 
Ho (usually 10m)

α: friction constant (1/7. 
“one-seventh” rule of 
thumb)

Smooth Surface
Height has little impact on 
wind speed

Rough Surface
Height has greater impact in 
wind speed
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Impact of Height on Different Friction Coefficients

In the condition of hedges and crops (alpha=0.2), at 50m, the wind speed increase 
by a factor of nearly 1.4 and wind power increase by about 2.4.

CAVEAT: Under the same wind condition, the wind speed in higher friction would be 
much lower than in lower state.
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Maximum Power Conversion

Fundamental Constraints that restrict the maximum possible conversion 
efficiency from one form of energy to another

Maximum power that a turbine can extract from the wind – formulated by 
Albert Betz (German Physicist) in 1919, with concept of Steam Tube.

Wind Turbine Wind (slower with a portion of kinetic energy extracted by 
turbine Air expanded)

Question: Why can’t the turbine extract all of the kinetic energy in the wind?
25



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

If it did:
⌧The air would have to a complete stop behind the turbine, which with no 

where to go, would prevent any more of the wind to pass through the rotor
But the downwind velocity cannot be zero.

Therefore, there must be some ideal slowing of the wind that will result 
in maximum power extracted by the turbine Betz showed (using 
kinetic energy difference relationship) that an ideal turbine would slow 
the wind to the 1/3 of its original speed.

r = vd/v = 1/3

Rotor Efficiency  (Cp)= Fraction of the wind’s power extracted by the 
rotor blade: Cp=0.5* (1+r)(1-r2)

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

59.3% “Betz Efficiency” or “Betz’ Law”
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How close to the Betz limit are modern wind turbines?

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

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

Typical efficiency for various rotor types vs. TSR

27

• Darrieus Rotor
• VAWT
• 1931 Georges Jean 

Marie 
• Darrieus, French 

Aeronautical 
engineer
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Average Power in the Wind

Important to know the capacity factor at the average wind speed of the intended site, 
for estimating annual energy output.

Average Wind Power: 

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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Wind Speed Histogram- Example
Prob(v= 8 m/s)= 805/8760=0.0919

Vavg = Sum {vi*p(v=vi)}=7.0 m/s

(V3)avg= Sum {vi
3*p(v=vi)}=653.24

for A=1.225 
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Weibul --- Excel
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Distribution ---- MathCad
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MathCad - Introduction

Mathcad is the industry standard technical calculation 
tool for engineers worldwide.

Mathcad delivers all the solving capabilities, 
functionality, and robustness needed for calculation, 
data manipulation, and engineering design work. 

Calculation standardization and reuse through Mathcad 
ensures standards compliance. 

By combining calculations, graphs, text, and images in 
one document, Mathcad enables knowledge capture 
and publication that aid management of large projects.

Mathcad allows you to document your calculations in the 
language of mathematics, because Mathcad combines a 
powerful computational engine, accessed through 
conventional math notation, with a full-featured word 
processor and graphing tools. 32

MathCad 30-day Free Trial
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MathCad Workspace
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MathCad Tools
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MathCad – Calculation and Defining
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MathCad --- Defining Function
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MathCad -- Graph
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MathCad – Example File
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MathCad– Example File

40

PDF 

Continuous format of histogram pdf
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Wind Power Probability Density Functions

Pdf features
the area under the curve is equal to unity (1.0)

The area under the curve between any 2 wind speeds equal to the 
probability that the wind is between those 2 speeds.

Number of hours per year that the wind blows between any two wind 
speeds: 

The average value: 
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Wind Speed Distribution – Weibul statistics

The starting point for characterizing the statistics of wind speed is Weibull pdf.

k : shape parameter

c : scale parameter

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

Weibul pdf at k=2

Most realistic for a likely wind turbine site

Winds that are mostly pretty strong, with periods of low and some 
really high-speed winds as well. 

When wind details are not known, the usual starting point is to 
assume Rayleigh pdf

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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Real vs. Rayleigh pdf comparison

Altamont Pass, CA (between SF 
and Sacramento)
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Wind Power Density  - Calculation Example

P: Average Power [W]

P/A = Power Density [W/m2]
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Wind Power Density - Calculation Example - SOLUTION

SOLUTION
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Solution by Excel and MathCad
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Wind Power Classification - Summary

Classification by the estimated average wind power density (W/m2)

Average wind speed using an anemometer at 10m high estimate the 
average wind speed and power density at 50m above the ground.

Standard Assumption:
Rayleigh pdf

Friction coefficient 1/7

Sea level air density at 0 C = 1.225 kg/m3. 
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Wind Potential in US

> class4: Band of states stretching from Texas to North 
Dakota

50

Wind Power Potential in Korea
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Estimation of Wind Turbine Energy

How much of the energy in the wind can be captured 
and converted into electricity?

Factors
Machine (rotor, gearbox, generator, tower, etc)

Terrain (topography, surface roughness, obstruction, etc)

Wind regime (velocity, timing, predictability, etc)

Rough Estimation Logic
Wind Power Density is evaluated at the site

Betz’ limit at 59.3% maximum conversion potential

Modern rotor at optimum condition can deliver 3/4 of the potential

Gearbox and generator delivers 2/3 of the shaft power created by 
the rotor

Combining all three above, the power conversion efficiency is 30%
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Energy Calculation Example

A NEG Micon 750/48 (750-kW generator , 48m rotor) 
wind turbine is mounted on a 50m tower in an area with 
5 m/s average winds at 10m height. 

Estimate the annual energy (kWh/year) delivered, under 
the assumption that:

standard air density of 1.225

Rayleigh pdf

friction coefficient of 0.1524, 

overall power conversion efficiency of 30%

Annual energy (kWh/year) = Efficiency *Average 
Power Density (kW/m2)*Area (m2)* 8760 (h/year)
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Calculation Example - SOLUTION
A NEG Micon 750/48 (750-kW generator , 48m rotor) wind turbine is mounted on a 
50m tower in an area with 5 m/s average winds at 10m height.  

Estimate the annual energy (kWh/year) delivered, under the assumption that:

standard air density of 1.225

Rayleigh pdf

friction coefficient of 0.1524, 

overall power conversion efficiency of 30%

SOLUTION
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Solution by Excel

55



Solution by MathCad
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Capacity Factor - Revisited

Rated Power: How many kW it can produce on a continuous full-power 
basis.

Wind Turbine: Do not run at full power all year

Capacity Factor (CF)= [Energy_delivered] / [Rated Power * Hour]

What is the capacitor factor for the NEG Micon 750/48 in the 

previous example? 22% 
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Estimation of Energy Production using CF

Rough Estimation: Linearization

Estimation of Energy produced using Capacity Factor                
= POWER*Hour*CF
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Rough Estimation by CF
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Wind Turbine Economics  - Capital Cost
Capital Cost

Includes: Turbine, tower, grid connection, site preparation, controls, and land

$1500/kW (1989) [150 kW Turbine] $800/kW (2000) [1650 kW 
Turbine]

O&M Cost
Regular maintenance, repairs, stocking repair parts, insurance, land lease fees, 
and administration

60

Wind Power Economics – Energy Cost
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Capital Cost Analysis - Example

60 MW Wind farm
1.5 MW turbines (x 40)
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Levelized Cost
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.

Annual Cost divided by annual energy delivered

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 = A + O&M Cost

Annual Energy Production [kWh/yr] --- calculation with CF

LCOE = Annual cost [$/yr] / Annual Energy Production [kWh/yr]
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Example Calculation for Cost/kWh

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.  Assume O&M costs of $100/yr.

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

P=2500; i = 0.07; n=15

CRF(0.07,15) = 

Annual Payment(A): 

Annual Cost = A + O&M= $274.49 + $100 = $374.49/yr

Capacity Factor (CF)

Annual Energy Production

Average Cost per kWh
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Solution by Excel
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Solution by MathCad
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MathCad Solution
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Cost Analysis Example 2

A wind farm project has 40 1500-kW turbines with 
64-m blades. 

Capital cost is $60 million and the 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. 

Question:  What price [$/kWh] would the 
electricity have to sell for to make the project 
viable?
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Solution 2

CF:   

Annual Energy Production

Annual Debt Payment:

Annual Equity Return:

Annual Cost (with O&M cost of $1.8M):

Selling Price:
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Solution2 by Excel

71



Solution2 by MathCad
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Solution2 by MathCad- continued
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Sensitivity Analysis for different CFs

The price [$/kWh] 
found in the 
example, $0.0423 is 
a pretty good price 
– cheaper than grid 
electricity

Scaling the $/kWh 
for varying capacity 
factors for 
Sensitivity Analysis
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Wind Power --- Intermittency

Wind power is by nature intermittent

Wind does not always blow; 
sometimes a wind power plant stands 
idle.

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

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

But the cost of wind power 
intermittency gets lower
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Wind Power --- Intermittency
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Wind Power --- Intermittency
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Wind Power

78

Wind Power

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. 

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. 
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 CO 2 eq/kWh, or about 18% of total. 

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 CO 2 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

Negative Impacts
Bird kills

Noise 

Aesthetic impacts
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Bid vs. Blade
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Duke Energy Wind Farm and Eagles
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Eagle Deaths at Wind Farm

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.

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

PacifiCorp, which operates coal 
plants, paid more than $10.5 
million in 2009 for electrocuting 
232 eagles along power lines 
and at its substations.
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Wind Turbine Noise Level
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Mysterious Disease by Wind Turbine?
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Sources of Wind Power Noise

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.

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.

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.

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.

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

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

Mp4 video file
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Suit over Noise
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.

"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.“

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