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US Electrical Net Generation 1950 - 2008
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. 35% Demand Growth by 20257
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What percent of US electricity is now
generated by renewables?

8.9 %
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US Renewables Net Generation 2008
8.9% of total electric net generation
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. US Renewable Electricity Production
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USA Wind Production
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ERCOT Load and Wind in 2009 Averaged by Hour of the Day

Normlized Load
Normalized Wind

Onshore Texas Wind and Load have a correlation of -0.9
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. Reserves: BPA January 2009 W m

* |In January 2009, 1600 MW capacity of wind
supplied a maximum of 23.4% of the power
required by Bonneville’'s load, and the output
from the thousand wind turbines dropped to
nearly zero for periods of 17 days that month.

 During this period, a maximum of 313 MW of
spinning reserve was needed to counteract
the fluctuations observed within 10 min (there
were 73 occasions on which the 10 min
fluctuations in wind were >100 MW).
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' 15 Days of 10-Second Time Resolution Data
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.W

hat Is the character of the fluctuations?

What frequencies are present, and at what amplitudes?

Equalizer =) (&) (%]
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Fourier Transform to get the Power Spectrum
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Abstract

The power spectral density of the output of wind turbines provides information on the character of fluctuations in turbine output. Here both
|-second and I-hour samples are used to estimate the power spectrum of several wind farms. The measured output power is found to follow a
Keolmogoroy spectrum over more than four orders of magnitude. from 205 to 2.6 days. This result is in sharp contrast to the only previous study
covering long time periods, published 50 years ago. The spectrum defines the character of fill-in power that must be provided to compensate
for wind’s fluctuations when wind is deployed at large scale. Installing encugh linear ramp rate generation (such as a gas generator) to fill in
fast fluctuations with amplitudes of 1% of the maximum fluctuation would oversize the fill-in generation capacity by a factor of two for slower
Auctuations, greatly increasing capital costs. A wind system that incorporates batteries, fuel cells, supercapacitors, or other fast-ramp-rate energy
storage systems would match fluctuations much better, and can provide an ecomomic route for deployment of energy storage systems when
renewable portfolio standards require large amounts of intermittent renewable generating sources.

@ 2007 Elsevier BV, All rights reserved.

Keywords: Wind power generation: Spectral analysis; Energy storage: Intermittent; Renewable energy; Reliability
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Work with PhD student Warren Katzenstein

NO, and CO, Emissions from Gas Turbines
Paired with Wind or Solar for Firm Power
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. Gas Turbine Data Obtained

* NO, emissions & heat rate
— 1 minute resolution

_ 11 days (from 2 SOlFDS 200 o | Da‘ta SliceofPO\‘NerOutputof‘LMGOOO Data‘Obtained |
MW, DLN, SCR) NSO ] ] i
— 145 days (from 3 LM6000s: 50 - m
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— From operating gas turbines
In a US power company
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. Results

*Penetration P of renewables from 0 to 100%
*Emissions factor (kg of CO, or NO, per MWh)

*Expected reductions vs. our model's predictions:

If the actual system emissions are Mgas+renewable then the
fraction of expected emissions reductions that are achieved is

(Mgas - Mgas+renewable) / (Mgas * P)

Emissions
» Expected
Factor

Penetration
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Emissions Factors
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. We analyzed up to 20 gas turbines
smoothing wind and solar

n is the ratio of predicted to expected emissions
a is the penetration of the wind or solar power

sa + (1 - Z—i=1ui)
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Variation of n with o for 5 plants with one plant operating as spinning reserve
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Solar

 The Sun deposits on US land 3,900 times the
US net electricity generation

* At 7% efficiency, solar cells to meet US
electricity needs (not including packaging)
would cover 0.5% of US land area, as
compared to 27% cropland.

« Capacity factor: 19% in Arizona, 14% in New
Jersey, 11% for the PV on the DOE HQ in
DC, so significant storage would be required.
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Solar Photovoltaic

Unsubsidized buss bar cost is ~ 23 cents

per kWh . (Arizona; 8% blended cost of capital, $3500/kW, 20 years, no storage).

e Price of solar
cells has not been
decreasing much.

o Solar cells make
up only 50-60%
of the system
price.

US Dollars per kW
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Solar
Work with Dr. Aimee Curtright (now at RAND)
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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
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. The solar PSD fit is f 13

« Significantly flatter than that of wind (f -1-).

— Fluctuations in the range of 10 minutes to
several hours are relatively larger for PV than
for wind.

» Compensation for PV fluctuations is
likely to be more expensive than for
wind.
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FROGERESS I[N FPHOTOVOLTAICS: RESEARCH AND APPLICATIONS
Fmg. Photovolt: Res. Appl. 20007; 15:
FPublished online in Wiley InterScience (wwwantersciencewiley.com) DO 10 1002/pmp. 786

Application

The Character of Power Output
from Utility-Scale Photovoltaic
Systems

. - . 74
Almee E. L.urtrlght' and Jay Apt" 1
_]Dé';mnnu'nr af Engineering and Putdic Policy. Carnegie Mellon Universiny, Pirtstmrgh, PA J5273, 1784
'?Ii'plrrer Schoed oof Business, Camegie Mellon University, Pittsburgh, PA 75273 [F5A

Power produced by utility-scale solar photovoltaic (PV) systems has fluctuations on both short and long time
scales. Power spectral density (PSD) analysis provides information on the character of these power
fuctuations. Examination of the correlation and step size of the power output between several PV sites
within a multi-site system alfows assessment of geographic diversification for addressing intermittency. Both
technigues provide insight into the characteristics of required firm power and/or demand response required to
accommodate larpe-scale PV deploviment. Copyright () 2007 John Wiley & Sons, Ltd.

KEY WoORDS: grid-connected PV systems: intermittency; spectral analysis

Received 14 June 2007
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Do you build transmission for the nameplate wind capacity?

Transmission Capacity
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. Transmission length vs. transmission capacity
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. So, the least-cost solution may be a
lower-class wind area close to load
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Summary —wind

Even 3000 summed wind turbines have fast and
large power fluctuations.

The PSD of wind follows a Kolmogorov spectrum
over 4 orders of magnitude.

Adding wind farms together smoothes the output,
but the smoothing is a function of frequency, and
has diminishing returns to scale.

A portfolio of slow, fast, and very fast sources is the
most economic way to match wind.
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. Summary — solar PV

« Solar PV in Arizona has fast and large power
fluctuations.

* The capacity factor in NE Arizona over 2 years was
19%.

« The PSD of solar PV is significantly flatter than that
of wind, implying more required firm power.
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None of this means that wind (or solar if
costs ever come down) can't be used
at large scale, but it will require a
portfolio of fill-in power (some with
very high ramp rates, some with slow)
and R&D is required to optimize the
grid for fast and deep changes.
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. A Few of the Recent Studies

« July 2008 "20% Wind Energy by 2030"
— Prepared by Energetics Inc. with NREL, AWEA, UWIG
— Requires 300 GW installed capacity
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Recent Studies

United States - Annual Average Wind Speed at 80 m
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Recent Studies

* Interstate Vision for wind Integration, 2008.
American Electric Power and the American
Wind Energy Association.

— Available at

http://www.aep.com/about/i765project/docs/WindTransmissionVisionWhiteP
aper.pdf.

« Recommends an investment of $60 billion of

transmission projects to support a 20% wind
RPS.
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« FERC commissioned LBNL in mid-2009 to:

— determine if frequency response is an appropriate metric to
assess the reliability impacts of integrating renewables;

— use the resulting metric to assess the reliability impact of
various levels of renewables on the grid.

« NERC (April 2009), "Accommodating High Levels of
Variable Generation"

— Applicability of some recommendations in restructured states
is problematic

Recent Studies

— Recommends large transmission investment
— Demand response and storage treated in general terms

Carnegie Mellon



Recent Studies

« US National Academy of Sciences, June 2009
"Electricity from Renewable Resources"

— "Some combination of intelligent, two-way electric grids,
scalable and cost-effective methods for large-scale and
distributed storage (either direct electricity storage or
generation of chemical fuels); widespread implementation of
rapidly dispatchable fossil-based electricity technologies;
and greatly improved technologies for cost-effective long-
distance electricity transmission will be required."

— Did not quantify the engineering-economics
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Recent Studies

« CAISO / Nexant 33% Renewables

— Quantify sub-hourly ancillary service requirements
— 4 scenarios (high wind, high solar, high imports, high DG)
— Load, Wind, CSP, PV at hourly, 10, 5, and 1 minute resolution

— Stochastic models, including generator forced outages and
forecast errors

— 33% RPS Operational Study phase 1 report "by Spring 2010"
— http://www.caiso.com/1c51/1¢c51¢c7946a480.html
— http://www.caiso.com/242a/242abe1517440.html
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