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Disclaimer and Government License

This work has been authored by Midwest Research Institute (MRI) under Contract No. DE-AC36-99G0O10337 with the U.S.
Department of Energy (the “DOE”). The United States Government (the “Government”) retains and the publisher, by accepting
the work for publication, acknowledges that the Government retains a non-exclusive, paid-up, irrevocable, worldwide license to
publish or reproduce the published form of this work, or allow others to do so, for Government purposes.
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or implied, or assumes any liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe any privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not constitute or
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Fundamentals
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Wind Energy Technology

At it's simplest, the
wind turns the
turbine’s blades,
which spin a shaft
connected to a
generator that makes
electricity. Large
turbines can be
grouped together to
form a wind power
plant, which feeds
power to the
electrical
transmission system.
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What’s in there?
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Configuration Choices

Fixed pitch or variable pitch
Turbine rating

Tower height

Variable speed or not

Lattice, tubular or guyed tower
Special climate packages
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Wind Farm Characteristics

« Rapid Construction Time
« Shared Land Use

* No Emissions

* No Fuel Payments
 Economies of Scale

 More Efficient Maint.
Opts.
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Reducing the Cost of Energy

Cost of Wind Energy

Levelized Cents/kWh
I
Assumptions:
Generating company ownership
Wind plant comprised of 100 turbines

' 30 year levelized cost in constant 2002 dollars
No financial incentives included

High wind
speed sites

1995 2000 2005 2010 2015
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Cost of Energy Drivers

Initial costs

Project size &
location
Financing
mechanism

Taxes and other
Incentives

Operating expenses

Energy Production
— Wind resource

— Project performance
— Project reliability
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Initial Cost Elements

Financing & Legal
Fees
3%
Development
Activity
4%
Interconnect/
Subsation
4%

Interest During
Construction
4%

Towers
(tubular steel)
10%
Constructio
22%

Design &
Engineering
2%

n

Land
Transportation
2%

Turbines, FOB
USA
49%
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Evolution of Commercial
U.S. Wind Technology

THE EVOLUTION OF COMMERICAL

U.S. WIND TECHNOLOGY

1990's

120 = = Structurally stiff
1 - 3 bladed - upwind yaw driven
1 QBU S = Variable speed and constant speed
- Special airfoils - NREL
- Structurally stiff - Stall regulated and pitch controlled

- - 3 bladed - upwind yaw driven - Planetary transmission
100 - Constant Bm a"’,; 2 speed = Induction generator

- Stall regulatedtip brakes or - Large size to reduce COE
full-span pitch controlled

- Fiberglass blades

80 = - Geared transmission
- Induction generator
- Stesl truss or tube tower

Bn |l mk'{l’ - TS0kW
30m - 50m diameiar Tsnkw
50 0 - 300kw Future Innovation
40 = e ki - Scale to larger size
H00kW - Advanced blade materials

and manufacturing
- Low direct drive generators
- Cusmar al&:lmng
(high efficiency)
- Fesdback control of drive train
100kW and rotor loads
- More flexible structurally
S50KW - O&M reduction features

e 1 ' ! ! ]
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Rotor Diameter in meters
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Do bigger turbines have lower
COE?

\
* No simple answer :
- Size range matters oA

» Balance of many factors = \
— Equipment costs , |
— Wind shear 8= 0
— Tower height “
— Terrain/Crane/Construction
— Transportation costs

— Operations and
maintenance costs
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Reliability

Monthly Availability for Two Windpower Projects

4 //,.\k_‘/ 5
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Availability
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Average Availabilities:
Months 15 Months 6-17
Project A 80.1 85.1
Project B 85.0 o7.7

o8 9 10 M 12 13 14 15 160 17

Month of Operation
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Cost of Energy
Average Cost of Money 12%; O&M $0.01/kWh

— 0.09

=

E 0.08 - \ Turnkey Cost/kW = $1300
= 0.07 —— //

> —
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(& 003 — $800" \ \ T I ‘ ‘ ‘ ‘ ‘ | ‘ ‘ ‘

2% 21% 29% 31% 33% 35% 3% 39% 41%

Capacity Factor
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Where is the Money!?

Multiple sources of value:
* Operating Cash Flow

— Power Purchase
Agreement

— Green attributes
— Other incentives

« Depreciation
— 5-6 year
« Tax Credits

— Federal Production Tax
Credits

— State tax credits
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Net Energy Calculations

WIND SPEED

oTerrain effects

*Wind Direction

e*Multiple Heights

*Hours/years at each wind speed

_l\

MISCELLANEOQUS

*"Off-yaw"

eStart - Stops

*High wind cut-outs
(gusts)

e

IND TURBINE
WNTIME
Utility outages
Station outages
Wind turbine failure
Scheduled maintenance

o
WIND g GROSS ENERGY
o N
TURBINE | & \yiND SPEED PROD:J{EE =
e M.Ii’ﬂhi;?gm EFI%CIENCY
L ] u-
oureur_| pREL
AIRFOIL SOILING ARRAY EFFECTS
*Bugs /i— *Wind Turbine spacing
*Dirt *Wind Turbine orientation
\ *Wind Turbine characteristics
PARASITIC LOSSES
*Power handling/conditioning NET
*Station energy consumption ENERGY
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Future Cost Reductions

* Financing Strategies

* Manufacturing
Economy of Scale

» Site Specific Turbine
Design

* Technology
Improvements
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Future Technology
Developments

Offshore
Drive Train J
Innovations

Transportation or
construction
limitations

Blade Design
Innovations

Controls

Improved Design
Tools ®Middelgruden.dk
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U.S. Offshore Wind Energy
Opportunity

DOE Offshore Wind Energy Strategy

R&D Program Phases

I
2012 Near Term (5% of available resource; <30 m depth) E@
I 2015 Mid Term (25% of available resource; <60 m depth) j}
%“ 5 B 2020 Long Term (75% of available resource; < 900 m depth) ;
A

I Remaining Deep Water Resource (25% of available resource)

Area for future resource assessment

Depths <30M 30-60M 60-900M
Resource Estimates 50GW 200GW 750GW U.S. Department of Energy

National Renewable Energy Laboratory
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New England

Offshore
Resource

Wind Power Classification

Wind Resource  Wind Power  Wind Spead” Wind Speed’
Power Potential Density st 50m  at50m atS0m

Class Wim? m/s mph
2 Marginal 200 - 300 56- 64 125-14.3
Bathymetry 3 Fair 300 - B4- 7.0 14.3- 157
Depth (metars) 4 Guud 400 - 500 7.0-75 15.7- 16.8
8 500 - 600 7.5- 8.0 16.8-17.9
[ Dmntandng 600 - 800 80- 88 17.9-18.7
T = 800 >B8 >19.7
awmapeedambmadmawgthkmazo

(Nautical Miles) U.S. Department of Energy
National Renewable Energy Laboratory
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Onshore
Wind Turbine

Offshore Wind Turbine
Development for Deep Water

Monopile
Foundation

Tripod
fixed bottom

- depth
20-80m

i,
:

- Floating
Structure

depth
40-900 m




GE Wind Energy
3.6 MW Prototype

‘Design concept similar to
offshore GE 1.5/70.5

*Offshore GE 3.6 MW
104 meter rotor diameter

-Offshore design requirements
considered from the outset:

—Crane system for all
components

—Simplified installation

—Helicopter platform




Advanced Drivetrain R&D
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Future Technology
Developments

Reduced Loads,
_ower Costs and
mproved
Performance

— Rotors

— Controls

— Drive Train/
Power Electronics

— Towers

*I:IOH!H. Mational Renewable Energy Laboratory




Technology Challenges: Blade scaling for
multi-megawatt designs onshore & offshore

25 T
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Dynamic Loading Environment

*Wind field = U (y,z,t) ———

*Steady wind shear /

superimposed

*Rotational sampling
effect increases effective
wind fluctuations

mean wind speed turbulence
f

sfeadg; wind profile

windspeed in
fixed-space coordinates

P e ) e e X

<l 7

wind speed in
~ rotor-rofating system

e T Y
- -

Time

LW,
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Future Key Research Areas

\w.‘\  Developing offshore deep
f;- water resources
| e Integrating wind into utility
grid
l * Opening federal lands to

renewable energy

h ‘ Y '
eave (&5) j/ sway (&) production
yaw (S6) ; : I
A~ pitch (&5) o US|ng wind and

N\ — > X
. roll(&)  surge (&) hyd ropower to prOdUCG
» hydrogen and clean water.
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Current 45-Meter Fatigue Test

Nov.24.2004

« Testing is facility limited —
blade extends out of
building 40-ft.

« Damping higher than
expected. Wind was a
factor

l - Test stand load capacity is
at maximum.

« Building may be too narrow
for two axis testing.

« Stop-gap solutions are
underway.

 Long term solutions have
been planned by DOE but
funding is uncertain.
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controls
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