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Operating Wind Farms February 21, 2011p g y ,
Wind farms > 5 MW
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Does wind power have atmospheric risks?Does wind power have atmospheric risks?

“…the wind farm significantly slows down the wind…
usually leading to a warming and drying of the surface air…”



Models show wind causes temperature 
h 1°Cchanges ~ 1°C
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Wind sometimes fails for many days

BPA Balancing Authority Total Wind Generation
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All of these assume Gaussian (normal)
statistical distributions for wind
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15 Days of 10-Second Time Resolution Data
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Fourier Transform to get the Power Spectrum

2.6 Days

30 Seconds30 Seconds
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We can learn some important
things from the power spectrumg p p
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Smoothing by Adding Wind Farms
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Smoothing by Adding Wind Farms
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Smoothing by Adding Wind Farms
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Smoothing by Adding Wind Farms
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Smoothing by Adding Wind Farms
has diminishing returns… has diminishing returns

Source: Katzenstein, W., E. Fertig, and J. Apt, 
The Variability of Interconnected Wind Plants. 
Energy Policy, 2010. 38(8): 4400-4410.



Each hour decompose wind energy 
into the following components
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2008 and 2009
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Highest Variability Cost Wind Plant as Starting Point
Median Variability Cost Wind Plant as Starting Point
Lowest Variability Cost Wind Plant as Starting Point
Individual Wind Plants

9

10

$/
M

W
h)

7

8

ab
ilit

y 
C

os
t (

6

Va
ria

0 2 4 6 8 10 12 14 16 18 20
4

5

Number of Interconnected Wind Plants

 

Number of Interconnected Wind Plants

24



Hydroelectric Power has Droughts
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Wind Probably Does Too

Source: Katzenstein, W., E. Fertig, and J. Apt, 
The Variability of Interconnected Wind Plants. 

Energy Policy, 2010. 38(8): 4400-4410.



Operating Solar PV February 21, 2011p g y ,
Units > 5 MW
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Solar
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Comparison of Wind with Solar PV
4.6 MW TEP Solar Array (Arizona)
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Comparison of wind and solar PV

Solar PV

Wind
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Source: CEIC Working Paper CEIC-07-12, available at www.cmu.edu/electricity



Work with Warren Katzenstein

NOx and CO2 Emissions from Gas Turbines 
Paired with Wind or Solar for Firm Power

GE LM6000
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Siemens-Westinghouse 501FD Regression Analysis
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Emissions Factors
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Will Electric Vehicles Come to the Rescue?

V2G energy arbitrage profit sensitivity to battery pack replacement costV2G energy arbitrage profit sensitivity to battery pack replacement cost 
with perfect information in the three cities studied. The symbol indicates 

the median annual profit for the years studied and the range indicates the 
most and least profitable years.
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But, a very small battery installation 
can buffer a lot of wind variabilitycan buffer a lot of wind variability
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Final Comments
• None of this means that wind, 

geothermal or solar (if costs evergeothermal, or solar (if costs ever 
come down) can't be used at large 

l b t i d/ l ill iscale, but wind/solar will require a 
portfolio of fill-in power (some with p p (
very high ramp rates, some with slow) 
and R&D is required to optimizeand R&D is required to optimize 
emissions control for fast and deep 
ramping
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ramping.



Thank you.

Jay Apt
apt@cmu.edu
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