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Opportunities for Wind Technology

National Wind Technology Center — Research
 Blades

« Generators

* Wind resource.
Wind Market Update

« PTC
y RPS Photo by Dennis Schroeder, R5861
Wind Technology Overview
« Larger rotors
 Taller towers.
Wind Resource
* Improved wind maps & assessment.
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National Renewable Energy Laboratory
National Wind Technology Center
Research & Development

Photo by Dennis Schroeder, NREL 25861
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National Renewable

Energy Laboratory

S -~ National Renewable Energy

Laboratory Campus

Photo by Dennis Schroeder, NREL 21794

High-Performance Buildings |
at the National Renewable
Energy Laboratory

Photo by Dennis Schroeder, NREL 25861
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National Wind Technology Center Overview

Turbine testing since 1977
Leader in design and analysis codes
Pioneers in component testing
Unique test facilities
- Blade testing
 Dynamometer
« CART turbines
Modern utility-scale turbines
Approx. 150 staff on-site
Budget approx. $35M
Many CRADAs with industry

Leadership roles for international
standards. Photo by Dennis Schroeder, NREL 25904

R&D goals:

* Improve windplant power production

* Reduce windplant capital cost

* Improve windplant reliability and lower O&M cost
« Eliminate barriers to large-scale deployment.
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Drivetrain Testing

e 2.5-MW dynamometer

— Commissioned 1999

— Steady use by industry

— Used in R&D activities

— Key facility for Gearbox
Reliability Collaborative

— Basic shaft load capability
added in FY2010.

 Dynamometer upgrade
— S10M Recovery Act funding

— New 5-MW driveline
— Robust shaft-loading system

— Commissioned in 2013.

Photo by Mark McDade, NREL 24472

j ~ |
;fjé “ Proprietary Information Of Energy 2014
) | <70



Windplant Aerodynamics Research

Horns Rev Power performance and

reliability influences are
reduced in arrays.

Understanding inflow / array
interaction is key.

Computational models,
control paradigms, and
hardware development will
be required.

A detailed understanding of
the following is required:

— Rotor wake interactions

— PBL characteristics

— Inflow / wind farm interaction
— Complex terrain effects.

Copyright holder: Vatatenfall
Title: Horns Rev 1 Wind Farm
Photographer Christian Steniness. Photo was takend 12th fo February 2008 13:00 o’clock
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Wind Energy Market Trends

Photo by Dennis Schroeder, NREL 25861
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Worldwide Renewable Energy Capacity Update

Figure 4. Ranewable Powar Capacities in World, EU-28, BRICS, and Top Six Countrias, 2013
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Source: RENS21.2104. Renewables 2014 Global Status Report
http://www.ren21.net/Portals/0/documents/Resources/GSR/2014/GSR2014 full%20report low%20res.pdf
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http://www.ren21.net/Portals/0/documents/Resources/GSR/2014/GSR2014_full report_low res.pdf

Worldwide Wind Market Update

Annual Capacity
(2013, MW)
China 16,088
Germany 3,237
India 1,987
United Kingdom 1,833
Canada 1,599
United States 1,087
Brazil 948
Poland 894
Sweden 724
Romania 695
Rest of World 7,045
TOTAL 36,137

Cumulative Capacity

(end of 2013, MW)
China 91,460
United States 61,110
Germany 34,468
Spain 22,637
India 20,589
United Kingdom 10,946
Italy 8,448
France 8,128
Canada 7,813
Denmark 4,747
Rest of World 51,031
TOTAL

Source: Navigant; AWEA project database for U.S. capacity

321,377

The U.S. Fell to 6t" Place in Annual Wind Power
Capacity Additions

 Led by decline in U.S. market, global additions 20% lower in 2013
» United States remains a distant second to China in cumulative capacity
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Source: Wiser, R. A Preview of the 2013 Wind Technologies Market Report, WINDExchange Summit, Las Vegas, NV. May 8, 2014

Proprietary Information Of Energy 2014



Wind as a Percentage of Electricity Consumption

United States Lagging Other Countries in Wind as a
Percentage of Electricity Consumption

35% -

m Approximate Wind Penetration, end of 2013
!_‘ Approximate Wind Penetration, end of 2012

30% -
m Approximate Wind Penetration, end of 2010
25% Approximate Wind Penetration, end of 2008

Approximate Wind Penetration, end of 2006

20% - -
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Estimated Wind Generation as a
Proportion of Electricity Consumption

'D%v = T o T T T T

Denmark
Spain
Portugal
etherlands
ltaly
Poland
<
India I
Turkey
Australia
France
Canada
China
Brazil
Japan
TOTAL

Romania

Note: Figure only includes the countrieg with the most installed wind power capacity
at the end of 2013

Source: Wiser, R. A Preview of the 2013 Wind Technologies Market Report, WINDExchange Summit, Las Vegas, NV. May 8, 2014
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Wind Power Additions Hit a New Record in 2006
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Figure 1. Annual and Cumulative Growth in U.5. Wind Power Capacity

* 13.1 GW of wind added in 2012, more than 90% higher than 2011
« $25 billion invested in wind power project additions
« Cumulative wind power capacity up by 28%, bringing total to 60 GW

Source: Annual Report on U.S. Wind Power Installation, Costs, and Performance Trends: 2006. (Wiser, R.; Bolinger, M. (2007). Annual Report on U.S.
Wind Power Installation, Cost, and Performance Trends: 2006. 24 pp.; NREL Report No TP-500-41435; DOE/GO-102007-2433
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http://nrelpubs.nrel.gov/WebtopSecure/ws/nich/int/nrel/Record?rpp=25&upp=0&m=3&w=NATIVE('TITLE_V+ph+words+''Annual+Report+on+U.S.+Wind+Power+Installation'',''Costs'',''and+Performance+Trends:+2006''+and+AUTHOR+ph+words+''Wiser''')&order=native('pubyear/Descend')
http://nrelpubs.nrel.gov/WebtopSecure/ws/nich/int/nrel/Record?rpp=25&upp=0&m=3&w=NATIVE('TITLE_V+ph+words+''Annual+Report+on+U.S.+Wind+Power+Installation'',''Costs'',''and+Performance+Trends:+2006''+and+AUTHOR+ph+words+''Wiser''')&order=native('pubyear/Descend')

Wind Power Additions: New Record in 2012
Due to Expiring PTC-Driven Results: 2013 Slowdown
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Wind Power Additions Stalled in 2013, with Only 1,087 MW

of New Capacity Added

3 Annual U.S. Capacity (left scale)

— Cumulative U.S. Capacity (right scale)

70
65

Ya

55

50

N
o
o
()

J/

\
\

45
40

35

30

25

20

15
10

Cumulative Capacity (GW)

2002 []

\ \
<
o
o

2001
2003

(o]

2005

2006

2007

2008

+ Capacity additions in 2013 were just 8% of 2012 additions
« $1.8 billion invested in wind power project additions
« Cumulative wind capacity up by less than 2%, bringing total to 61 GW
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Source: Wiser, R. A Preview of the 2013 Wind Technologies Market Report, WINDExchange Summit, Las Vegas, NV. May 8, 2014

H IS

Proprietary Information Of Energy 2014



U.S. Wind Power Capacity Growth
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American Wind Energy Association | U.S. Wind Industry Fourth Quarter Market Report 2013 | AWEA Public Version | 5

Source: http://awea.files.cms-
plus.com/FileDownloads/pdfs/AWEA%204Q2013%20Wind%20Energy%20Industry%20Market%20Report_Public%20Version.pdf
AWEA U.S. Wind Industry - Fourth Quarter 2013 Market Report; January 30, 2014
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Wind Power Capacity Completions by Quarter

U.S. Wind Power Capacity Installations, by Quarter
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American Wind Energy Association | U.S. Wind Industry First Quarter 2014 Market Report | AWEA Public Version [

Source: http://awea.files.cms-plus.com/FileDownloads/pdfs/1Q2014%20AWEA%Z20Public%20Report.pdf
AWEA U.S. Wind Industry - First Quarter 2014 Market Report; April 29, 2014
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Wind Power Capacity under Construction

Wind Power Capacity Under Construction
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American Wind Energy Asscciation | U.S. Wind Industry First Quarter 2014 Market Report | AWEA Public Version 8

Source: http://awea.files.cms-plus.com/FileDownloads/pdfs/1Q2014%20AWEA%Z20Public%20Report.pdf
AWEA U.S. Wind Industry - First Quarter 2014 Market Report; April 29, 2014

Proprietary Information Of Energy 2014




18

Wind Energy Price & Cost Trends

Photo by Dennis Schroeder, NREL 25861
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Wind Turbine Prices Remained Well Below
the Levels Seen Several Years Ago
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Announcement Date

« Recent turbine orders in the range of $900-1,300/kW, with more-favorable terms for buyers
and improved technology

Source: Wiser, R. A Preview of the 2013 Wind Technologies Market Report, WINDExchange Summit, Las Vegas, NV. May 8, 2014
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Lower Turbine Pricing Reflected in
Reported Total Project Costs
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Commercial Operation Date

 Limited sample for 2013 had average cost of $1,630/kW

Source: Wiser, R. A Preview of the 2013 Wind Technologies Market Report, WINDExchange Summit, Las Vegas, NV. May 8, 2014
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Wind Turbine Cost Trends

Lower Costs and Better Capacity Factors
Enable Aggressive Recent PPA Pricing

$120 -

O Interior (16,840 MW, 184 contracts)
O West (6,885 MW, 69 contracts)

$100 - O Great Lakes (2,364 MW, 33 contracts)
© Northeast (855 MW, 20 contracts)
$80 - @® Southeast (268 MW, 6 Dcontracts)

Levelized PPA Price (2013 $/MWHh)

$60 —()

O O O

$20 /

75 MW
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PPA Execution Date

» Lowest prices we have ever seen in the U.S. market, despite the trend toward lower-
quality wind resource sites in general

Source: Wiser, R. A Preview of the 2013 Wind Technologies Market Report, WINDExchange Summit, Las Vegas, NV. May 8, 2014
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Incentives — Renewable Portfolio Standards (RPS)

- il = Energy ENiciency &
= —= Renewable Energy GIREC
: NORTH CAROLINA

Database of State Incentives for Renewalles & Efficiency 3 '.#0;-75 SOla r C enter
Renewable Portfolio Standard Policies

www.dsireusa.org / March 2013
— - ME: 30%0 x 2000
WA: 15% x 2020* : 2025 e o o New RE: 109 x 2017
MT: 159 x 2015 (ACe ] (&} J% RE& CHP ¥ 207 NH: 24.8% 11025|

OR: 25% 3 2025 (large utilties)* 1 : L ‘5, MA: 22.1% x 2020
5% - 10% x 2025 (smaller utilties ; 4 New RE: 15% % 2020
" - [+1% an thereafter

™ i i
WI: Varies Varies by utility; :

10% = 2015 statewide
_ CT: 27% x 2020

o 3 oF 2020 (rous) e PA: lem”ﬁ

G | 1o 25%”5:5*? :

. # [ 7N 10% 720057 | -

20%s x | SN 10% x 20257 | m%x:a:s Ll 15% & :45‘25 + 4.1% solarx 2028
| MO: 15% x 2021 | " i MD: 20% x 2022 ||

| AZ: 15% x 2015 | .'m
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NM: .'mum IOI.Ii . 1
LRRIEian | e s

=~
' Guarn: 25% x 2035 “\.D
USVT: 30% & 2025
. Renewable portfolio standard - Minimum solar or customer-sited requirement
. Renewakble portfolio goal * Extra credit for solar or customer-sited renewables
a Solar water heating eligible + Includes non-renewable alternative resources

Source: Database of State Incentives for Renewables & Efficiency (funded by the U.S. Department of Energy) . Accessed 7/10/2014

“The Database of State Incentives for Renewables & Efficiency (DSIRE) is a comprehensive source of information on state, local, utility, and federal
incentives and policies that promote renewable energy and energy efficiency. Established in 1995 and funded by the U.S. Department of Energy, DSIRE is an

Ill

ongoing project of the N.C. Solar Center and the Interstate Renewable Energy Council.
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A Smoother Look at the Time Trend Shows
Steep Recent Pricing Decline;
Especially Low Pricing in Interior Region
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PPA Year: 1996-99 2000-01 2002-03 2004-05 2006 2007 2008 2009 2010 2011 2012 2013
Contracts: 10 17 24 30 30 26 39 48 41 34 9 10
MW: 553 1,249 1,382 2,190 2,311 1,781 3,465 4,040 4,197 3,533 721 1,788

» Lowest prices we have ever seen in the U.S. market, despite the trend
toward lower-quality wind resource sites in general

Source: Wiser, R. A Preview of the 2013 Wind Technologies Market Report, WINDExchange Summit, Las Vegas, NV. May 8, 2014
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Wind Prices (Especially in Interior, w/ PTC) Are Hard to
Beat: Toward the Lower End of Average Wholesale
Electric Prices in 2013

100
Wind project sample includes projects
90 with PPAs signed from 2003-2013
80
70
< & ¢
=60 L 4
=
& 50 —— ¢ 2 o
(49]
i
o 40 - L 2 _ I
< . 4 ¢ 7S
30 |
20
10 - Nationwide Wholesale Power Price Range (by calendar year)
¢ Generation-Weighted Average Levelized Wind PPA Price (by year of PPA execution)
0 T T T T T T T T T T |
PPAyear: 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Contracts: 9 13 17 30 26 39 48 41 34 9 10

MW: 570 547 1,643 2,311 1,781 3,465 4,040 4,197 3,533 721 1,788

Source: Wiser, R. A Preview of the 2013 Wind Technologies Market Report, WINDExchange Summit, Las Vegas, NV. May 8, 2014
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Is Wind Economic? It Depends

$0.50

Cost of Competing Electricit (S/kWh)

$0.45
$0.40
$0.35
$0.30
$0.25
$0.20
$0.15
$0.10
$0.05

$0.00

Cost of Competing Electricity
vs. Wind Speed Curve

Factors to shift curve down-left:

*Taller tower

\ *Low wind speed turbine
*Utility-scale vs. distributed turbine

*PTC (production tax credit) or other

NN\ e
\\ incentives
\

Wind Speed (m/s)

B BN B O BB

Factors that shift curve up-right:
*Increased financing costs
*Increased interconnection costs
*Transmission constraints
*Turbine availability

Proprietary Information Of Energy 2014



Wind Prices (w/ PTC) Are Hard to Beat:
Below the Current & Expected Future Cost
of Burning Fuel in Natural Gas Plants

2013 $/MWh

100
Range of AEO14 gas price projections

90 AEO14 reference case gas price projection

80 === Wind 2011 PPA execution (3,533 MW, 34 contracts) @

70 /= = Wind 2012 PPA execution (721 MW, 9 contracts)

60 Wind 2013 PPA execution (1,788 MW, 10 contracts) "
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Source: Wiser, R. A Preview of the 2013 Wind Technologies Market Report, WINDExchange Summit, Las Vegas, NV. May 8, 2014
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Wind Capacity by State

At en 012.
o~ ~
Texas > 2 X wina’\

‘ i capacity of any Il
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- _E-.—ungf_ _

r 22 states had \

>500 MW of
capacity |
15 states > 1 GW, '
. 10 states > 2 GW,/

Wind Projects = TMW

J \ ﬂ\ ! @ Newin 2012
1A ‘I—_K"'J' G, T-*—d '\\ o Priorto 2012 ( 2 stat >20% h
e «33 b “\ \.\“i Wind Power Capacity states CRY
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Total Capacity \\ \I > 10,000 .
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NATIONAL RENEWABLE ENERGY LABORATORY [ ] 9 Sta te S > 1 O%’
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Source: http://apps2.eere.energy.gov/wind/windexchange/pdfs/workshops/2013_summit/wiser.pdf
2012 Wind Technologies Market Report Summary; WPA All-States Summit; May 8, 2014
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Economies of Scale — Project Size Matters

28

Installed Project Cost (2012 $/kW)

5,000
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Sample includes projects built in 2011 and 2012 -
I ] I
<5 MW 5-20 MW 20-50 MW 50-100 MW 100-200 MW >200 MW
116 MW 341 MW 1,103 MW 2,102 MW 6,101 MW 5,721 MW
55 projects 25 projects 31 projects 27 projects 45 projects 22 projects

Source: http://apps2.eere.energy.gov/wind/windexchange/pdfs/workshops/2013_summit/wiser.pdf
2012 Wind Technologies Market Report Summary; WPA All-States Summit; May 8, 2014
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Domestic Wind-Related Manufacturing

More than 160
manufacturing

W, T — 5 .
[\ plants capable

n H
of producing
]
o 12 GWlyr
NV
ur ki
CA | < .
<> \ 1. | 23 4 TN
A i 5 R
Az | OK A % R
e wmo | A a™ | ‘ N
- | i 4 \ b
‘ | % _ims| M g BA S
s C%f:] 5 { 4 ¢
: - @\l | @8\
New Facilities Opened in 2012 oA , o ]
1. Cobham Sliprings (sliprings), Prescott, Arizona r @ ¢ o ﬁ »
2. ZToltek (composites), St. Peters, Missouri, +150 Jobs ~ .
3. Global Blade Technology (blades), Evansville, Indiana, +400 Jobs % F
4.Bedk Volmer ( nts), Osceola, Arkansas, +300 Jobs < /A Turbines
5.ABB Inc (electrical), Huntersville, North Carolina, +105 Jobs ‘i? Blades
6. BGB Technology (slipring assembly), Chesterfield County, Virginia, +15 Jobs O T -
7. Vertex (towers), Middleboro, Massachusetts o s
< Nacelle Components N b e gy i
Figure includes wind turbine and component manufacturing facilities, as well as O Other far the US Department of Energy.
. arite o S % Billy J. Roberts |May 7, 2013
other supply chain facilities, but excludes corporate headquarters and service- BB New facilities opgned in 2012
oriented facilities. The facilities shown here are not intended to be exhaustive. B New facilities announced in 2012 '¢ 5‘
Those facilities designated as "Turbines” may include turbine and/or nacelle P srege . .
assembly and in some cases the manufacturing of towers, nacelle components, —! Ems""g facilities online prior to 2012 \ I‘
blades or other components NATIONAL RENEWABLE ENERGY LABORAT:

Source: http://apps2.eere.energy.gov/wind/windexchange/pdfs/workshops/2013_summit/wiser.pdf
2012 Wind Technologies I\/Iarket Report Summary, WPA All-States Summlt May 8, 2014

Proprietary Information Of Energy 2014




1,000 MW of New Wind Power in Colorado

hg T

rlppﬁ'éﬁe?ﬁ_H

et
\\\\

/ Ttz & SupLly Induced Impacts .

/" Project Development & Chain Impacts

Onsite Labor Impacts Construction Phase: Construction Phase:
Landowner Revenue: * 3,059 new jobs * 1,197 new jobs
= $3 million/year * 5414.8 million to local * 5143.1 million to local
Local Property Taxes: economies economies
« 55.7 million/year
Construction Phase: Operational Phase: Operational Phase:
* 502 new jobs * 73 new jobs * 63 new jobs
* 539 million to local economies » 516.3 million/year to local » 57.6 million/year to local
Operational Phase: economies economies
\ * 51 new jobs
\\\' $3.4 M/year to local economies

Totals (construction + 20 years)

Total economic benefit: $1.32 billion
New local jobs durning construction: 4,758
New local longtermjobs: 187
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Wind Turbine Technology Improvements

Photo by Dennis Schroeder, NREL 25861
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Power in Wind Equation

Wind energy is kinetic energy —
mass and momentum [

Derived from K.E. = % mv? D -

P=A*p*@/2 |

o P =Power of the wind [Watts]

o A =Windswept area of rotor (blades) = nD/4 = nr? [ m?]

o p = Density of the air [kg/m3] (at sea level at 15°C)

o V =Velocity of the wind [m/s]
Wind energy is proportional to velocity cubed (V3):
—25% higher wind speed = 2 times the power available
—If wind speed is doubled, power increases by a factor of 8 (23 = 8)!

Small differences in average speed cause
blg dlfferences In energy production!
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Turbine — Sized to Economic Project Goals

Vestas V-90 WTNBUSTRY

3 MW
~ 1,000 homes THE SCALE OF WIND POWER

" GE 1.5sle
1.5 MW
~ 500 homes

390°{119m)

1 Vestas V47
/ \ 600 kW
/.\ wwn 200 homes
‘ Bergey
'\7 o Excel 10 kW
~1home

VestasV-90 100 {30}
3.00W GE 1.5k
Tiis b birse coic] genserato powos 1.5MW Vestas\V47
o about 1000 hames 2t good This turtsing coul genorats po wer BO0KW Bergey Excel
Ind st Sultabic for orshore and Tor abeout 50 hom oo wind This turtiine could genarats boctriclty 10kW
ehorn devolopment, turbines sito. Tocta: Incsoite’s kanger Tor about 200 b good wind it & good wind turbine:
s range are amang the | Tarms consist prirm bl e site. Turbines =ie rangs an could gencrate enough shectrid
nnnnnnnnnnnnnnnnn Ty, ks stzm range. mic-siee commencial scale machines. for ONg average houssnst
s e e i

; s ) :
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Wind Turbine Performance Trends

Performance Is Impacted by the Physical Characteristics
of the Turbine Fleet, Including Larger-Rotor Machines

2.0 =1 - O 100
1.8 —A O~ [ - 90
1.6 w B I e S % A=A | s0
1.4 — — — — — — — 70
1.2 -1 H HH HH HH H K H | b eo

s O D
0.8 = - - [/ Average Nameplate Capacity (left scale) 40 2
0.6 — — — —{ | O~ Average Rotor Diameter (right scale) - 30
0.4 i ] ] ] ] —A— Average Tower Height (right scale) 20
0.2 — — — - = - - - - - - 10
0.0 0

T T T T T T T T T T T
1998-99 2000-01 2002-03 2004-05 2006 2007 2008 2009 2010 2011 2012 2013
Commercial Operation Year

» Two periods of rapid scaling: 1998-2006 and 2009-present
» 2006-2008 mostly stagnant as OEMs focused on meeting demand

Source: Wiser, R. A Preview of the 2013 Wind Technologies Market Report, WINDExchange Summit, Las Vegas, NV. May 8, 2014
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Wind Turbine Performance Trends

And the Increased Use of Lower Wind Speed Turbines, Now
Also Often Used in Higher Wind Speed Sites (IEC Class)

100% - 3.0
S 90%
@
> 80% - 2.5
- |
(@]
LL
o 70% -
2 - 20
0 a
G 60% - 1
(@] (&)
X 50% - 15 &
v o
o 0% - m Class 3 g
O B Class 2/3 10 <
Q J
L 30% I Class 2
QCJ 20% - mmm Class 1/2
'-é mm Class 1 -0
=  10% -
— —8—Average
0% - 0.0
2007 2008 2009 2010 2011 2012 2013
Two GE Wind Class "S" turbine models (GE1.85-87 & GE1.6-87) were placed into Class 2/3 based on correspondence with GE

Source: Wiser, R. A Preview of the 2013 Wind Technologies Market Report, WINDExchange Summit, Las Vegas, NV. May 8, 2014
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GE 1.6-MW Wind Turbine Example

Y .""_. =k J kT T
Fower Lurve improvement

1.6-100 Specifications

2000
= 1500 [
>
:
o 1000
E | |
= = ]16-82.5
E | |
w 500 1.6-100

0 —l | | | |

0.0 5.0 10.0 15.0

20.0

Wind Speed (m/s)

Courtesy of GE Power & Water

25.0

This power curve graph illustrates
the GE 1.6-MW with 82.5-m rotor
(suitable for very windy sites with
some extreme wind or turbulence)
and 100-m rotor (low wind speed
turbine — suitable for sites with low
wind speeds).

The enlarged rotor moves the
power curve to the left so the
turbine produces more power (and
energy) at lower wind speeds.

At 7 m/s, it might have produced
~551 kW with an 82.5-m rotor, but
with a 100-m rotor it will produce
~745 kW —a 35% increase!! Over
the course of a year, it really makes
a difference.

H IS
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Wind Speed and Power Increase with
Height above the Ground

3.5
3.0

2.5

= Wind power increase

20 Wind speed increase

1.5

Increase Compared to 30 ft

1.0 ‘
0 50 100 150 200 250

Tower Height, ft
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Wind Resource Characterization
Improvements
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Wind Resource Mapping: Wind Class at 50-m Height

* 50-m wind mapping
(2001-2009)

United States - Wind Resource Map

e Culmination of long-term
project that began in 2001; |
jointly funded by states o et s

height of 50 meters.
It is a combination of
a n d DO E high resolution and
low resolution
datasets produced
by NREL and other

e Comprehensive validation organizaions. The

data was screened
to eliminate areas

of maps using available avwcpad ctee

due to land use or
environmental issues.

measurement data e s

resource on this map is
visually enhanced to
better show the distribution

* Incorporated state maps by | s cessndcinr
others to produce a
national wind map
(“patchwork quilt” evident
in some regions)

Wind Power Classification

Wind Resource  WindPower  Wind Speed” Wind Speed®
Power Potential Densityat 50 m at50m at50m
m/s

* 50-m wind potential

Class W/m? mph
3 Fair 300 - 400 64- 70 143-15.7
H 4 Good 400 - 500 70-75 15.7- 16.8
estimates to support U.S. D s S0im% 79 80 jeiie
6 Outstanding 600 - 800 8.0- 88 17.9-19.7
7 Superb 800 - 1600 8.8-11.1 19.7-248

U.S. Department of Energy
National Renewable Energy Laboratory

05 MAY-20081.19

#Wind speeds are based on a Weibull k value of 2.0

20% wind scenario study

\
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Changes in Wind Maps over Time:
Kansas Example

Kansas 50 m Wind Power Maps Over Time Kansas 50 m Wind Power Maps Over Time

1987 - Map from U.S. Wind Atlas 2008 - Unvalidated map from numerical mesoscale model

Resource
Polential
1 Poor
2 Marginal
3 Fair
: & s
6 Outstanding - B6- 8.5 18.3-213 .‘.'-& -——
“Wind speeds are based on a Weibull k of 2.4 &l 500 m elevation. U%-Wdﬁwwl
| @ il




Importance of Wind Resource Assessment

Mean Annual Wind Speed =7 m/s

Steady 7 m/s

. /
1/3 of year at 5 m/s i _-_-._.-_/L_______
1/3 of year at 7 m/s ) /
1/3 of year at 9 m/s ;-

1/3 of year at 3 m/s , [
1/3 of year at 7 m/s
1/3 of year at 11 m/s

Mean'Wind Spesd (1v'e)
e
I
|
I
|
I
I
\’Il\
I
i
I
I
I
I
I

Ian Feb War ' Apr Hay ' Jum i) Aug Sep od Hov De:

‘ i, 4 y
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Not All 7 m/s Sites Are Equal!

BASE CASE - STEADY WIND AUM/LS - —=-
Annual Energy C 1,878,107 kWh/yr _?
Annual Revenue/turbine |  $1T2,686| S/yr/turb
Wind Farm Size 300 | MW
Annual Revenue/Farm $22,537,284 | S/yr/turb
WIND SPEEDAT5-7-9 M/j _——— = -
Annual Energy { 2,466,956 | kWh/yr_?
Annual Revenue/turbine | — $T48,017TS$7yr/turb
Wind Farm Size 300 | MW
Annual Revenue/Farm $29,603,471 | S/yr/turb
Increase in Rev/Yr $7,066,187 | S/yr/farm
Energy & Rev Increase 31.4%

WIND SPEEDAT3-7-11M/S. — = = = & = — _
Annual Energy L 3,912,763 | kWh/yr _?
Annual Revenue/turbine |  ~$234;766 [$/yr/turb
Wind Farm Size 300 | MW
Annual Revenue/Farm $46,953,158 | S/yr/turb
Increase in Rev/Yr $24,415,874 | S/yr/farm
Energy & Rev Increase 108.3%

)

5= =z onalWing Spead Froflls

aanWind Spesd (mve)
- @

n Jul Asg Sep Oct Hov

Seasonal Wind Speed Profile

MeanVird Spesd
w o

Dec.

o Jam Feb Ma

Y
e

May ) Jul Amq Sep Od Hov

Dec.
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Recent U.S. Wind Resource Map:

Wind Speed at 80 m

United States - Annual Average Wind Speed at 80 m

Source: Wind resource estimates developed by AW'S Truewind, E—— 2, i

LLC for windNavigator @ Web: http:/inavigator.awstruewind.com | AWS Truewind MNR=L
www.awstruewind.com. Spatial resolution of wind resource ¥ National Renewable
data: 2.5 km. Projection: Albers Equal Area WGS84. Energy Laboratory

T8N0 ALY

B B B O

-
fﬁ “ Proprietary Information Of Energy 2014
1



New U.S. Wind Resource Map: Wind Speed at 100 m

United States - Land-Based and Offshore Annual Average Wind Speed at 100 m

Source: Wind resource estimates developed by AWS Truepower,
LLC. Web: hitp:/ivaww, awstruepower.com. Map developed by
MREL. Spatial resolution of wind resource data: 2.0 km.
Projection: Albers Equal Area WGES84,

:: ' AWS Truepower 5_., N RE L

White seiende dolivers perfermancg, SATIONAL RENEWABLE ENERGY LABORATORY

“ Proprietary Information Of Energy 2014
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Rebound in Wind Installations in 2014 and 2015;
Uncertainty Returns in 2016

AL CRONCMC ORI o AWEA: 12 GW of wind under construction
strong as developers

o T T e e BNEF expects 15 GW in 2014-2015
that began ConpstrJlJction e EIA expects 16.7 GW in 2014-2015
in 2013 to receive PTC e Navigant expects 12.3 GW in 2014-2015.

2016 and beyond are e Lack of clarity about federal tax incentives
uncertain: aggressive e Low natural gas & wholesale electric prices
wind pricing may e Modest electricity demand growth

support higher growth e Limited near-term demand from RPS
but multiple headwinds policies.

Source: Wiser, R. A Preview of the 2013 Wind Technologies Market Report, WINDExchange Summit, Las Vegas NV. May 8, 2014
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Opportunities for Wind Technology

National Wind Technology Center — research
Wind — incentives & markets

Wind technology improvements

Wind resource assessment improvements.
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Questions?

Robi Robichaud

For more info: robi.robichaud@nrel.gov
/ www.nrel.gov/wind/ Senior Engineer
Federal Wind - WINDExchange & Wind
www.nrel.gov/tech_deployment/wind.html Deployment

National Wind Technology Center
National Renewable Energy Laboratory
15013 Denver West Parkway

Golden, CO 80401

http://energy.gov/eere/wind/wind-program
www.awea.org/

www.nrel.gov/wind/resource_assessment.html


mailto:Robi.robichaud@nrel.gov
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