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Announcements I

= Reminder: HW3 is due Thursday, Jan. 13t beginning of
class

" Today:
= Begin Wind Energy Conversion Systems (Chapter 7)

m Start reading Masters Section 7




Wind Power Systems




Wind Resources

= Wind is becoming a significant generation source in
the US, Europe and China

= Today’s over 600 GW of global wind capacity
contributes to lowered CO, emissions

" The technological advances over the past two
decades have dramatically reduced the costs of wind
generated electricity

" |n this set of lectures on wind, we explore its key
characteristics, its physical limitations, the econo-
mics of wind generation and its global status



Smoky Hill Wind Farm Near Ellsworth, KS




Historical Development of Wind Power I

" The first known wind turbine for producing electricity
was by Charles F. Brush, in Cleveland, Ohio in 1888

" 12 kW

" (lllinois solar house in 2009
had roughly 9 kW)

" Used electricity to charge
batteries in the cellar of .
the owner’s mansion g L

" Fun fact: Also the year
Tesla invented the L f !‘ e.rson
induction machine e s -

http://www.windpower.org/en/pictures/brush.htm



Historical Development of Wind Power n

" First wind turbine outside of the U.S. to generate

electricity was built by Poul [a Cour in 1891 in
Denmark

" Used electricity
from his wind
turbines to
electrolyze water
to make
hydrogen for the
gas lights at the
local schoolhouse

http://www.Windpower.org/en/pictures/lacour.ht -




Historical Development of Wind Power

" |n the US - first wind-electric systems built in the
late 1890’s

" By 1930s and 1940s, hundreds of thousands
were in use in rural areas not yet served by the
grid

" Interest in wind power declined as the utility grid
expanded and as reliable, inexpensive electricity

could be purchased (thanks, largely, to Samuel
Insull)

m Qil crisis in 1970s created a renewed interest in
wind until US government stopped giving tax
credits

" Renewed interest again since the 1990s




2005 — 2018 Global Wind Capacity
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19982018 Installed US Wind Capacity Additions JL
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Source: 2018 Wind Technologies Market Report, US Department of Energy, p. 6.



2005 — 2018 Global Annual Added and Cumulative L
Wind Capacity
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Source: 2018 Wind Technologies Market Report, US Department of Energy, p. 6.



1998 — 2018 US Annual Added and Cumulative X

Wind Capacity
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Source: 2018 Wind Technologies Market Report, US Department of Energy, p. 6.



2018 US Wind Power Projects Status
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185[0] NH

Wind Projects = TMW

st L ca Ny~ @ Newin2018
h GA V¥ o Priorto 2018

Note: numbers within
states represent

cumulative installed LA ¢ | " Wind Power Capacity

L L0 )~ \
wind capacity and, in Ttk o S Megawaff:) ::)(V)V)
j j \ v > 10,
brackets, annual additions in 63 L e
o K / Total Capacity X \ 1,000 - 5,000
R o2 [New Capacity 2018] s ] 10?001000

*® - B INREL

NATIONAL RENEWABLE ENERGY LABORATORY

Source: 2018 Wind Technologies Market Report, US Department of Energy, p. 7.



2019 Q1 US Wind Capacity by State

total installed wind capacity: 97,227 MW

Wind Power Capacity
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Source: AWEA, available online at https://windexchange.energy.gov/maps-data/321



US Wind Energy Industry Manufacturing Facilities
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Wind Energy Jobs

Source: AWEA 2018 Annual Market Report Executive Summary



2018 Wind Capacity Addition and Cumulative

| X
Wind Total

annual capacity in MW cumulative capacity in MW

China 21, 855 China 210, 247
United States 7,588 UnitedStates 96,433

Germany 3,371 Germany 59, 312
India 2,191 India 35, 129
Brazil 1,939 Spain 23, 531
United Kingdom 1,901 United Kingdom 20, 964
France 1, 565 France 15, 309
Mexico 929 Brazil 14, 707
Sweden 720 Canada 12, 816
Canada 566 Italy 9, 959

rest of the world 7,493 rest of the world 91, 466

Source: 2018 Wind Technologies Market Report, US Department of Energy, p. 6.



Top 10 Countries - Installed Wind Capacity

" Then (2002) and now (2017)...

2002

Denmark
2,880

Germany
12,001

Figure 6.2 Total installed capacity in 2002, by country. AWEA data.
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Leading Nations in Wind Energy Consumption
2018
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US Wind Resources

United States - Wind Resource Map

Wind Power Classification
Wind Resource  Wind Power  Wind Speed?® Wind Speed® |

Power Potential Density at50m  at 50 m at 50 m

Class Wim? m's mph
3 Fair 300 - 400 64-70 14.3-15.7
4 Good 400 - 500 70-75 15.7- 16.8
5 Excelent 500 - 600 75- 80 16.8-17.9
6 Outstanding &00- BOO BO- 88 17.9-19.7
7 Superb 800 - 1600 BB-111 19.7-24.8

@ Wind speeds are based on a Weibull k value of 2.0 Mational Renewable Energy Laboratory

http://www.windpoweringamerica.gov/pdfs/wind_maps/us_windmap.pdf



US Wind Resources

, -~

Source: Wind resource estmates developad by AWS Truswnd, :—"da

LLC for windNavigator @ Web: http:inavigator. awstruswind.com | Aws TI'UGWIﬂa o "E_

wwn.awst uawind com. Spatal resolution of wind resource National Renewable

data: 25 km. Projecton. Albers Equal Arsa WGSE4. Energy Laborstory
ot be O Rowegy Fuos

BT

http://www.windpoweringamerica.gov/pdfs/wind_maps/us_windmap_80meters.pdf



Worldwide Wind Resource Map

Annual 50m Wind Speed
July 1983 — June 1993

2180 ~190 —60 0 60 120 180

B
0.0¢ 1.3 27 35 425 3.0 55 8D 6O 7.0 7.0 8.0 85 9.0 >120

Regicn average= 6.8084 (m/s) NASA/SSE 13 Sep 2004

Source: www.ceoe.udel.edu/WindPower/ResourceMap/index-world.html



Wind Map for lllinois T

91° 90° 89° 88°
[llinois
50 m Wind Power
42° 42°
Wind Power Classification
Wind  Resource Wind Power Wind Speed *  Wind Speed °
Power  Polential Denaity at 50 m at 50m &t 50m
Class Wim © ms mph
41° 4 41°
1 Poor < 200 < 58 <125
2 Marginal 200 - 300 56- G4 125-14.3
3 Fair 300 - 400 64- 7.0 14,3 - 15,7
4 Good 400 - 500 70- 75 15.7 - 16.8
'Wlnd apeeds are based on a Weibull k value of 2.0
40° R 40°
The wind power estimates for this
map were produced by NREL,
39° [—r 39°
Transmission Line* i ‘1-":-" T ~ ‘ ;
ource: Kﬂméﬁﬂszeere energy.gov/wi nd/y]/i'nﬁéxman o/fiaps temy
1 » ] e v . - -




Types of Wind Turbines

= “Windmill”- used to grind grain into flour
" Many different names - “wind-driven generator”,

“wind generator”, “wind turbine”, “wind-turbine
generator (WTG)”, “wind energy conversion system

(WECS)”

" One way to characterize wind turbines is in terms of
the axis around which the turbine blades rotate

" Horizontal axis wind turbines (HAWT)
= Vertical axis wind turbines (VAWT)

" Groups of wind turbines are located in what is called
either a “wind farm” or a “wind park”



Vertical Axis Wind Turbines

= Darrieus rotor - the only vertical axis machine with any
commercial success

= \Wind hitting the vertical blades, called airfoils, generates lift
to create rotation

" No yaw (rotation about vertical axis) control needed to keep
them facing into the wind

" Heavy machinery in the nacelle is located on the ground
" Blades are closer to ground where wind speeds are lower

Guy wires
>

Rotor blades
‘,-"

Wind Wind

Generator,
I / Gear Box

Darrieus
VAWT




More Vertical Axis Wind Turbines

4.5 kW /turbine

Image credit: https://www.greenoptimistic.com/chicago-vertical-axis-wind-

turbines-20110126/

25


https://www.greenoptimistic.com/chicago-vertical-axis-wind-turbines-20110126/

Horizontal Axis Wind Turbines (HAWTSs)

= “Downwind” HAWT — a turbine with
the blades behind (downwind from)
the tower

= No yaw control needed- they naturally
orient themselves in line with the wind

= Shadowing effect —when a blade swings
behind the tower, the wind it
encounters is briefly reduced and the
blade flexes —

S ———

—_—

Downwind
HAWT




Horizontal Axis Wind Turbines (HAWTs) I

" “Upwind” HAWT — blades are in
front of (upwind of) the tower

= Almost all modern wind turbines are

this type i
7 . ” I Gear
= Blades are “upwind” of the tower hox Generator
= Require somewhat complex yaw
control to keep them facing into the — Qe
wind
= Operate more smoothly and deliver Wind Nacelle
more power (no shadowing) Tower
Rotor <
blades
Upwind

HAWT



Wind Energy Conversion System (WECS) I

Components

w Pitch

,B’ SR CEEl * Upwind HAWT design shown
0 \_'\ shaft
Rotors @
\ Gear box
. =
- ' , 4 ‘ Generator
A\ 7 \\ = Anemometer
N Controller
. A ot '

ak
|

Yaw drive——

shaft
Blades




Wind Energy Conversion System (WECS) I

Components

o Ultrasonic wind sensor

© service crane
e VMP-Top controller
with converter

o OptiSpeed® Generator

© ritch cylinder

@ o0il and water coolers

© Gearbox
© Main shaft
° Pitch system

@ Blade hub

Q Blade bearing

@ Blade

@ Rotor lock system
@ Hydraulic unit

@ Torque arm

@ Machine foundation
@ Mechanical disc brake

@ Yaw gear

@ Composite disc coupling



Number of Rotating Blades

= “Old-school” windmills have multiple blades

" need to provide high starting torque to overcome
weight of the pumping rod

" must be able to operate at low wind speeds to
provide nearly continuous water pumping

" 3 larger area of the rotor faces the wind

" Turbines with many blades operate at much
lower rotational speeds - as the speed
increases, the turbulence caused by one blade
impacts the other blades

= Almost all modern wind turbines have three
blades now




The Trend to Larger Wind Turbines n

Source: https://www.slideshare.net/ManasaSushmitha/power-electronics-in-wind-turbine-systems?next_slideshow=1

10 MW
D190 m

600 kW
500 kW D50m
D40 m
L v A g W &
DISm_ 7 N ...
o || _ | .
1980 1985 1990 1995 2000 2005 2011 2018 (E)
Rating: = 0% 10% 30% 100%
Power = : >}< - > - &
Electronics Role: Soft starter Rotor Rotor Full generator

resistance power power



Turbine Blade Transportation

Source: http://energy.gov/sites/prod/files/2015/05/f22/QER%20Full%20Report_0.pdf; pg 209; Issued April 2015

As wind turbines continue to grow in size, project developers will face greater challenges in transporting components. This 80-meter blade is being
transported to a 7-MW test turbine in Scotland.




2005 — 2018 Average Wind Turbine Size Evolution I
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Source: 2018 Wind Technologies Market Report, US Department of Energy, p. 24.



Some Aerodynamics I

" \We need to control the blades to vary their speed
" Blades are like airplane wings (they are airfoils)
= Airfoils use Bernoulli’s Principle to create lift

How Wind Power Wo Turbine Aerodynamics

Faster air

2 /\\ //\\ /\\_ //"\\ //‘\

JEREREEi)

Pressure

www.energyeducation.tx.gov

http://science.howstuffworks.com/environment
al/green-science/wind-power3.htm



Some Aerodynamics

" \Wind turbine blades are carefully engineered devices

softsolder.com

crd.globalspec.com



Some Aerodynamics

Priming:
UV Gelcoat
CR3400
SPRINT IPT
Shell:
SPRINT -
Prepreg |—
Infusion — \\
N\
Infusion Core—, A
Spar: Prepreg Core - '\ \
Glass \ \
Carbon \
Airstream - \
Shear Web:
Infusion
Prepreg ]i
SPRINT

Corecell — 8
oz

Root:
— SPRINT
Infusion
— Prepreg

Finishing:
PU Paint

Epoxy Gelcoat —. \\\

A= Structural adhesive:
SP340
SP340LV

Modern turbine blade




Long Term

“Wind Turbine Blades Can’t Be Recycled, So They’re
Piling Up in Landfills”

S et

' P 3 %
> y,
4 A 5,,,,

https://www.bloomberg.com/news/features/2020-02-05/wind-turbine-blades-
can-t-be-recycled-so-they-re-piling-up-in-landfills



https://www.bloomberg.com/news/features/2020-02-05/wind-turbine-blades-can-t-be-recycled-so-they-re-piling-up-in-landfills

Average Wind Capacity Factors 2000 — 2018
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