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Date
MINUTES OF THE SELECT COMMITTEE ON ENERGY & ENVIRONMENT FOR THE FUTURE

The meeting was called to order by Chairman Don Myers at 1:30 PM on March 12, 2008, in Room 784 of
the Docking State Office Building.

All members were present except:
Representative Robert Olson, Excused
Representative Jason Watkins, Excused
Representative Richard Proehl, Excused
Representative Oletha Faust-Goudeau, Excused

Committee staff present:
Mike Corrigan, Revisor of Statutes Office
Mary K. Galligan, Kansas Legislative Research Department
Ryan Hoffman, Kansas Legislative Research Department
Barbara Lewerenz, Committee Assistant

Conferees appearing before the committee:
Wes Ashton, Manager of Government Affairs, Aquila
and Representative of Kansas Gas Service, a Division of Oneok
Colin Hansen, Executive Director, Kansas Municipal Utilities
Larry Berg, Vice President, Corporate Relations, Midwest Energy, Inc.
Whitney Damron, Lobbyist, The Empire District Electric Company
Tom Thompson, Lobbyist, Kansas Chapter of the Sierra Club
Joe Spease, President, Pristine Power
Raymond H. Dean, Prof. Emeritus, EECS, University of Kansas
Reid Nelson, Private Citizen

- Others attending:
See attached list:

Chairman Myers announced continuing hearing on HB-2949- Kansas energy plan act,

Proponent
Chairman Myers recognized Wes Ashton, representing Aquila and Kansas Gas Service, a division

of Oneok (Attachment 1). Mr. Ashton spoke in favor of the bill, but requested that Section 5 of the bill be
rewritten to strike the word “negligible” when referring to the future of natural gas and leave appropriate
proportions of natural gas and coal up to the individual utilities.

Neutral

Chairman Myers recognized Colin Hansen, Kansas City Board of Public Utilities (Attachment = 2).
Mr Hansen said the need for base-load power both now and in the future is real. Municipal utilities rely on
purchase power agreements, yet are transmission dependent and capital constrained. He recommended that
fuel mix standards set forth in the bill be considered goals rather than mandates.

Chairman Myers recognized Larry Berg, Midwest Energy, Inc. (Attachment 3). Mr Berg stated that
Midwest Energy produces a larger proportion of renewable energy than any other utility in Kansas. They have
been unable to obtain any commitment from any electric generation utility in Kansas to provide base-load
resources. If it is necessary to purchase base-load energy under short-term agreements, it most likely will
increase cost to the consumer. He recommended that the percentages of generation targets in the bill be
approximate.

Unless specifically noted, the individual remarks recorded herein have not been transcribed verbatim. Individual remarks as reported herein have not been submitted to

the individuals appearing before the committee for editing or corrections. Page 1



CONTINUATION SHEET

MINUTES OF THE Select Committee on Energy & Environment for the Future at 1:30 PM on March 12,
2008 in Room 784 of the Docking State Office Building.

Chairman Myers recognized Whitney Damron, The Empire District Electric Company (Attachment
_4). Mr Damron said that Empire will continue to monitor the future of base-load generation in the region
to include nuclear, pulverized coal and new technologies as they emerge. The company’s objectives are to
provide cost-effective, safe and reliable electric service to customers.

Opponents
Chairman Myers recognized Tom Thompson, Kansas Chapter of the Sierra Club (Attachment . 5).

The Sierra Club is in opposition to HB-2949, but appreciates the committee’s attempt to begin work on an
energy plan for Kansas. They would like to see a plan that considers sustainability, pollution control and other
environmental issues.

Chairman Myers recognized Joe Spease, Pristine Power - (Attachment _6). Mr. Spease urged
committee members to vote against HB-2949 and instead develop programs to support the wind and solar
projects.

Chairman Myers recognized Raymond H. Dean, Professor Emeritus, EECS, University of Kansas
(Attachment 7). Professor Dean requested that the bill’s definition of base-load generation include wind,

gas, compression storage and adiabatic energy storage.

Chairman Myers recognized Reid Nelson, a private citizen (Attachment = 8). Mr. Nelson stressed
energy efficiency and asked that it be included in the bill. He sited Vermont and Texas as states with
aggressive efficiency policies that have limited growth in energy usage.

Conferees agreed to furnish statistics requested by committee members on residential and commercial
facilities heated by gas and information on coal-fire plants of [atan 2, Plum Point and Pueblo.

Being no further conferees, the Chairman closed the public hearing. The meeting was adjourned at
2:55 pan,

Unless specifically noted, the individual remarks recorded herein have not been transcribed verbatim. Individual remarks as reported herein have not been submitted to

Page 2

the individuals appearing before the committee for editing or corrections.
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Legislative Testimony before the House Select Committee on Energy & Environment for the Future
Regarding HB 2949
March 12, 2008

Submitted by Wes Ashton, Manager of Government Affairs

Chairman Myers and members of the Select committee, thank you for the opportunity to testify today on
HB 2949, the Kansas Energy Plan Act. My name is Wes Ashton and I am the Manager of Government
Affairs for Aquila. This testimony is also submitted on behalf of Kansas Gas Service, a division of Oneok.

I want to start out by acknowledging the tremendous undertaking this Committee is attempting to establish
state policy for electric generation for Kansas for the next twenty years and beyond. The concept of
working toward the establishment of a long-term comprehensive plan is certainly a direction we believe our
state should pursue. While this bill contains a strong foundation for a state policy, there is one specific
section we would like to discuss.

Section 5 of HB 2949 details specific percentages of generation starting with the 2006 fuel mix for current
standards and establishing electric generation targets for 2020, 2025 and 2028. Section 5 acknowledges that
natural gas makes up approximately 4% of current base load electric generation and is expected to go up to
5% by 2020 according to the bill. However, the section goes on to encourage "negligible" use of natural gas
by 2028 on lines 15-16.

As a number of conferees have already stated, this policy may end up posing additional challenges for the
state and specific utilities in future years. As a comprehensive policy for our state is developed, experts
have repeatedly told us there is not one solution or quick fix to our future demand and generation needs.
Natural gas can and should be considered as part of a larger policy as it has been for decades. If it isn't the
best option at the time, assuredly another option will be selected.

As prices stand today, natural gas does cost more to create electricity than coal. Predicting the future price
of coal or natural gas for electric generation would be difficult or impossible and a dip in prices could
improve the positioning of gas-fired plants. For future Legislative sessions section 5 could be used as
direction for future Legislative sessions to support or oppose specific proposals, and this bill could
conceptually remove one of the options from the table for consideration.

As this Committee determines the direction for this legislation, we should not limit our optiens so quickly
into the process of establishing a long-term policy. In future years, our Legislature, our state's utilities,
citizens and the KCC will work together to determine the appropriate mix for base load and peak
generation. That mix will likely be determined by weighing the cost, availability, reliability and safety.
Some factors may favor natural gas, and others may not. However, that decision will best be determined at
that time with the information available. As we look ahead at setting policy for the next 20 years, it is
worthwhile to also look back 20 years to 1988 and how much has changed in the energy field since that
time. For this legislation to remain relevant, it needs flexibility.

As this committee works on the language of Section 5, consider striking the word "negligible" on line 16. If
the goal of the legislation is to promote nuclear energy, that concept can still be achieved by rewriting sub-
section (3) to read "By the year 2028, coal and natural gas, 60%; nuclear, 40%. That would leave the
appropriate proportions of natural gas and coal up to the individual utilities.

Thank you Mr. Chairman and members of the committee for the opportunity to testify today on HB 2949
and I will stand for questions when appropriate.
Select Commitiee on Enevay v
Enviroameny Qo ihe Futwre
3/12/08
Attachment # 1
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kansasmunicipalutilities
Submitted Testimony Provided the

House Select Committee on Energy and the Environment for the Future
March 12, 2008

Colin Hansen, Executive Director
Kansas Mumnicipal Utilities

House Bill 2949

Chairman Myers and Members of the Committee:

On behalf of Kansas Municipal Utilities (KMU), I appreciate the opportunity to
provide testimony to the committee regarding House Bill 2949, legislation to
enact the Kansas energy plan act.

Formed in 1928, Kansas Municipal Utilities (KMU) is the statewide association
that represents the interests of 170 municipal electric, natural gas, water and
wastewater utilities. In addition, KMU also assists in representing Kansas
Municipal Energy Agency (KMEA) and Kansas Power Pool (KPP), the state’s two
not-for-profit joint action agencies providing energy and transmission
procurement services for member cities.

A municipal utility is owned by the city it serves. Service, rather than profit, is
the utility’s mission. Decisions about the operation of a municipal utility are
made locally, by members of the community. As such, a municipal utility is
uniquely able to respond to the community’s needs, build on the community’s
strengths, and reflect and advance the community’s values.
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Municipal electric utilities operating in Kansas are very diverse in size and
location. In total, we serve over 235,000 customers or approximately 17% of
Kansas citizens. We have electric utilities serving as many as 65,000 meters and
as few as 23. The median size of a municipal electric utility in Kansas is 882
customers. Our members, as the figure on the previous page illustrates, stretch
to the far corners of Kansas and everywhere in between.

Only the largest of the state’s 119 municipal electric utilities, Kansas City Board
of Public of Utilities (KCBPU), currently owns and operates baseload facilities.
The rest of the state’s public power systems operate as wholesale consumers,
purchasing their electricity needs on the open market through wholesale
contracts. As such, municipal electric utilities are extremely sensitive to the
availability of baseload energy. With many of our members” wholesale contracts
expiring, we have had to become much more attuned to wholesale and baseload
markets. Because of the difficulty in obtaining baseload energy, municipal
systems have joined forces through state-authorized joint action agencies to
amass loads of sufficient size to gain the attention of generators with baseload
supplies.

In addition, 63 municipal electric utilities own and operate local generating
plants. The vast majority of these power plants operate small diesel or natural
gas fired units that only operate during peak times or when transmission service
is lost. Their function is to reduce the cost of capacity and in turn the overall cost
of electricity to the citizens of the community. They also play a critical role in
bolstering the reliability of the grid locally, regionally, and in several instances,
statewide. Ice storms this past winter illustrated well the value of these locally-
owned and operated power plants.

KMU member cities applaud the state’s effort to begin discussions on the
development of a comprehensive energy plan and we support efforts to further
needed investment in transmission infrastructure, energy efficiency,
conservation and renewable energy as well as economic baseload power.
Through various city and joint action agency efforts, municipal transmission
investments are being studied and pursued in order to continue improving
system reliability and ensure that these cities have access to much-needed power
supplies.

Investments in renewable energy are being made by the municipal utility
community. The Kansas City Board of Public Utilities is purchasing 25
megawatts (MW) of power from the Smoky Hills wind farm in central Kansas.
Other smaller systems, such as the City of Winfield’s electric utility, are
contracting for wind power as well. A significant portion of the KMU
membership’s generation portfolio is comprised of hydropower flowing from the



Western Area Power Administration (WAPA), Southwestern Area Power
Administration (SWPA) and the Grand River Dam Authority (GRDA).

The need for baseload power both now and in the future is real. Municipal
utilities rely on purchase power agreements, yet are transmission dependent and
capital constrained. What does this mean? It means that the majority of our
power is provided to customers via purchase power contracts with utilities such
as Westar, Kansas City Power & Light (KCP&L) and Sunflower Electric Power
Corporation. Power delivered to those of our members that own local generation
can be curtailed if demand spikes. It also means that municipal utilities have
very limited power supply options due to transmission constraints and in order
to construct new generation or transmission our cities have to go to the capital
markets to procure financing. Few cities in Kansas have the financial capability
to back the tremendous amount of investment needed to help fund baseload
generation. As such, municipal customers will largely need to continue
purchasing power at wholesale, hopefully at a just and reasonable rate.

As the Committee works through this complex legislation, we would ask that the
interests of the municipal systems be considered, particularly the many smaller
systems that we represent and how they may be impacted by compliance with
this measure. Specifically, we would recommend that the fuel mix standards set
forth in this measure be considered as goals rather than mandated in statute.
While those in the utility industry need certainty from a business operations
standpoint, the reality is that we are operating in very uncertain times. With
uncertainty stemming from rapidly rising construction costs for power and
transmission infrastructure, questions about climate change legislation, overall
cost of power, utilities need to retain flexibility in decision-making so as to
ensure a reliable, affordable product our customers.

In conclusion, the KMU membership recognizes that energy conservation and
renewable energy need to be a key component in any utility’s energy strategy.
However, the need for low-cost and reliable baseload power remains a necessary
reality. All of these components, as well as the reliability and peaking capacity
provided by local municipally-owned power plants, need to be incorporated into
a diversified and balanced electricity generation portfolio for the State of Kansas.
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Neutral Testlmony Submltted by Larry Berg
~ On Behalf of Midwest Energy, Ine. -
To the House Select Commlttee on Energy & Envnronment for the

 Future
 HB2949
. March '1'2"2,.008_

Chalrman Myers and members of the commlttee thank you for the opportumty to testlfy
on HB 2949 the Kansas Energy Plan Act. My name is Latry. Berg and T represent
Midwest Energy, a member-owned electric and natural gas distribution cooperatwe
headquartered in Hays. Midwest Eriergy serves 90,000 customers in 41 central and
western Kansas countres :

Flrst I would like to inform this comrnlttee of the lack of 1 new baseload energy
: alternatlves avallable to Midwest Energy. Second, Twill touch on Midwest’s
_ cominitment to a d1vers1ﬁed energy portfolio. And ﬁnally, I would hke to offer a ‘couple
' of comments regardmg HB 2949 Ty , :

The current baseload contracts that Mldwest Energy has enj oyed for the last 20 years will
expire between May, 2008 and 2010. To that end, Midwest conducted two RFP
processes in early 2006. One RFP was 1ssued to replace expiring contracts under which
Westar Energy supphes most of Midwest’s needs:” The other RFP was issued to secure
'renewable energy. The latter RFP was. successful. Midwest currently has 25 MWs of
wind resources, which is equrvalent to about 8% of its peak load. By the end of this year,
‘Midwest will have an additional 25 MWs of wind energy. 50 MWs of wind energy will .
represent 16% of Midwest Energy’s peak load; That’s a larger proport1on of renewable
energy than any other ut111ty in Kansas Additionally, Midwest Energy also holds a small
allocatlon of federal hydro-power ﬁ“om the Western Area Power Adrmmstratlon

| y Mldwest Energy isin the process of addmg 75 MWS of gas- ﬁred peaklng generatlon to
- its current fleet of 25 MWs of gas ﬁred peakmg units, fora total of 100 MWs.

Mldwest Energy has been far less successful in securmg baseload energy resources
needed to serve their customers “around the clock.” Except for a letter of intent with
Sunflower Electric Power Corp. to purchase 75 MWs from one of the new Holcomb
units; Midwest has been unable to obtain any commitment from any electrlc generation
 utility in Kansas to prov1de any baseload TESOUrces. Midwest Energy may be forced to
purchase baseload energy under short-term agreements that ‘expose their customers to

p0331b1y hlgher rates Sel
) e eL“‘ C .
Eaviee MG‘:\T"EL',‘@‘J:)::C Op l:herc&-’“i-

Kansas cn:y Office#10904 Delavan Ct., Kansas Cl‘[y KS66109 * Topeka Offices83: >//2/08 Uthre
S Phone 913.940.2454 e Fax 913.357.4732 ttachment # 3
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As you can see, Midwest has and will continue to have a wvery diversified portfoho whlch
- is what HB 2949 18 attemptmg to accomplish between now and 2028

\ Fmally, 1 would like to offer a couple of observations for. your con31derat10n First, on
page 2, lines 23-24, states * ‘promotion of market driven solutions to electric generatlon
needs of the State” and then states on page 3, lines 13 16, spemﬁes a preferred fuel le
‘This seems somewhat contradlctory Regarding sec. 3(a), recogmtlon should be glven to
 the interaction between electric generation fuel choices.and the affordabﬂlty of home
heating fuels. The rush to gas, whether as a backup to wind or as a prnnary fuel source,
will compound the ‘problem that wellhead gas prices have already tripled or perhaps
quadrupled since the late 1990s. F inally, I Would recommend that the. percentages of
generatlon targets be approxnnate S :

M1dwest Energy applauds this’ comnnttee for its vision ofa statemde energy plan Thank
- you again Mr: Chairman and committee for the opportumty to testlfy today on HB 2949 -
‘and I w111 stand for questlons when appropnate g, Lo iy . :



SERVICES YOU COUNT ON

The Empire District Electric Company (Empire)

Empire, a Kansas Corporation, is an operating public utility, based in Joplin, Missouri,
engaged in the generation, purchase, transmission, distribution and sale of electricity in
parts of Missouri, Kansas, Oklahoma and Arkansas. Empire’s electric service territory
includes an area of about 10,000 square miles with a population of over 450,000,
including nearly 168,000 electric customers. Approximately 10,250 of these customers

are in Kansas.

The electric service territory is located principally in southwestern Missouri and also
includes smaller areas in southeastern Kansas, northeastern Oklahoma and northwestern
Arkansas. The principal activities of these areas include light industry, agriculture and
tourism. Empire’s system had a Net System Input (NSI) of 5,485,658 MWh and a system
peak of 1,173 MW in calendar year 2007.

Empire also provides natural gas (through its wholly-owned subsidiary, The Empire
District Gas Company), water service, and fiber optics.

Existing Generation Resources

Empire’s current portfolio of generating resources include 380 MW of owned coal units,
859 MW of natural gas or natural gas and fuel oil units and a 16 MW hydro unit.
Additionally, Empire currently has power purchase agreements for 150 MW of wind
generation and 162 MW of coal-fired generation. Empire also participates in the energy
market for economy power purchases on a continuous basis. The following table shows
the percent of energy expected from each resource type for 2008.

Energy

Resource Type Pct

Owned Coal 41.2%
Natural Gas 18.6%
Hydro 1.1%
Coal Purchase 19.1%
Wind Purchase 9.4%
Non-contract Purchases 10.6%
Total Net System Input 100.0%

Select Committze 0a Enerc Y ¥
Environment Lo the Fmiurc,
3/12/08

Attachment # 4



Supply-Side and Demand-Side Resources Through 2010

Currently, construction is progressing on 200 MW (Empire’s approximate share) of new
jointly-owned coal-fired capacity (100 MW at Jatan 2 and 100 MW at Plum Point). Each
of these units is scheduled to come on line in 2010. In addition, a power purchase
agreement (PPA) has been signed for 105 MW of new wind energy (Meridian Way Wind
Farm) scheduled to begin operation in 2009. A 162 MW coal-fired PPA from Westar

will expire in 2010.

The demand-side management (DSM) programs currently being implemented include :
Low Income Efficiency Program, Low Income — New Home Program, Home
Performance with ENERGY STARe Program, ENERGY STAR® Change a Light,
Residential High Efficiency Central Air Conditioning (CAC), ENERGY STAR® Homes,
Commercial and Industrial (C&I) Rebate, and Building Operator Certification Program.

Kansas Wind Projects

It is anticipated that in 2009, Empire will source about 15% of its electric energy from the
Elk River and Meridian Way wind projects, both of which are located in Kansas.

Empire currently has a 20-year contract to purchase wind energy from the 150 MW Elk
River Windfarm located in Butler County Kansas near the town of Beaumont. This
resource began commercial operation in December 2005. In 2006, Empire purchased
approximately 515,970 MWh of energy from this resource, which accounted for about
9.7% of net system input. In 2007, Empire purchased about 8.9% of its net system input
from this wind resource.

In June 2007, Empire announced that it had signed a 20-year purchased power agreement
with a second wind energy project. This project, known as the Meridian Way Wind
Farm, will be located in Cloud County Kansas, near Concordia. This 105 MW Wind
Farm (approximate Empire share) is expected to be operational in late 2008.

Empire will continue to monitor state and federal legislative and regulatory requirements
for renewable portfolio standards (RPS). With the current wind projects described above,
Empire believes that it will be well-positioned to meet the percentages of renewable
energy that might be required by a state or federal RPS.

Beyond 2010: Twenty-Year Resource Planning

Empire has conducted an analysis of future loads, resources, and risks in a study known
as an Integrated Resource Plan (IRP). This study covers a 20-year planning horizon. This
periodic IRP analysis, in conjunction with Empire’s normal planning process, assists
Empire in making decisions concerning the timing and type of system expansion that
should ultimately occur. The results of the IRP analysis reflect only current and



projected conditions as they are known at the time of the study. Empire will reexamine
its decisions for future system expansions as the need for additional resources, driven by
load growth, and the influence of external factors, primarily environmental, become more
evident. Empire developed a preferred plan and implementation plan during the IRP
process, but it is subject to the ongoing need to reevaluate modeling assumptions based

on changing conditions.

Integrated resource planning for electric utilities has evolved considerably over the past
twenty years and can no longer solely identify the least cost resources; such a plan must
explicitly consider risks and uncertainties. Empire’s objectives in preparing its 2007 IRP
reflect its commitment to provide cost-effective, safe, and reliable electric service to its
customers:

¢ to generate and provide reliable electricity service while complying with all
environmental requirements

e to minimize rate impacts for customers

e to achieve and/or maintain investment grade ratings on its debt; thus providing for
corporate financial stability and minimizing the financing costs included i the
rates paid by Empire’s customers

e to accommodate and manage cost, environmental, and load growth uncertainties

Today, there are many uncertainties related to base load resources over the next 20 years.
Key uncertainties include environmental, load growth, capital and transmission costs and
market and fuel prices. Empire developed 12 alternate plans during the IRP process, and
subjected the plans to rigorous risk analysis. Some level of future carbon tax was
assumed in all future plans. Only in the lowest carbon tax scenario were new coal units
chosen beyond 2010 as possible resources. Nuclear was considered in all plans except
for the base case. Thus, new nuclear is not in Empire’s preferred plan for the next 20
years. There is still too much uncertainty about nuclear costs and waste disposal. New
designs and licensing procedures for nuclear units are being discussed, but they are still
unproven at this time. Also, Empire could only participate as a joint owner in such a
large project and plans associated with such a unit in the area have not advanced to such a
point that it could be realistically considered by Empire in the preferred plan over the
twenty-year planning horizon.

Empire will continue to monitor the future of baseload generation in the region. This
could include nuclear, pulverized coal or new technologies as they emerge. As
previously mentioned, for the base case Empire has assumed that no nuclear units in
which it can participate will be built during the planning horizon. However, Empire will
keep current on publicly released plans in the region for new nuclear units. Similarly,
Empire will monitor and evaluate opportunities for participation in coal-fired units,
integrated gasification combined cycle units (IGCC), or other emerging technologies
planned in the region. Empire will be cognizant of and striving for resources that
incorporate methods for carbon capture and carbon sequestration, as appropriate, in
compliance with any global climate change legislation that might be enacted. Again,
environmental risk was a key uncertainty in the IRP study.

1-3



For more information on Empire, please contact:

David Martin

Director of Governmental Affairs -
P. O. Box127

Joplin, MO 64801

(417) 625-6107 (O)

(417) 850-0862 (M)

Whitney Damron

919 South Kansas Avenue
Topeka, KS 66612

(785) 354-1354 (0)

(785) 224-6666 (M)

The Empire District Electric Company
NYSE: EDE
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Testimony before the House Select Committee on Energy and Environment for the Future,
March 12, 2008
Opposing H.B. 2949

Chairperson Myers and Honorable Members of the Committee:

My name is Tom Thompson and I represent the Kansas Chapter of the Sierra Club. I have come
today to speak in opposition to H.B.2949.

The Sierra Club is in opposition to 2949 but appreciates the Committees attempt to start work on
a Kansas Energy Plan. Kansas needs a far-reaching, comprehensive plan that works to meet the
energy needs of Kansans in a reliable, sustainable and environmentally appropriate fashion. This
bill primarily deals with what it calls base load. It also presents many unanswered questions.

The Sierra Club is concerned that this bill primarily deals with base load, particularly with
proportion of nuclear power being increased to meet base load needs. This is being done without
first considering the effects of an aggressive conservation and efficiency program to decrease the
need for additional base load. The Kansas Energy Council has hired Summit Blue from Boulder,
Colorado to study the energy efficiency potential for Kansas. They are to report to the
commission at their June 10" meeting. Conservation needs to be part of any program dealing with

future base load.

The Sierra Club is also concerned that this bill, though it encourages development of renewable
sources of energy, does not allow for new advancements in renewable technology that might be
used in meeting base load needs. The targets in the bill need some allowances for these
technologies so that they might be included should they become available.

It is also of concern that in the fuel mix cited on page 3 line 8 includes wind at 2% in the balloon.
The Sierra Club applauds the inclusion of wind in Section 5. Then the bill does not consider it
part of the fuel mix in coming years apparently because it is not considered to be what is called
dispatchable. From that point in the bill, development of wind does not appear to be encouraged
because it is not dispatchable.

The Sierra Club hopes that the state of Kansas continues its pursuit of a viable energy plan. The
Sierra Club would like to see a plan that considers sustainability, pollution potential including
carbon dioxide and other greenhouse gases, future carbon fees, waste disposal issues, life-time
costs, impact on health and energy independence. It also hopes that the general public is given
ample opportunity for input.

The Sierra Club recommends that 2949 not be passed favorably.
Thank you for this opportunity and your time.
Sincerely

Tom Thompson
Sierra Club

Houg e Select Comm! -
YEuvite amend ?:Tht:e}g 6_:“'[:’1‘3’57
3/19/08 whhre
ttachment # 5



Mr. Chairman and members of the committee,

Thank you for this opportunity to comment on HB 2949. | feel strongly that it is
wrong for Kansas.

At a time when most of the world is looking for ways to develop wind power, solar
power, geothermal, hydrogen, or hydro power, this bill encourages what other
parts of our country and the world are trying to avoid: more fossil fuels and
nuclear power.

When most of the world is calling for stricter regulations on coal power and
nuclear power, this bill seeks to loosen restrictions on those sources. Where
other states are creating innovative energy conservation programs, this bill does
nothing for conservation.

When Wall Street and other major financial centers around the world have made
it clear that they want to fund renewable energy projects and reduce or stop
funding on new fossil fuel projects, Kansas should read those signs carefully and
place our support behind the same areas of power generation favored by Wall
Street. Instead of supporting the failed “clean coal” technologies that have been
abandoned by the Bush administration, we should seek ways to use hydrogen or
compressed air energy storage to firm the wind in western Kansas, which would
create thousands of jobs here at home.

| urge you to vote against HB 2949 and work instead to develop programs to
support the wind and solar projects that have greater potential for the Kansas
economy in job creation and in supplying clean, low-cost electricity.

Joe Spease

President, Pristine Power
9934 Goddard

Overland Park, KS 66214
913-492-2862
jspease@pristine-power.com
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House Select Committee for Energy and Environment Future
Representative Don Meyers, Chair

Kansas Energy Plan Act
H. B. 2949

12 March, 2008
Room 784, Docking State Office Building
Topeka, Kansas

Wind & Natural Gas, Wind & NG with Storage, Wind & Storage without NG
(Adiabatic) — as BASELOAD

Raymond H. Dean, Prof. Emeritus, EECS, University of Kansas
(private citizen)

Thank you for this opportunity to comment on the Kansas Energy Plan Act.

The first item in Section 3's list of policies says:

"Encouragement of continued development of alternative and renewable energy."
But Sections 4 and 5 propose that most future fuels be coal and nuclear, which are not
renewable. There seems to be a faulty assumption that fossil and nuclear fuels will last

forever, and that the only way to do things in the future is the way we did them in the past.

Here's a suggestion for fixing the problem: Instead of associating "base-load" generation
with particular technologies or particular "capacity factors," associate it with the desired

functionality — continuous production of reliable power at low marginal cost.

For example, 25 years ago, many considered the gas-combined-cycle to be a good "base-
load" technology, because gas was inexpensive and the gas-combined-cycle got extra value
from the gas turbine's free exhaust heat. Using that free exhaust heat to drive a steam
turbine increased the electric power per unit of gas to about 150%. But recently rising gas
prices have motivated re-assignment of this gas-combined-cycle to "intermediate-load"
generation.
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Fortunately, there is another way to obtain continuous production of reliable power at low
marginal cost. Couple gas turbines with wind turbines - using two parts wind energy with
one part gas energy. This renewable-combined-cycle increases the electric power per unit of

gas to about 300%. This is twice as good as the gas-combined-cycle.

If gas prices continue to rise, enhance the wind-and-gas combination by adding

underground compressed-air energy storage (CAES).! This cuts gas consumption by

another factor of two. It increases the electric power per unit of gas to about 600%.

By also storing heat, it's possible to completely eliminate gas and make the process
"adiabatic" (no net heat added). No matter what happens to the price of gas, this 100%

renewable system has lower marginal cost than either coal or nuclear.

Associating gas and/or compressed-air storage with wind eliminates wind's intermittency.
This makes wind as reliable and dispatchable as coal or nuclear. Geographical distribution
makes wind more reliable. The associated gas or compressed-air turbines make wind more

rapidly dispatchable.

In this bill's definition of "base-load" generation, please do not exclude the renewable
combinations: (1) Wind and gas.” (2) Wind, gas, and compression storage. (3) Wind and
adiabatic energy storage. In appropriate combination, wind is excellent "base-load"
generation. It is:

e clean energy

o reliable energy

e low marginal cost energy

Thank you for your consideration,

' http://www.princeton.edu/~ssuccar/recent/Succar NETLPaper May06.pdf
http://www.princeton.edu/~ssuccar/recent/Greenblatt EP 2007.pdf

These papers show how wind-power combinations compete in the ""base-load" market. Notice the
first paper's carbon-sequestration (coal-oriented) audience and the word ""Baseload'" in both titles.
The outside world accepts wind-power as part of "base-load"".

* when the current "base-load" includes gas.
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Samir Succar, "Comparing Coal IGCC with CCS and Wind-CVAES Baseload Power
Options in a Carbon-Constrained World", National Renewable Energy Lab, Jan. 4, 2007

http://www.nrel.gov/analysis/seminar/docs/2007/ea_seminar_jan_4_succar.ppt

slide #10 (assumed natural gas price of approximately $5.00 / MCF):

Generation Costs for Baseload Options
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Abstract

The economic viability of producing haseload wind energy was explored using a cost-optimization model to simulate two competing
systems: wind energy supplemented by simple- and combined cycle natural gas turbines (“wind + gas™), and wind energy supplemented
by compressed air energy storage (‘“wind+ CAES”). Pure combined cycle natural gas turbines (“gas”) were used as a proxy for
conventional baseload generation. Long-distance electric transmission was integral to the analysis. Given the future uncertainty in both
natural gas price and greenhouse gas (GHG) emissions price, we introduced an effective fuel price, pnges, being the sum of the real
natural gas price and the GHG price. Under the assumption of pug.sr = $5/GJ (lower heating value), 650 W/m? wind resource, 750 km
transmission line, and a fixed 90% capacity factor, wind+ CAES was the most expensive system at ¢6.0/kWh, and did not break even
with the next most expensive wind + gas system until pngesr = $9.0/GJ. However, under real market conditions, the system with the least
dispatch cost (short-run marginal cost) is dispatched first, attaining the highest capacity factor and diminishing the capacity factors of
competitors, raising their total cost. We estimate that the wind + CAES system, with a greenhouse gas (GHG) emission rate that is one-
fourth of that for natural gas combined cycle plants and about one-tenth of that for pulverized coal plants, has the lowest dispatch cost of
the alternatives considered (lower even than for coal power plants) above 2 GHG emissions price of $35/tCequiv., with good prospects for
realizing a higher capacity factor and a lower total cost of energy than all the competing technologies over a wide range of effective fuel
costs. This ability to compete in economic dispatch greatly boosts the market penetration potential of wind energy and suggests a
substantial growth opportunity for natural gas in providing baseload power via wind+ CAES, even at high natural gas prices.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Wind energy; Compressed air energy storage (CAES); Greenhouse gas emissions

1. Introduction

Wind energy has enjoyed robust growth in recent years,
averaging 30% per year increase in installed capacity since
1992 (EWEA, 2004). Driving this growth has been a
combination of factors: a twofold drop in capital costs
between 1992 and 2001 (Junginger and Faaij, 2003), and a
number of government initiatives designed to encourage
wind energy. Global installed wind capacity stood at

*Corresponding author. Tel.: +15104572210; fax: +1 510 6580630.
E-mail address: jgreenblatt@environmentaldefense.org
(J.B. Greenblatt).

0301-4215/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.enpol.2006.03.023

59 GW at the end of 2005 (GWEC, 2006; WWEA, 2006),
generating about 1.0% of global electricity consumption.
Projections indicate that capacity may rise to nearly
200 GW by 2013 (BTM Consult ApS, 2004), with the
potential to grow much larger (e.g., Archer and Jacobson,
2005).

Fueling much of the government support for wind
energy are environmental concerns. While it is widely
recognized that the impact of wind energy on the
environment is not zero, the significant impacts of air
pollution, water consumption and the depletion of natural
resources are much lower than those of current fossil fuel
technologies (European Commission, 2003). Moreover, its
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potential to provide large amounts of electricity without
direct GHG emissions' has now become perhaps the major
driving force for wind energy. Numerous energy analysts
predict that the inevitable limitation of GHG emissions,
whether via an emissions trading system, emissions taxes,
or some other mechanism, will further encourage the
growth of wind energy by making it economically
competitive with fossil fuels, without direct subsidy.

However, wind is an intermittent resource. When wind
power output falls, grid operators must be able to provide
sufficient power from other sources to satisfy demand. At
small market penetrations, such shortfalls can be met by
existing voltage regulation, load following, and spinning
reserve resources, with negligible additional system cost
(Kelly and Weinberg, 1993). But at larger penetrations
{e.g., 20%), this incremental cost per unit wind energy
produced becomes significant, of the order of 1-1.5¢ /kWh
(ILEX Energy Consulting, 2002), due to the need for
supplemental generating capacity.” This “intermittency
penalty” does not include the higher cost of wind energy
itself. Wind energy penetration levels of >20% are already
4 reality in Denmark and several Spanish and German
provinces (BTM Consult ApS, 2004; Holttinen 2005).
Moreover, many European countries and at least one US
state (California) have set goals of 20% or more electrical
energy from renewables in the next two decades (Goswami,
2004; Hinrichs-Rahlwes, 2004; Parent, 2004; Timms, 2004;
Steineger, 2005), and much of this energy would be
supplied by wind (BTM Consult ApS, 2004).

Another important consideration at high levels of wind
energy deployment is the distance between wind resource
and demand. In the US, much of the high-quality wind
resource is located in the sparsely populated Great Plains
(Elliott et al., 1991),> while in Asia, there are vast resources
in Mongolia (Elliott et al., 2001) and remote parts of
northern and western China, as well as offshore (Lew et al.,
1998; CREIA, 2004). As the EU exhausts its onshore
potential, it is looking both offshore and at sites in Russia,
northwestern Africa, and Kazakhstan (Czisch, 2004).
Many of these locations require long transmission dis-
tances (up to 4500km) to bring the electricity to market,
making transmission capital an important additional cost
for wind energy.

The full cost of wind energy, including proper treatment
of the issues of intermittency and remoteness of wind
resources, must be carried out in order to understand the

Total life cycle GHG emissions from wind energy are not zero (see,
e.g., Denholm et al., 2005). However, compared with electricity plants that
burn fossil fuels, the GHG emissions from wind turbines are extremely
low.

2One way of explaining the growth of this incremental cost is that the
‘““capacity credit” for intermittent wind capacity has its maximum
economic value at very small grid penetration. This credit, estimated to
be the wind capacity times it capacity factor (~1/3) times the economic
value of the dispatchable (usually fossil) capacity displaced ($/kW),
diminishes monotonically with increasing grid penetration.

*There may also be significant offshore resources in shallow waters of
the eastern and western US coasts (Musial and Butterfield, 2004).

true potential of wind in meeting future electricity needs,
giving attention to the need for supplemental generation to
guarantee system reliability (ILEX Energy Consulting,
2002; DeCarolis and Keith, 2006) and strengthened or
expanded transmission capacity needed to exploit remote
wind resources.

This paper explores the economic viability of two
alternative strategies for transforming wind energy from
an intermittent resource into a baseload electricity source.
We have simulated the three-way economic competition
among combined cycle (CC) natural gas turbines, wind
with a combination of simple cycle (SC) and CC gas plants,
and wind partnered with compressed air energy storage
(CAES). Long-distance transmission was modeled for the
wind and CAES systems; however, it was assumed that the
gas plants (SC and CC) would be located nearby to
demand because they are generally unconstrained by the
location of physical resources.”

Natural gas turbines are well-suited for addressing wind
intermittency issues because of their fast ramping rates and
low capital costs. Other supply technologies, such as
hydroelectric and coal plants, can also be used, though
coal’s slower ramping rates generally limit its ability to
supplement wind energy. Complementary intermittent
generation, such as solar PV, and demand-side manage-
ment, such as interruptible loads, are also important
possibilities.

Energy storage presents still another strategy for
providing baseload electricity from wind. A number of
storage technologies exist which are economical on various
timescales (EPRI-DOE, 2003), but only two technologies—
pumped hydroelectric storage and compressed air energy
storage (CAES)—are cost-effective at the large temporal
scales (several hours to days) needed to complement wind
energy that we investigate here. Conversion of wind
electricity into another storable emergy carrier, such as
hydrogen or thermal energy, is also a possibility. In this
paper, we consider only CAES.

CAES is commercially available storage technology that
is currently used primarily to store low-cost off-peak power
for sale during periods when the electricity is more
valuable. To date, three CAES plants have been built
and operated in the world: a 290 MW facility in Germany
(Huntorf, which became operational in 1978), a 110 MW
facility in the United States (MclIntosh, which went into
operation in 1991), and a 25MW R&D facility in Ttaly
(Sesta, which ran for a few years in the early 1990s)
(R. Schainker, pers. commun., 2006). Several more plants

“The availability of adequate natural gas supply does represent a
physical constraint that could affect how many gas plants are built.
However, it should be relatively easy to site such plants near load centers
because they require little space and have relatively low air pollutant
emission levels. Placing a gas plant at the remote site confers no economic
advantage to the system, unless siting or operation and maintenance
(O&M) costs are lower, because transmission losses are incurred. By
contrast, locating a CAES plant near the wind park allows the use of a
smaller transmission line, imparting a significant economic advantage.

-l
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are under development, including a 260 MW facility in
Towa, and a 2700 MW facility in Ohio (EPRI-DOE, 2003;
K.Holst, private commun., 2006). Although no CAES
facility has yet been built with the explicit purpose of
enabling baseload wind power generation, the Huntorf
plant is used for leveling the variable power from numerous
wind turbines in Germany (EPRI-DOE, 2003), and the
Towa facility is a proposed wind CAES system for
delivering power during peak periods (Wind, 2002).

CAES units couple turbomachinery to energy storage in
the form of compressed air. The compressed air can be
stored underground in a solution-mined salt cavity, in a
mined hard rock cavity, or in an aquifer; aboveground
storage in tanks is also possible but is much more costly.
The turbomachinery is basically a gas turbine in which the
air compression and expansion steps are separated
temporally. Commercially available CAES involves inter-
cooling the air during compression and storing it at close to
ambient temperature. The compressed air recovered from
storage is heated® by burning a fuel such as natural gas
it, and the combustion products are expanded in the
turbine to produce electricity.

A typical CAES unit might consume 0.67kWh of
electricity to compress air for storage and later burn
~4200 kJ of natural gas in compressed air recovered from
storage to generate each kWh of electricity. For such a unit
the estimated electrical round-trip efficiency would be in
the range 77-89%.” The underground storage volume
required would typically be ~2.4 x 10°m for each week of
storage required per GW of CAES capacity. ® Hard caverns
can be excavated to volumes of ~10’m® (roughly 250 m®
diameter), so that GW-scale CAES units would require
multiple caverns. For aquifer storage, assuming a layer
thickness of 10m and effective port)'sity9 of 02, a IGW

°If an attempt were made to expand the air in the turbine without
heating, system components would freeze.

61'hcref0re, the CO, emissions from a CAES plant are not zero.
However, the use of carbon-neutral fuels may be feasible (Denholm, 2006).
In principle, it is also possible to store the heat of compression separately
from the air, avoiding the need for fuel altogether (Bullough et al., 2004).

"The CAES electrical round-trip efficiency is difficult to specify
precisely. We estimate a range of efficiencies for a unit consuming
4220 kJ of natural gas for each kWh of electricity recovered from storage
based on assigning to the natural gas consumed an equivalent electricity
value. If one assumes that the equivalent electricity from natural gas is
based on simple cycle efficiency (HRsc = 9400kJ/kWh), then the total
equivalent electricity input is 1.12kWh, resulting in a CAES electrical
round-trip efficiency of 89%. Alternatively, if one assumes combined cycle
efficiency (HRcc = 6700 kJ/kWh), then total electricity input is 1.30 kWh,
and the CAES electrical round-trip efficiency is 77%.

This estimate is based on the McIntosh CAES unit in the United
States, which stores air in a salt cavern at pressures ranging between 45
and 72atm. The McIntosh plant, which has a discharge capacity of
110MW (5.05kg of air per kWh) that can be sustained for up to 26h,
requires 0.14m’ of storage volume per kWh of electricity discharged.

®Effective porosity is the product of actal porosity and “saturation”
(fraction of pores that can be displaced by air); in the above example, we
have assumed a porosity of 0.3 and a saturation of 2/3 (C. Christopher,
pers. commun., 2006).

CAES unit with a week’s storage capacity would occupy an
area of ~12km?.

Using only two supplemental generation technologies for
backing up wind greatly simplified the model. We believe
this approach captures most of the important contrasts
between the fill-in generation and energy storage ap-
proaches to dealing with intermittency. However, our
choice of the natural gas CC as the baseload power
technology displaced might not adequately capture the
implications of the full range of baseload options that wind
systems might displace, which also include coal, nuclear

the paper.

In real electricity markets, a significant part of the
intermittent wind energy production might be absorbed by
existing ancillary services in a more economical way than
by utilizing dedicated fillin power or enmergy storage
as modeled here.'® However, this is not the case when
long-distance transmission is involved, because of the need
to maximize the use of expensive transmission capital.
Moreover, at the high wind energy penetration levels
posited in this model, ancillary services would probably be
insufficient to absorb intermittent wind generation. Under
these conditions, our model is likely to be a good
approximation of the way wind intermittency will be
handled in the future, and its simplicity and transparency
are key advantages.

An advantage of considering only SC, CC and CAES is
that they all burn the same fuel, so the effects of changing
fuel prices and GHG prices are folded into one variable,
the effective fuel price (pPnGe), Which we define as

Prceir($/GY) = png(3/GT) + Ponc(8/1Cequiv.)
. CNG(tCeqmv_/GJ), 4]

where png is the actual market price of natural gas, peuc
is the price of emitting GHGs (CO, plus equivalent
amounts of other gases), and Cng is the total GHG
content of natural gas, equal to 18.0kgC.q,i/GJ, including
typical upstream emissions''—so that each $100/tCequiv. of
GHG price contributes $1.8/GJ to the effective fuel price.

This work builds upon several previous studies, begin-
ning with the groundbreaking work of Cavallo and
colleagues (Cavallo, 1995-1997; Cavallo and Keck, 1995)
who first explored wind parks coupled with CAES and
connected via transmission lines to distant demand

%There are two possible complementary applications of CAES to wind
systems: short-term power regulation (up to several hours) and long-term
storage (several days). We model only the latter application in this paper,
because we focus exclusively on baseload energy. A fuller analysis that
includes the first application should increase the attractiveness of CAES.

""The CO, content of natural gas is approximately 13.64 kgC/GJ
(higher heating value, HHV) or 15.16 kgC/GJ (lower heating value, LHV)
(EIA 2005). Upstream greenhouse emissions add an additional 2.84 kg

Coquiv./GI (LHV) (Wang, 1999). The GHG emissions associated with
manufacturing of capital components were not included. Energy units
are heretofore expressed using the LHV convention, unless otherwise
specified.

77
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Fig. 1. Schematic diagram of model. Variable definitions are given in Table 3.

centers.'? More recently, ILEX Energy Consultants (2002)
calculated the intermittency penalty for various future
levels of wind energy penetration on the UK electric grid.
Keith and Leighty (2002) analyzed the comparative
economics of transporting wind energy from WNorth
Dakota to Chicago via electric transmission versus hydro-
gen pipeline. The Iowa Association of Municipal Utilities
analyzed the economics of a wind park coupled with CAES
in Towa (Wind, 2002), and Ridge Energy Storage, LLC
(Desai and Pemberton, 2003; Lower Colorado River
Authority, 2003) analyzed the economics of wind parks
with CAES in West Texas. Denholm et al. (2005) analyzed
costs and total lifecycle GHG emissions of generic baseload
wind/CAES systems with long-distance transmission.
DeCarolis and Keith (2006) modeled the competition
among wind parks, SC, CC and CAES for multiple wind
sites in the US Great Plains, transmitting electricity to
Chicago.

2. Model description

We model the system shown schematically in Fig. 1,
which delivers 2.0 GW of baseload power at the end of a
long, high-voltage transmission line.’®> Base case model
parameters are listed in Table 1, and equations are given in
Table 2.

Modeling begins with an hourly time series of synthetic
wind speeds v(f), (see below) and from these calculates the
hourly wind park power, which is split among directly
transmitted power, power sent to the CAES compressor (if
present), and “dumped” (curtailed) power. The CAES unit
compresses air into a storage volume up to a specified
reservoir capacity. The CAES expander utilizes this
compressed air, along with natural gas, to generate
electricity whenever the wind park power falls below the
(constant) demand level. Transmitted electricity undergoes

!2Several studies of wind parks coupled with CAES significantly predate
the Cavallo work (e.g., Zlokovic, 1969) but they did not consider long-
distance transmission.

Such high-capacity transmission lines are needed to make long-
distance transmission cost-effective.

power-dependent losses. SC and CC gas turbine plants (if
present) are then dispatched to make up any shortfall, up
to the required capacity factor.

The wind +CAES system is designed to be a baseload
power unit with sufficient storage capacity to deliver power
at the transmission line output capacity while not allowing
system output to fall below this level during more than
10% of the recorded hours. This design criterion both
determines the amount of storage and dictates that the
CAES expander capacity Pg equals Pr., the transmission
line capacity. Alternative approaches for designing a
wind + CAES system are also feasible—such as requiring
100% availability of power from the system (DeCarolis
and Keith, 2006). The rationale for our design choice was
twofold: (1) except for unscheduled outages, the system
would have the capability to satisfy demand even during
times of insufficient wind power output (as long as the
CAES cavern is not depleted); and (2) the system has
considerable operational flexibility—to the extent that,
given a modest capability to forecast fluctuations in wind
speed and electricity demand, the 10% downtime could be
mostly scheduled during times of lowest demand. This
approach both addresses grid stability concerns and
exploits the flexible dispatch capability of CAES. Thus, it
is possible to hold the system to a standard consistent with
baseload operation and still allow the model to exploit the
unique attributes of energy storage.

The wind speed time series was constructed with an
autoregressive algorithm (McFarlane et al., 1994) produ-
cing a Weibull distribution of frequencies, and a time series
autocorrelation function that decayed exponentially with
time constant §/2, where § was an input parameter set to
30h in the base case.'* We assumed a wind park of
sufficient size (=2 GW) that intra-hour variations in power
can be averaged, and an hourly time series can be used.
This time step is also compatible with the ramping
capabilities of SC, CC and CAES plants. No diurnal or
seasonal variations in average wind speed were modeled.
The wind park is assumed to be made up of pitch-regulated

"“This choice of @ represents a typical midrange value from the 51 data
sets we examined.

n-8
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Table 1

Base case parameters of the model

Parameter Symbol Base value Units Reference

Major parameters

Demand (constant) Py 2 GW

Capital charge rate® CCR 11 Y%/ yr

System capacity factor CF 90 Yo

Transmission distance Dy 750 km

Base effective fuel price” PNGef 5 $/GJ

Average wind speed (class 4)° Vavg 822 m/s Malcolm and Hansen (2002)
Autocorrelation time® 30 h

Wind park base cost® Cwpp 700 kW Neij, 1999; Junginger and Faaij, 2003
CAES compressor cost"® Ce 170 $/kW EPRI-DOE (2003)

CAES expander cost™® Cp 185 $/kW EPRI-DOE (2003)

CAES storage cost™ Cs i $/kWh EPRI-DOE (2003)

SC capital cost’ Csc 240 $/kW Gas Turbine World {2003)
CC capital cost Cec 580 $/kW Dillon et al. (2004)

TL converter cost Coonv 50 $/kW Hauth et al. (1997)

TL tower+cable (line) cost Cline 491 $/kVkm Empirical fit to Hauth et al. (1997)
TL right-of-way cost’ Crow 988 $/mkm Empirical fit to Hauth et al. (1997)
Minor parameters

Hours per year HY 8760 hfyr

Time step At 1 h

Simulation period T 50,000 h

GHG intensity of natural gas™* Cne 18.0 (55.6) kgCoquiv /GY (GI/tCoquiv.)

Air density Pair 1.225 kg/m® Malcolm and Hansen (2002)
Weibull shape factor K 2 Malcolm and Hansen (2002)
Wind turbine rotor diameter D 100 m Malcolm and Hansen (2002)
Wind turbine hub height h 120 m Malcolm and Hansen (2002)
Wind turbine base rated power Pratep 3.50 MW Malcolm and Hansen (2002)
Wind turbine cut-in speed Tin 3.0 m/s Malcolm and Hansen (2002)
Wind turbine rated speed (at v,,) Vrate0 12.33 m/s Malcolm and Hansen (2002)
Wind turbine rated speed ratio Tinte 15 Malcolm and Hansen (2002)
Wind turbine efficiency’ G 39 % Malcolm and Hansen (2002)
Array efficiency below rating o 86 Y% Denkenberger (2005)

Wind turbine fixed block coefficient™ Jax 29 % Denkenberger (2005)

Wind turbine thrust block coefficient™ Jr 32 % Denkenberger (2005)

Wind turbine torque block coefficient™ Jror 9 % Denkenberger (2005)

Wind turbine power block coefficient™ Joow 30 Y Denkenberger (2005)

Wind turbine thrust block exponent™ Eihr 0.7 Denkenberger {2005)

Wind turbine torque block exponent™ Eror 14 Denkenberger (2005)

Wind turbine power block exponent™ €now 3 Denkenberger {2005)

CAES minimum power ratio Fmin 5 %

CAES energy output/input ratio E,|E; 1.50 EPRI-DOE (2003)

CAES balance of plant cost ratio” Ryop 63 Y% EPRI-DOE (2003)

CAES heat rate” HRcaps 4220 kJ/kWh EPRI-DOE (2003)

SC heat rate® HRgsc 9400 kJ/kWh

CC heat rate® HRcc 6700 kJ/kWh EPRI-DOE (2000)

SC maximum derating” Rse 20 Yo Nakhamkin et al. (2004)
CC maximum derating" Ree 13 %

Wind park fixed O&M (levelized replacement cost)  Cwpy 15 $/kW yr Malcolm and Hansen (2002)
Wind park variable Q&M cost Cwpy 0.8 ¢ /kWh Malcolm and Hansen (2002)
CAES fixed O&M Coaesy 4 $/kWyr EPRI-DOE (2003)

CAES variable O&M Ccarsy 0.3 ¢/KWh EPRI-DOE (2003)

SC fixed O&M Cscr 108 $/kWyr Dillon et al. (2004)

SC variable O&M Cscyv 0.13 ¢/kWh Dillon et al. (2004)

CC fixed O&M Ceek 10.8 $/kWyr Dillon et al. (2004)

CC variable O&M Ceeyv 0.13 ¢/kWh Dillon et al. (2004)

TL number of circuits N 1 Hauth et al. (1997)

TL number of poles Ny 2 Hauth et al. (1997)

TL number of converters Neoay 2 Hauth et al. (1997)

TL converter loss (per station) loony 1 % Hauth et al. (1997)

TL thermal power coefficient P 6.030 kW /kV? Empirical fit to Hauth et al. (1997)
TL line loss coefficient Hine 1.029 % KV3/kW km Empirical fit to Hauth et al. (1997)
TL right-of-way width coefficient Wrow 10.79 M MW /5 Empirical fit to Hauth et al. (1997)
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Table 1 (continued)

Parameter Symbol Base value  Units Reference
Internal parameters

Wind speed v m/s
Time 1 h
Number of wind turbines Nurb

TL rated power Prp MW
TL peak-to-ground voltage V1o kV
Wind park capacity factor CFyp %
CAFS capacity factor CFcaps %
SC capacity factor CFye %
CC capacity factor CFee %

2Obtained from EPRI accounting rules (EPRI, 1993) with the following assumptions: construction period 2.5 years (3 equal payments), inflation rate
2%/yr, book life 30 years, tax life 20 years, modified accelerated capital recovery system (MACRS) depreciation for tax purposes, corporate tax rate
38.2%, property taxes and insurance 2%jyr, nominal return on equity 10%/yr, nominal return on debt 6.5%/yr, equity/debt share 45%/55%, real

discount rate 5%/yr (after-tax weighted real average cost of capital).
Thermal content stated in LHV basis.

“Extrapolated from 10m reference Class 4 wind speed (5.77m/s) using 1/7 scaling exponent to assumed hub height of 120m,
9 Autocorrelation time used is modal non-infinite value obtained from analysis of 51 wind speed time series from the US Great Plains (Milligan, pers.
commun., 2003; HPRCC (High Plans Regional Climate Center), 2003; NCDC (National Climatic Data Center), 2004; UWIG (Utility Wind Interest

Group), 2004).

“This turbine cost is a conservative estimate for 2020, based on two projections (Neij, 1999; Junginger and Faaij, 2003).
fCosts determined from information provided by EPRI-DOE (2003) and commercial vendors (N. Desai, pers. commun., 2003; R. Hanes, pers.

commun., 2003).

ENote that although these costs have subsequently been revised upward (EPRI-DOE, 2004), we felt the original costs better represented “Nth plant”
costs. However, the sensitivity study includes the effects of higher CAES capital and storage costs (see Tables 4 and 5).

T‘Storage cost for mined salt dome.
'Capital cost is scaled by 1.47 to account for balance of plant cost.

iAssuming cost of land is $4000/acre, as suggested in Hauth et al. (1997).

kNatural gas carbon dioxide content (15.16kgC/GJ) (EIA, 2005) including upstream GHG emissions (2.84 kgCequiv/GT) {Wang, 1995).
"The G, for the 1.5 MW turbine in Malcolm and Hansen (2002) was used here.
MCost data from Malcolm and Hansen (2003) were fitted to a four-component model that grouped costs according to their observed power-law trends

with rated power (Denkenberger, 2005).

"Simple cycle value (4 10% output over the course of a year) from Nakhamkin et al. (2004). For combined cycle value, we reduced this value by 1/3 to

account for the much less temperature-sensitive combined cycle output.

wind turbines having a constant turbine efficiency C,
below rated speed (vruc), and with an array efficiency
coefficient ct(#) that is constant up to ¢ = v, and increases
toward unity at higher wind speeds (Denkenberger, 2005).

Our CAES model parameters were obtained from
several sources (Westinghouse Electric Corporation, 1995;
Crotogino et al., 2001; EPRI-DOE, 2003; N. Desai, pers.
commun., 2003; R. Hanes, pers. commun., 2003). The
system was treated for the most part as a “black box,”
shown in Fig. 2, with a compressor that adds air to storage
until the reservoir is full, and an expander that generates
electricity from stored air as needed until the storage
reservoir is empty. The performance characteristics were
based on a two-stage, intercooled compressor with a
pressure ratio of ~50-100, and a two-stage expander
turbine with heat recovery for which 4220 kJ of natural gas
is consumed per kWh of CAES output. For the base case,
the ratio of electricity output to electricity input (E,/E;) is
1.5. It was assumed that the compressor and expander
trains were composed of ~10 units each, in order to
maintain efficient operation for the plant as a whole down
to 5% of the rated CAES output (ryi.), with shut-down

thereafter. For the base case wind +CAES system (see
Section 3), this implied compressor and expander units of
~250 and ~210 MW, respectively. For simplicity it was
assumed that the air recovered from the storage reservoir is
delivered at constant pressure to the turbine expander.'
For transmission, a high-voltage direct current (HVDC)
line is superior to an alternating current line at distances of
interest for this study (=>750km). Costs varied with
transmission voltage Vry, rated transmission power Pry,
transmission length Drp, and some other minor para-
meters, using equations fitted to data in Hauth et al. (1997);
see Tables 1 and 2. The model optimum used voltages of

5For aquifers and hard rock that contains a pressure-compensating
water column, the reservoir pressure remains constant, so that the
assumption accurately describes operation. For salt caverns and dry hard
rock reservoirs, the reservoir pressure increases as air is added, so that the
air recovered from storage can either be delivered at variable pressure to
the turbine or it can be throttled and delivered at constant pressure.
Although there is a slight savings in compression energy with variable
pressure operation, the required cavity size would be much greater
(Karalis et al., 1985).
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Table 2
Model equations
Parameter Symbol Equation Base value Units Reference
‘Weibull scale factor ¢ Vavg/T(1+ 1/k) 9.28 m/s
Weibull probability plv) (k/c)(vfey =L exp [Ho/o
Wind power flux Sw (Pairf DT+ 3/K) 650 W/m?
Wind speed autocorrelation function c@) Jut' +Du()dr = g8
Wind turbine swept area A (?:/4).D2 7850 m?
Wind turbine array spacing Ay 500? 0.5 km? Elliott et al. (1991)
Wind turbine cut-out speed Dot 3.50qvg 28.8 m/s Malcolm and Hansen (2002)
Wind turbine rated speed Drate Davglrate 12.33 m/s
Wind turbine power Poyn(v) AC,,p.,l,va,fz, Vin S U< Urate MW
Prates Urate < U< Uouc
0, otherwise
Wind turbine rated power Liiia ACppﬂirugmj?. 3.50 MW
Wind turbine array efficiency a(v) Oy D Dracelt{D/ Urate) s Urate < U < Drare/oty 1, 0> bpareforly” Denkenberger (2005)
Wind park power Poyi(v) Nt (0) Prarn(0) MW
Wind park rated power Pwp NurbPrate GW
Transmission line thermal rated power Py pnVELNcNp GW Empirical fit to Hauth et al. (1997)
Transmission line right-of-way width Wiow Wmw(1",h.Np)"‘6 m Empirical fit to Hauth et al. (1997)
Transmission losses Piogs !.;m.,DTLP-Z.-LCF,‘( V3 NeNp) +leoneNeonvPTL MW Empirical fit to Hauth et al. (1997)
Wind park capita.l cost® pr prl()(ngg,:);’Pm[e) 700 $,’kW DBIlkBﬂbS[gf:l‘ (2005)
[fax * finel Beate/ Prate ,tl)ﬂhr + fror(rare/Orare. o)™ + frow(Veare/ Vra )T
CAES capital cost Ceoars (1+ Rpop)X(CcPct Culy)/Pr+ Cshg $/kW
SC derated capital cost Csc’ Cyefl + Rge) 290 $/kW
CC derated capital cost Cec’ Cec(l+ Ree) 655 §/kW
Transmission line capital cost CrL CeonvNeony + Drilttine VTL(NVeNp) 2+ crow Wiowl/ P §/kW Empirical fit to Hauth et al. (1997)
Wind park annual cost Aw]: Pwp(prCCR+ pr_p"!‘ Cw]:.chprY) 5,")'1'
CAES annual cost Acars Pu[CcansCCR+ Coars p+(Coars v+ PncerH Roaps) CFeapsH Y] $/yr
Transmission line annual cost A1 P Cr . CCR $/yr
SC annual cost Age Poc[C'scCCR+ Cocpit(Csey + PrgerfI Rsc) CFsc H Y] $/yr
CC annual cost Ace Ped C'ceCCR+ Coop+ (CCC,V + prgerHRoc) CFecH Y] $/yr
System cost of energy COE (Awp+ Acaps + AL+ Ase+ Acc)(P.CF - HY) ¢ /kWh

See footnote ‘m’ under Table 1.
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Air Natural gas COo,
(4220 kJ, LHV)

(~5 kg) (76 gC)

Electricity
(0.87 kWh)

Electricity
(1 kWh)

Compressor Expander

Underground
Air Storage

Fig. 2. CAES schematic.

approximately 550-750 kVDC in order to minimize losses;
see Section 3.

Our base case assumed a set of costs and performance
characteristics that might be realized for wind farms
coming on line by 2020. The average wind turbine was
assumed to have a rated output of 3.5 MW, rotor diameter
of 100m, hub height of 120m, and cost of $700/kW,
consistent with recent projections (Neij, 1999; Junginger
and Faaij, 2003). All costs were expressed in 2002 inflation-
adjusted US dollars. Class 4 winds were assumed, with
average wind speed v,,, at hub height of 8.22m/s and
power flux fiy of 650 W/m” (assuming a Weibull shape
parameter of k = 2). The capital charge rate CCR of 11%/
yr was based on the assumption of stable government
policy for renewable energy, resulting in a low-risk private
investment environment with moderate rates of return on
equity.'® Our base case natural gas price is $5/GJ. The
CAES storage reservoir cost of $1/kWh used in our base
case assumed a salt cavern; the use of aquifers is expected
to be considerably less expensive (~$0.1/kWh) because no
excavation is required; hard rock excavation costs are far
greater (~$30/kWh) (EPRI-DOE, 2003).

3. Results and discussion

Seven system variables were freely varied'’ in order to
minimize the total levelized cost of energy (COE): wind
park rated power (Pwp), CAES compressor power (Pg),
CAES expander power (Pg), CAES storage duration (kg),
transmission line voltage (¥7), SC rated power (Psc) and

The CCR used was obtained using EPRI accounting rules (EPRI,
1993) for private financing with parameters summarized in footnote (a) of
Table 1. This rate may be compared to private financing rates of 8-12%/yr
in the literature (Malcolm and Hansen, 2002; Milborrow, 2005; DeCarolis
and Keith, 2006).

"While it was possible in principle to vary all seven varables
simultaneously in the optimization, this was not done in production runs
in order to increase convergence: the CAES expander capacity (Pg) was
forced to equal the transmission line capacity (Py), and the SC and CC
capacities (Psc and Pcc) were optimized separately, outside the main
optimization algorithm.

Greenhouse Gas Price ($Cequy.)
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Fig. 3. Cost of energy ( COE) versus effective fuel price (prger)- The GHG
price peua, assuming a real fuel price png = $5/GJ, is shown on the top
axis. Four data sets are shown. Solid line: gas. Dashed line: wind + gas.
Dashed/dotted line: wind+CAES. Black points: optimal (lowest COE)
system.

CC rated power (Pcc). We found that, as a function of
effective fuel price puces, the optimization favored three
configurations with unchanging characteristics (as specified
by the system variables), rather than continuously varying
characteristics.'® This observation allowed us to represent
the optimal system by one of these three sets of variables
to a high degree of accuracy, and calculate the optimal
COE for a given pyger from these variables. A plot of
COE versus pugesr for each of the three systems is shown in
Fig. 3. The system with the lowest COE at pngexr =
$5/GT (¢4.5/kWh) is composed exclusively of CC gas
turbines and is called the “gas™ system. The next most
expensive system at this puges value (¢5.1/kWh) is
composed of a wind park supplemented by mostly CC,
with a small amount (10%) of SC gas turbine capacity
in the base case. It is called the “wind + gas” system, and
its COE line crosses the gas COE line near $7.1/GI.
Finally, the most expemsive system at pnges = $5/GJ
(¢6.0/kWh) is composed of a larger wind park, CAES
plant, and no gas plant. It is called the “wind + CAES”
system, and its COF line crosses the wind+ gas COF line
near $9.0/GJ. The optimal system is indicated in Fig. 3 by
the dotied line highlighting the least costly option at each
value of pnGes:

We call the values of pnger at which the optimal
system changes the “effective fuel entry prices,” and define
pYind - as the entry price of wind + gas, and pRGen as the
entry price of wind +CAES.

%The one exception to this was Psc/{(Psc+ Pec) for the wind +gas
system, which varied continuously with pugem from 10% (at puger =
$5/GI) to 2.5% (at puger = $11.3/GJ). However, setting this ratio
constant had almost no effect on cost.

T-19
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By historical standards the effective entry gas prices
highlighted in Fig. 3 are very high, which suggests poor
economic prospects for baseload wind. Consider average
gas prices seen by electric generators in the United States.
As recently as 2002 this gas price averaged $3.8/GJ. But
since then it has climbed to $5.5/GJ in 2003, $6.0/GJ in
2004, and $7.2/GJ for the first nine months of 2005. It is
expected that the gas price will eventunally decline some-
what from current high levels, but not to the low levels of
the past. The most recent forecast of the US Energy
Information Administration (EIA, 2006} is that the natural
gas price seen by the average US electric generator will be
$5.4/GT in 2020 rising to $6.3/GJ in 2030, suggesting that
our base case assumption about the gas price 2020+ may
be unrealistically low. However, we explore the impact of
higher gas prices on our results in Section 3.1, and find little
change in the conclusions reached other than a shift in
entry prices.

The equivalent GHG entry prices, assuming an actual
fuel price of $5/GJ, are $120/tC.yv. and $220/tCeyuiv.,
respectively, and are labeled p&2%. and pShe. These may
be compared with recent GHG prices in the voluntary US
market ($3-7/tCequiv.) (Chicago Climate Exchange, 2005)
and in the EU market ($100-130/tC.quiv) (PointCarbon,
2005). It is widely expected that the GHG price will need to
be 3100/tC.quiv. or higher in order to induce significant
GHG mitigation; this is supported by macroeconomic
modeling of the Kyoto Protocol and its extensions (Manne
and Richels, 1999) as well as detailed technology assess-
ments, such as the cost-competition between electricity
from coal with CO, venting versus coal integrated
gasification combined cycle (IGCC) with carbon capture
and storage (CCS) (Williams, 2004)

Changes in slope of the optimal COE versus pygesr curve
in Fig. 3 occur where system lines cross, and these crossing
points are associated with changes in GHG emissions per
unit energy for the optimal system. A roughly twofold
decrease in GHG emissions occurs in moving from gas
(120 gC.quiv./kWh) to wind+gas (73 gC.yuiv /kWh), and
another roughly twofold decrease occurs in moving to
wind + CAES (32 gCoyuiv./kWh). This stepwise decrease in
slope with pnger reflects decreased consumption of natural
gas, and proportionate increase in wind energy per kWh
provided by the optimal system. Note that these emissions
rates may be compared with emissions from a typical coal
steam-electric plant (276 gCcquiv./kWh), a SC natural gas
plant (170 gC.quiy /kWh), or a coal IGCC+CCS plant
(53 gCequiv./KWh)'® (Williams, 2004).

Values of system variables and some other details are
given in Table 3, while COEs disaggregated by component
are presented in Table 4 and Fig. 5. Here we highlight the
physical scale of components and capital costs for each
system.

'%This emissions rate is also comparable to that from BP's proposed
“*decarbonized™ natural gas CC plant (BP, 2005) when upstream emissions
are included (Wang, 1999).

The gas system, located entirely at the demand site, is
made up of 2.00GW of CC gas turbines and no SC
turbines and requires a capital investment of $1.32 billion.

For the wind + gas system, the wind park consists of 617
wind turbines of 3.5MW each, for a rated (maximum)
capacity of 2.16 GW. Assuming a turbine spacing of
0.5km? per turbine,” the wind park occupies an area of
309 km?. The 750 km transmission line, rated at 540kV, has
an input capacity of 2.16 GW capacity; after losses, the
delivered capacity is 2.00 GW. Also included in the system
at the end of the transmission line are 1.80 GW of CC gas
turbines and 200 MW of SC turbines. The total required
capital investment is $3.28 billion, comprised of $1.51
billion for the wind park, $520 million for the transmission
line, $1.19 billion for the CC plant and $60 million for the
SC plant,

The wind park for the wind+CAES system is much
larger, made up of 1318 turbines producing 4.61 GW rated
capacity and occupying 659km”. The CAES system
consists of 2.53 GW compressor capacity, 2.08 GW ex-
pander capacity, and an underground storage reservoir of
352GWh (169h of storage at rated expander capacity),
occupying a volume of 5.0 x 10’ m>. The 750 km transmis-
sion line has a rating of 750kV and 2.08 GW input
capacity; after losses, the delivered capacity is 2.00 GW.
There are no gas turbines at the demand site. The total
capital cost is $5.54 billion, comprised of $3.23 billion for
the wind park, $1.68 billion for the CAES plant, and $630
million for the transmission line.

Fig. 4 shows power duration curves for the three
systems. A power duration curve indicates the maximum
power output as a function of the number of hours per year
that the system runs. (There are 8760h in a year.)

For the gas system (panel 1), the power duration curve is
very simple: the plant runs at full power for ~7900h (90%)
of the year.

For the wind +gas system (panel 2), the wind park
delivers full power for only ~1500h (17%), dropping
rapidly as the number of hours increases; above ~7900h,
no power is produced. Thus, the combined SC+ CC
capacities are also set equal to demand. The total capacity
factor of the wind park (average wind park power divided
by wind park rated power) is 39%, of which 2% is lost
during transmission. The shortfall in energy is made up for
by SC (2%) and CC (51%).

For the wind+CAES system (panel 3), there is more
than twice as much installed wind power as for wind + gas.
This is because most of the “surplus” wind power (power
in excess of demand, defined as Pwp—Prr), Which is
available for ~3100h (35%) of the year, is stored by the
CAES system. About 7% of the surplus energy is
“dumped™ (curtailed) in the base case when the storage
reservoir is full. The directly transmitted wind energy has a
capacity factor of 55%. The CAES expander adds another

2Typical array spacing is 50 squared rotor diameters, arranged as a
5% 10 or 7 x 7 diameter matrix.

o
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Table 3
Optimization results
Symbol Units Gas Wind +Gas Wind + CAES
Optimized variables
Wind park rated power Pyp GW 0 2.160 4.612
{Number of turbines—3.5 MW each) {(NwT) 617) (1,318)
CAES compressor rated power Pc GwW 0 0 2,530
CAES expander rated power Py GW 0 0 2.082
CAES storage duration hg (Puhs) h (GWh) 0 0 169 (352)
Transmission line voltage Vo kV 0 537 746
Simple cycle rated power Psc GW 0 0.200 0
Combined cycle rated power Pcc GW 2.000 1.800 0
Output variables
Transmission line rated power (before losses) P GW 0 2.160 2.082
Capacity factors (relative to annual demand):
Wind park (generated) CFyp % 0 38.7 82.6
Wind park (transmitted) CFyp trans % 0 38.7 54.8
Wind park (stored via CAES) CFyp sior % 0 0 259
Wind park (dumped) CFyp gump % 0 0 1.9
CAES output CFepgs % 0 0 39.0
Transmission line (initial) CFr % 0 38.7 93.8
Transmission line {loss) CFry Joss % 0 24 3.8
Simple cycle CFsc % 0 22 0
Combined cycle CFec % 20.0 51.5 0
Total CF % 20.0 920.0 90.0
GHG emissions rate Esuc ECequiv./kKWh 120.0 72.8 31.6
Caost of energy® COE #/kWh 4,540 5.092 5.985
Entry effective fuel price PNGeft $/GJ1 — 7.083 8.962
Entry GHG price® Pauc B Coqaiv. — 115.7 220.1
Cost of energy (at entry pyger) COEnGerr ¢/kWh —_ 5.929 6.680

At prgerr = $5/GJ.
At png = $5/GJ.

39%, and 4% is lost during transmission. (Note that in
order to capture all of the excess wind power, the CAES
compressor installed power (Pc) must match the surplus
wind installed power.)

For wind+ CAES, the wind park produces, through
either direct transmission or via CAES, 72% of yearly
demand,”" or 80% of produced energy. In contrast, in the
wind -+ gas system, only 36% of yearly demand, or 40% of
produced energy, is generated by the wind park. These
percentages (80% and 40%) can be viewed as the
maximum economical wind penetration on the baseload
portion of an electric grid employing the storage and fill-in
generation approaches, respectively. The baseload portion
of electrical demand supplies the majority of annual energy
consumed, so the baseload penetration level is a good
approximation of the penetration level for the grid as a
whole. Using CAES therefore greatly expands the penetra-
tion potential of wind on an electric grid.

The compressor-to-expander power ratio (Pg/Pg) in our
optimization, 1.22, is quite large compared with those
designed to capture off-peak energy for price arbitrage
(0.2-0.7) (Crotogino et al., 2001; Wind, 2002; Bell et al,,
2003; EPRI-DOE, 2003). For these latter systems, cost

2 Assuming 80% round-trip electrical efficiency of the CAES system,

optimization leads to a low Pc/Pg ratio because the
compressor can store energy during long off-peak periods
(two-thirds or more of the time), so its installed power can be
smaller than that of the expander, which must deliver back
the stored energy only during the short peak period. For
baseload wind+ CAES, however, the compressor must
capture all the surplus wind energy, which exceeds the
installed power of the expander in our optimal configuration.

The duration of CAES storage ks is also large, 169h in
our base case, as compared to 2-30h for peak-shifting
designs. This is due to the significant differences in system
objectives as discussed above. It should be pointed out,
however, that kg is strongly dependent on our parameter
assumptions, varying by a factor of four up or down over
the plausible range of parameter values (see Section 3.1
below). However, even at the low end of its plausible range,
hg is still large compared with peak-shifting values. Our
result is in agreement with Cavallo (1996), who used the
same an autoregressive algorithm as ours but with § = 10h
instead of 30h: we both obtained hg~85h when the
capacity factor is 90%. The only study that found a larger
storage duration than our base case was Cavallo and Keck
(1995), who examined the effect of a seasonal variation of
+25% in wind power flux, and found 250 h to be optimal
in the 90% capacity factor case.
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Table 4

Disaggregation of the cost of energy (COE) for the three optimized systems, assuming base case parameters and pugesr = $5/GJ. Transmission loss cost
and sensitivities to some system parameters are also shown. Note for wind resource parameters (vavg, &, 8), system is reoptimized in each case

Gas Wind + Gas Wind + CAES
¢/kWh % ¢/kWh Yo ¢/kWh %o

Wind park

Capital 0.000 0.00 1.029 20.21 2.159 36.08

Fixed O&M 0.000 0.00 0.200 3.93 0.421 7.03

Variable O&M 0.000 0.00 0.334 6.56 0.685 11.45
CAES

Plant capital 0.000 0.00 0.060 0.00 (.889 14.85

Storage capital 0.000 0.00 0.000 0.00 0.235 3.93

Fixed O&M 0.000 0.00 0.000 0.00 0.051 0.85

Variable O&M 0.000 0.00 0.000 0.00 0.039 0.65

Fuel 0.000 0.00 0.000 0.00 0.841 14.06
Transmission

Converter capital 0.000 0.00 0.142 2.78 0.137 2.28

Line/ROW capital 0.000 0.00 0.214 : 4.21 0.286 4.78

Losses 0.000 0.00 0.121 238 0.243 4.06
sC

Capital 0.000 0.00 0.040 0.78 0.000 0.00

Fixed O&M 0.000 0.00 0.017 0.33 0.000 0.00

Variable O&M 0.000 0.00 0.003 0.06 0.000 0.00

Fuel 0.000 0.00 0.111 2.18 0.000 0.00
CC

Capital 0.919 20.24 0.807 15.84 0.000 0.00

Fixed O&M 0.158 3.48 0.139 272 0.000 0.00

Variable O&M 0.130 2.86 0.073 1.43 0.000 0.00

Fuel 3.333 73.42 1.863 36.59 0.000 0.00
Total COE* 4.540 100.00 5.092 100.00 5.985 100.00
Sensitivities
GHG emissions cost (PG = $100/tCequiv.) +1.200 +26.43 +0.728 +14.30 +0.316 +528
Production tax credit (PTC)® 0.000 0.00 —0.7%6 —15.63 -1.530 —25.59
PTC and Cyp = $1000/kW 0.000 0.00 —0.355 -6.97 -0.605 -10.10
Do = 7.53m/s (fw = 500W/m?, wind power class 3) 0.00 0.0 +0.191 +3.76 +0.468 +7.82
avg = 8.81m/s {foy = 800 W/m®, wind power class 5) 0.00 0.0 -0.118 -231 -0.128 -2.14
k=15° 0.00 0.0 +0.048 +0.95 +0.214 +3.58
k=30° 0.00 0.0 +0.056 +1.10 +0.181 +3.03
6 =10h 0.00 0.0 0.00 0.0 —0.145 -2.43
f=60h 0.00 0.0 0.00 0.0 +0.347 +5.79

*Totals may not match component sums due to rounding.

®Here we assume that the production tax credit (PTC, ¢1.9/kWh) applies to all wind electricity reaching the transmission line, equal to directly

transmitted energy plus 80% of stored CAES energy.

“These runs performed while keeping the mean wind speed constant at the base case value (8.22m/s).

3.1. Sensitivity studies

Qur base case represents only one possible set of
parameter assumptions, and many of these parameters
affected the system variables, cost of energy, and effective
fuel price at which wind parks and/or CAES would be built
in lieu of gas. In this section, we explore the most
important parameters affecting COE and pnger. (Unless
otherwise indicated, the COE is reported for pnges=
$5/GI).

We present the sensitivity studies in the context of
disaggregations of the COE for the three optimized base
case systems presented in Table 4 and Fig. 5. For each
system component, the costs of capital, operations and

maintenance (O&M) and, where applicable fuel and
transmission losses are shown. Table 4 also shows the
sensitivities of the COE to several parameters. Note that,
for each of the sensitivities relating to the three wind
resource parameters (vave, k& and 0), the system was
reoptimized.

The sensitivity to changes in cost componenis can be
gleaned from the base case disaggregated costs by an
appropriate scaling of the COE share, assuming no changes
in overall system variables (which we have verified
empirically to be a good approximation for changes
of ~< +20% in component costs). Thus, for wind + gas,
the wind park capital comprises 20% (¢ 1.0/kWh) of over-
all COE, so a 20% increase in capital cost (to $840/kW)
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Fig. 5. Disaggregation of the cost of energy (COE) for the three optimized
base case systems.

translates into a COE increase of 4% (¢0.2/kWh). For
wind + CAES, where the wind park capital cost is larger
share of the total, the impact on the COE of a 20% increase
is approximately double.

Changes in the capital charge rate (CCR) have a
relatively large impact on the COE for the more capital-
intensive systems, because that parameter affects all capital
costs. Thus, a 20% increase in CCR (to 13.2%/yr) will
increase the COE by 12% (¢0.7/kWh) for wind + CAES
(for which capital accounts for 58% of the total COE in the
base case) but only 4% (¢0.2/kWh) for gas (for which
capital accounts for only 20% of the COE in the base case).

Similarly, when the capital components are a small share
of total COE, changes in the fuel or O&M costs will have a
larger effect on the COE. For instance, fuel use comprises
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73% of the COE in the gas base case, whereas it is only
14% for wind + CAES. Thus, a 20% increase in fuel price
(to $6/GJ) increases the COE of the gas system by 15%
(#0.7/kWh) but only 3% (¢0.2/kWh) for wind + CAES.

Missing from the above discussion is consideration of
possible differential market risk among the three systems
modeled. The gas system is most vulnerable to fuel price
(and, to a lesser extent, GHG price) risk, whereas the
wind +gas system and, particularly, the wind+CAES
system, are more exposed to technological risk. However,
the assumptions we have made here are that, by 2020, both
fuel price and technology risks are relatively low, thus
justifying the use of low CCR values for all technologies. If
one wished to apply a different set of risk assumptions, a
straightforward way to estimate the resulting economic
competition would be to apply different CCR values
among the technology components, and calculate new
COE values using the data in Table 4.

In many countries, economic incentives exist to help
encourage the growth of wind energy. These incentives can
take the form of fixed rate contracts, tax credits, or other
mechanisms. In the US, the production tax credit (PTC)
has been in place for several years® to help defray the cost
of producing electricity from wind. It is currently ¢ 1.9/
kWh. Applying this credit to generated wind electricity
reduces the base case COE of wind + gas by ¢0.8/kWh, and
of wind+ CAES by ¢1.5/kWh.2> However, it is unlikely
that the PTC, which was designed to help subsidize
expensive capital, would still be in effect when the cost of
wind turbines reaches $700/kW. Therefore, applying the
PTC with current wind turbine capital costs (assumed
$1000/kW), the base case COE of wind + gas is reduced by
¢0.4/kWh, and of wind + CAES by ¢0.6/kWh; see Table 4
for details. These savings are of the same order of
magnitude as other changes discussed above.

An important trade-off exists between transmission
distance (D) and wind power class (expressed as v,,g OT
fw)- We see in Table 4 that the transmission line and right-
of-way (ROW) contributions to the COE, which scale with
distance, are 4% for wind + gas and 5% for wind + CAES,
for the base case of Drp = 750km and fy = 650 W/m®
(class 4 winds at 120m). The losses are approximately
equally split between fixed (converter) and distance-
dependent (line) contributions for 750km in each case,
and so add 1% and 2% to the COE for wind + gas and
wind + CAES, respectively. Thus, for a 1500 km transmis-
sion line, the COE would be 5% (¢0.3/kWh) and 7%
(¢£0.4/kWh) higher, respectively. For no transmission line,
all transmission capital and losses, including the fixed
converter costs, disappear, so the COFE decreases by 9%
(¢£0.5/kWh) and 11% (¢0.7/kWh).The effect of changing

“However, the only PTC that the US Congress has supported has
expired every two years, creating an uneven investment environment that
has had a negative impact on the growth of wind power in the US.

Here we assume that the credit applies to all wind electricity reaching
the transmission line, equal to directly transmitted energy plus 80% of
stored CAFES energy.
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Fig. 6. Duration of storage (hs) versus autocorrelation time (8) for several
values of storage cost (Cs). Note axes are both logarithmic. Fits (see text)
shown by dashed lines.

the wind resource by one wind power class (+ 150 W/m?) is
also shown in Table 4. It is asymmetric about the base case,
with a larger change in COE occurring when lowering the
wind class. Thus, lowering the wind resource by one power
class has approximately the same effect on COE as
increasing the transmission distance by ~500km for
wind + gas, and ~900 km for wind + CAES, while increas-
ing the wind resource by one power class is equivalent to
decreasing the transmission distance by ~300 and
~400km, respectively.? This trade-off is often not
appreciated when estimating wind energy costs, as higher
wind classes tend to be more remote from demand centers;
thus, some of the advantage of higher wind classes is
nullified by higher transmission costs.

Another important trade-off involves the impacts of the
autocorrelation time (0) and the cost of storage (Cs) on the
optimal CAES storage duration (kg). Fig. 6 shows hg versus
0 for a number of values of Cg. We found that the
dependence of hg on 8 and Cg could be fit very well by

hs(6, Cs) = 20.1 %5250, 2

where A and 6 are expressed in hours, and Cs is in
$/kWh.?* The fits are shown in Fig. 6. For our base case of
8 =30h and Cg = $1/kWh, we obtain hg = 166 h, close to
the observed 169h. Decreasing 0 or increasing Cg by a
factor of three reduced hg by 49% and 32%, respectively.
The hg showed little dependence on changes in other
parameters. The COE increased markedly (by more than
¢2/kWh) when 0 and/or Cg increased to the highest values
in their respective ranges, but there was relatively little cost
savings (less than ¢0.4/kWh) when decreasing these values.

We have discussed the system sensitivities to COE above,
but have not considered the resulting changes in the entry

%For an HVDC transmission system. If instead an HVAC system were
used (which is less expensive at short distances), the equivalent decrease in
transmission distance would be smaller.

The data point at 8 = 100h and Cg = $10/kWh was omitted from the
fit, as the model did not always build wind + CAES even at pygesr = $12.2/
G1J, the highest value explored.
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prices priasr and pRaEs. Because changes in cost tend to
affect only the intercepis of the COE versus pyges lines,
and because the slopes for all three systems are relatively
shallow, small changes in COE intercepts translate into
large changes in entry prices. For instance, as discussed
above, a 20% increase in wind park capital cost increases
the COE of wind + gas by 4% and of wind + CAES by 8%.
However, the corresponding increases in prind . and praEs
are 11% ($0.8/GI) and 12% ($1.1/GJ), respectively. The
impacts of a 20% increase in CCR are even larger: 15%
($1.0/GJ and $1.4/GJ, respectively). Table 5 shows the
sensitivities in entry prices pngerr (20d pgre) for plausible
changes in many parameters. The common observation is
that relatively modest changes in parameter values can
have large effects, as much as 4+$1/GJ or greater in some
cases. If we reasonably assume that all the parameters
listed in Table 5 are uncoupled from one another and
may take on any value in the displayed range, then we
can obtain a simple estimate of the total uncertainty in
PnaGetr DY adding average sensitivities in quadrature. The
results are ApFiad: = +$2.2/GJ and ApSeEs = +$4.1/GJ,
or Ap&HG = £8120/tCequiv. and ApEHE = +3$230/tCoyuiv.-
However, it should be pointed out that changes in
priad and pSeEs tend to be in the same direction, so the
large uncertainty does not invalidate the conclusion that
wind + gas is more economical than wind + CAES over a
wide range of parameter assumptions. We therefore assign
relatively little certainty to the absolute value of the entry
prices, emphasizing instead the relative values, and
recognize that the true entry prices will depend sensitively
on many parameter assumptions, some of which will be
determined by technical progress, while others will be
determined by both local and global economic conditions.

3.2. Dispatch cost considerations

It was assumed for the base case analysis that all
competing options are baseload systems operated at 90%
capacity factor. Although this assumption simplified the
comparative analysis, the capacity factors would differ
among the options in a real energy market. A key
parameter determining the capacity factor of any option
under market conditions is the “dispatch cost”: the sum of
all short-run marginal costs (fuel cost+variable O&M
cost+ GHG cost). Moreover, the capacity factor for each
option depends on the dispatch cost of not just the energy
systems studied, but also the dispatch costs for all the other
energy systems on the grid as well. For a given set of power
generating systems, the grid operator determines the
capacity factors of these systems by calling first on the
system with the least dispatch cost. Under this condition,
deployment in sufficient quantity of the technology with
the least dispatch cost can lead to a reduction of the
capacity factors, and thus an increase in the COEs of the
competing options on the system.

As a result of the increases in natural gas prices in the US
noted earlier this phenomenon has resulted in reducing

capacity factors for natural gas CC plants originally
designed for baseload operation to average ufilization
rates in the range 30-50% where coal plants are available
to compete in dispatch (Thambimuthu et al., 2005).

In principle, this downward pressure on capacity factors
for options with high dispatch costs could be avoided with
“take-or-pay” contracts that require the generator to
provide a specified fixed amount of electricity annually.
But uncertainties about future fuel prices, technological
change, and future electricity demand make such contracts
rare. So plants are typically designed to be able to compete
in economic dispatch.

To illustrate the implications of the dispatch rule for the
relative “real world” economics of the systems studied
here, Table 6 shows for both pgrg = $0/tCeyuiv. and $100/
tCequiv. dispatch costs for the base case systems and three
coal options with which these systems are likely to compete
on many grids, e.g., in the US—existing coal plants and
new coal IGCC plants with both CO, vented and CO,
capture and storage (CCS). A GHG price of $100/tCeqyiv. is
singled out because that is essentially the price at which
CCS becomes cost-competitive for new coal power plants,
and thus represents a threshold price for a climate
mitigation policy targeting deep reductions in GHG
emissions.

Table 6 shows that, unlike the other options, the
dispatch costs for both the wind + gas and wind + CAES
systems vary from low values of ¢0.8-0.9/kWh when only
electricity is being provided by wind power to much higher
maximum values when the wind is not blowing and the
supplemental power system (gas turbine or CAES expan-
der) is operating. The maximum dispatch costs shown for
the wind systems are the relevant ones that determine
whether a 90% capacity factor can be defended in the
market.

It is beyond the scope of the present study to calculate
the market capacity factors for the options studied—which
would require specification of the entire generation system
and the demand profile for the customers served by the
grid. However, one can acquire an understanding of the
prospects for defending a 90% capacity factor from the
information presented in Table 6.

Consider a hypothetical situation where there are
only two competing 2 GW supply systems on the grid
(wind + CAES plus one other from Table 6) contending for
a 90% capacity factor and a total grid demand (e.g., at
night) of only 2 GW. The market price at that time would
be the lesser of the dispatch costs of these two options. The
system with the higher dispatch cost would shut-down
completely then to avoid losing money, thereby reducing
its annual average capacity factor and increasing its COE.
Table 6 shows that at pgag = $0/tCequiv., wind +CAES
has a lower maximum dispatch cost than gas and wind +
gas, and thus would bave no difficulty defending a 90%
capacity against either of the alternatives involving natural
gas during periods of low demand. However, under our
base case assumptions, wind + CAES would have difficulty
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Table 5
Entry price sensitivities for wind and CAES
Precer (3/GT) PBRG ($/tCequiv.) PRE:R (8/GT) PEHE (8/tCequiv)
Base case . SeeTable 3 7.083 115.7 8.962 220.1°
Parameter Value or change (+) Units T (3/GI) g, (3/tCequiv) ApRRES (3/GD) ApSHE (SNCoquiv.)
CCR 20 % -1.041 -57.8 -1.379 -76.6
+20 +1.041 +57.8 +1.371 +76.2
Pna -20 % +0.999 +55.5 +1.009 +56.1
+20 —0.996 -55.3 -0.998 —55.4
Ce, Cg - 220 % 0.000 0.0 —0.825 458
+20 0.000 0.0 +0.839 +46.6
Cs 0.1 $/kWh 0.000 0.0 -1.257 -69.8
0.5 0.000 0.0 —0.613 -340
2 0.000 0.0 +0.980 +54.4
10 0.000 0.0 - +5.803 +3224
Caie -20 % -0.792 —44.0 ~1.059 -58.8
+20 +0.750 +43.9 +1.060 +58.9
Cro -20 % -0.349 -19.4 —0.154 -8.6
+20 +0.353 +19.6 +0.154 +8.6
Csc, Cee -20 % +0.019 +1.0 +0.814 +45.2
+20 —0.028 -1.5 —0.792 —44.,0
fw (wind power class) 500 (3) Wim? +0.725 +40.3 +1.182 +65.7
800 (5) —0.429 -23.8 ~0.144 —8.0
k® L5 +0.259 +14.4 +0.952 +529
3.0 +0.253 +14.0 -0.103 -5.7
:} 10 h +0.020 +1.1 -0.662 -36.8
60 -0.002 -0.1 +1.337 +74.3
Dy, 0 km -1.713 952 -0.778 432
500 -0.356 —19.8 —0.169 —94
1000 +0.359 +19.9 +0.167 +9.3
1500 +1.083 +60.2 +0,507 +28.2
Feare 14 -0.194 -10.8 -0.487 -27.1
1.6 +0.300 +16.6 +0.598 +33.2
E,JE 20 0.000 0.0 +1,202 +66.8
+20 0.000 0.0 -0.901 -50.0
CF -10 % —0.130 7.2 -0.709 -39.4
+10 +0.001 +0.1 +0.758 +42.1
HReaps -10 % 0.000 0.0 —0.649 -36.1
+10 0.000 0.0 +0.759 +422
HRcc -10 % —.746 —41.4 -1.443 -80.2
+10 +0.727 +40.4 +1.710 +95.0
HRsc ~10 % +0.019 +1.0 -0.016 09
+10 —0.041 23 +0.032 +1.8
P -100 % 0.000 0.0 -0.010 -0.5
+100 0.000 0.0 +0.031 +1.7
R -50 % —0.228 -12.7 -0.216 -12.0
+50 +0.179 +99 +0.194 +10.8
Quadrature sum® +2.156 +119.8 +4.112 +228.4

2pGuc assumes png = 35/GJ.
®yavg held constant at base case value.
“Average absolute change for each parameter category added in quadrature.
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Table 6
Total and dispatch costs for alternative generation options
Technology CF (%) GHG emissions $0/tCequiv. 3100/tCequiv. $0/tCquiv. 3100/tCequiv,
Total cost at base case capacity factor Dispatch cost (¢ /kWh)
(¢/kWh)
Average coal plant® — 276 — . 2.16 493
Coal IGCC, CO; vented” 85 237 3.96 6.33 1.80 417
Coal IGCC, CO, captureand 85 53 —-— 6.14 — 3.36
storage"
Gas® 90 120 4.54 5.74 3.48 4.69
Wind + gas® 90 73 5.09 5.82 0.86 to 3.48¢ 0.86 to 4.69°
Wind + CAES® 90 32 5.99 6.30 0.83 to 2.35¢ 0.83 to 3.15¢

For a $1.4/GJ coal price, a ¢0.67/kWh variable O&M cost, and a 34.3% power plant efficiency—the average projected for US coal plants in 2020
(EIA, 2005).

PIGCC costs are based on Williams (2004) adjusted for the financing rules of the current study, a $1.4/GJ coal price, and (in the CO; capture and storage
case, which involves capturing CO; accounting for 85% of the carbon in the coal) storage in an aquifer 2 km underground located 200km from the power
plant. The capacities, overnight capital costs, and efficiencies of the IGCC plants are 827MW, 1 135/kW,-and 38.0% for the CO, venting option and
T30MW, $1428/kW, and 31.5% for the CO, capture and storage option. The dispatch cost for the CO; capture and storage option includes the total cost
of CO, transport and storage (at $9/tCQ,).

“For the optimized base case systems described in the present study, with 35/GJ gas price, 650W/m” wind resource, and 750 km HVDC transmission
line.

9Dispatch cost varies depending on plant operation. Wind+gas: For wind park exactly meeting demand (here assumed 2GW), dispatch cost is ¢0.86/
kWh (variable O&M of wind park+ TL losses). For CC gas turbine supplementation, dispatch cost is ¢3.48/kWh (30/tCequiv.) or ¢4.69/kWh ($100/
tCeguiv.) (variable O&M of CC+ fuel cost-+GHG cost). For SC gas turbine supplementation, dispatch cost is 4.83 ¢ /kWh ($0/tC.quv) or 6.52 ¢/kWh
(8100/tCeqyiv). CC turbine dispatch cost is shown, as SC turbine contributes a minor amount of generation (2.2% in base case) and would not be a
deciding factor at the low grid system demand levels relevant to the defense of a 90% system capacity factor. Wind+CAES: For wind park exactly meeting
demand, dispatch cost is 0.83 ¢/kWh (note lower TL losses than for wind + gas). For wind park at maximum output, storing energy via CAES comipressar,
dispatch cost is ¢2.02/kWh (variable O&M of wind park and CAES compressor (assumed } of total CAES variable O&M)+TL losses of transmitted
wind). For CAES expander (no wind output), dispatch cost is ¢2.35kWh ($0/tCequv) or #3.15kWh (3100/tCequiv) (variable Q&M of CAES

compressor + fuel cost + GHG cost + TL losses). These costs assume no foresight about future wind output and market electricity price.

sustaining a 90% capacity factor if there were competing
coal options on the grid.

However, at pguc = $100/tCequiv., wind + CAES has the
least dispatch cost. Its closest competitor would be coal
IGCC with CCS, but if dispatch competition were to force
the capacity factor of that option down only modestly to
80%, its total COE would be higher than that of
wind + CAES at 90% capacity factor.

At pong = $35/tC .y, the dispatch cost for wind+
CAES (¢2.6/kWh) would become the least for all the
options. However, dispatch competition would have to
force the capacity factor of a new coal IGCC plant with
CCS down to 50% to make its COE the same as for
wind + CAES at 90% capacity factor.

Thus, the prospects are good that wind + CAES baseload
units would be strongly competitive with all the alter-
natives considered under a tough ($100/tC.yyiy ) climate
change mitigation policy, and in some circumstances even
under a relatively modest ($35/tC.quiv.) policy. It should
also be noted that although the outlook for providing
baseload power with natural gas CC plants would typically
be poor in regions where such plants must compete in
dispatch with coal plants, natural gas would be highly
competitive in providing baseload power via wind + CAES
power plants, which could become a major market growth
opportunity for natural gas in a world of high natural gas
prices and a tough climate change mitigation policy.

3.3. Caveats

We have not considered all issues that might make
wind + gas and/or wind + CAES less competitive than gas or
other generation technologies. One issue is the seasonality of
the wind resource, which is frequently anti-correlated with
peak summer demand. Another concern focuses on outage
rates: in addition to outages incurred when the wind is not
blowing and the storage reservoir is empty, wind +CAES
incurs additional outages due to maintenance like all
generation systems. However, for both the wind +gas and
wind +CAES systems, maintenance-related outage rates
may be lower than those of the gas system if the
maintenance for each component (wind park, and SC/CC
or CAES plant) is performed when other system compo-
nents are idle. In that case, if gas has a 90% capacity factor
as we have modeled, then wind+gas will have a larger
capacity factor (and therefore lower COE), because some of
the maintenance can be performed while the wind turbines
provide all the energy. However, wind+ CAES, because
outages occur both when the CAES reservoir is empty and
during maintenance, will have a smaller capacity factor (and
therefore higher COE). Along the same lines, the reliability
of long-distance transmission lines, which we have assumed
to be 100% reliable, may be lower, particularly as distance
increases, which would raise the COE of both wind + gas
and wind + CAES relative to gas.
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Low-cost geologic reservoirs for CAES may not be
available in all areas. While it is estimated that some form
of suitable geologic storage is present in 75-80% of the US
land area (EPRI-DOE, 2003), the type of geology varies:
salt domes are prevalent in the Great Plains, Rocky
Mountain and Gulf States regions; saline aquifers are
ubiquitous in the Great Plains, Midwest and Appalachian
regions; some regions contain only expensive hard rock; a
few regions (the Southeast, much of California, and
Nevada) contain no suitable geologic formations (Cohn
et al.,, 1991). However, for the most part, the areas of
potentially favorably geology overlap substantially with
regions of high-quality wind resources. It remains to be
determined from high-resolution geologic surveys just how
prevalent this overlap is, though such surveys have not
been completed for the US or any other region. Also,
experience with the use of aquifers for CAES is limited.

There are also 2 number of options not considered in this
study that may make wind parks and/or CAES more
competitive than our analysis suggests. One option is
simply to include a wider geographic diversity of wind
parks, to increase wind’s firm power and thereby decrease
supplemental generation costs of both wind+gas and
wind + CAES, though increased transmission costs may
offset some of this advantage. Another option is to run the
system in an intermediate-load configuration so as to
provide power that has higher market value per unit energy
than the baseload plant that is the focus of the present
analysis. Indeed, all currently proposed CAES and
wind +CAES projects focus on intermediate- or peak-
demand markets (Wind, 2002; Bell et al., 2003; Desai and
Pemberton, 2003). A third possibility is a reduction in the
wind turbine rated power, which has been shown to lower
the overall COE by reducing array losses and boosting the
wind park capacity factor (Denkenberger, 2005). A final
option is the incorporation of under-utilized gas turbine
capacity into CAES systems, which under some circum-
stances might significantly lower capital costs for CAES
(Nakhamkin et al., 2004).

4, Conclusions

This study has attempted to model the cost of producing
baseload wind energy and its competition with fossil
baseload energy. Under our base case assumptions with
fixed 90% capacity factors for all the options, wind energy
does not begin to compete with CC gas in terms of total
cost of energy (COE) until effective fuel costs exceed $7/
GJ, and wind + CAES does not compete until above $9/GJ.
However, in real electricity markets, systems with lowest
short-run marginal cost are dispatched first, maximizing
capacity factors for those systems while diminishing
capacity factors and raising the total cost of high-marginal
cost competitors. We find that wind + CAES has the lowest
short-run marginal cost above a GHG emissions cost of
$35/tCequiv. compared with gas, wind +gas, as well as a
number of coal technologies; thus, wind+CAES will

support very high capacity factors in a competitive market.
Moreover, with a significant price on GHG emissions
(~$100/tCcquiv.), both wind + gas and wind + CAES will be
important competitors in terms of total COE with coal
integrated gasification combined cycle with carbon capture
and storage (IGCC+ CCS).

The use of energy storage, via CAES in this study, but in
principle any cost-effective storage technology, also sig-
nificantly boosts the ultimate penetration level for wind
energy on an electric grid to 80+ %, compared to an upper
limit of ~40% for wind with conventional backup power
that is determined by wind’s low capacity factor. This
higher penetration level is possible by significantly increas-
ing the wind park capacity relative to the capacity of the
transmission line (in our optimization, this ratio is 2.22),
and by using a large CAES storage reservoir (169 h at full
CAES expander output). The *“excess” wind capacity
generates energy that is captured by CAES and retrans-
mitted when needed, allowing the wind + CAES system to
achieve a very high capacity factor (90%).

Shifting from fill-in backup to storage also significantly
reduces the already-low GHG emissions from 76 gCoyuiv./
kWh (wind + gas) to 32 gC.quiv/kWh (wind + CAES). This
emissions rate is about one-fourth of that for CC gus
(120 gCcquiv./kWh) and almost one-tenth of that for a
typical coal steam-electric plant (276 gCoquiv /kWh.) Only
the emissions from coal IGCC+ CCS plants are compar-
able (~50 gCcquiv [kWh).

Our results depend, in some cases sensitively, on the
choice of parameter values, and in addition, there are a
number of unexplored issues that could either enhance or
detract from the competitiveness of wind+CAES or
wind + gas compared to other technologies. However, we
feel that our analysis has generated a set of robust results
that underscore the inherent attractiveness of these
technologies with low emissions, low variable costs and
falling capital costs that offer the potential to be highly
competitive in baseload power markets. Additional model-
ing and case studies will be required to determine the role
that wind energy can play in future electricity markets
under various policy, cost and geographic circumstances.
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Abstract

Coal integrated gasification combined cycle (IGCC) with carbon capture and storage (CCS) has emerged as a potentially
cost-effective carbon mitigation strategy. However carbon policies that make energy systems such as IGCC with CCS
competitive with conventional fossil power generators will also bring other low carbon technologies into play.

In particular, two strategies for generating baseload power from wind are investigated: pairing wind with dedicated natural
gas generation and coupling wind energy to compressed air energy storage (CAES). The costs and performance of these
options are analyzed in comparison to coal IGCC with and without CCS.

We find that wind with natural gas backup faces significant challenges in economic dispatch competition due to high fuel
prices. However CAES, a commercially ready technology, makes it possible to transform wind power into a baseload power
option with the low short-run marginal cost needed to compete in baseload markets. Moreover, geologies suitable for CAES
seem to be reasonably well distributed in wind-rich regions of the United States (e.g., Great Plains) where much of the new
capacity for coal power generation is being planned. An economic analysis indicates that costs and greenhouse gas emission
levels of wind-CAES systems fired with natural gas will be comparable to those of coal IGCC with CCS, and could be strong
competitors for coal IGCC with CCS in providing baseload electricity in a carbon-constrained world.

Introduction

The integrated gasification combined cycle (IGCC) facilitates the production of electricity from coal with low greenhouse gas
(GHG) emission rates via pre-combustion capture of CQO, and CO, storage in geological media [1]. A coal IGCC plant with
carbon capture and storage (CCS) typically becomes competive with a coal IGCC plant with CO; vented when GHG
emissions are valued at a price ~ $100 per tC[2]. However when the greenhouse gas emissions price (perg) reaches this level,
other low carbon generation technologies may be competitive as well. The future of coal IGCC with CCS will depend on

how the performance and economics of this technology compare with other low-carbon generation options and how well it is
able to compete in economic dispatch.

Wind energy offers lower production costs than most other sources of renewable, low carbon energy. However, due to the
intermittency of wind, it is not possible to make a direct comparison between wind generation costs and those of coal IGCC,
which will serve as baseload plants. But a baseload power system made up of wind power plus dispatchable backup
generation can be compared to a coal IGCC plant.

Two options for backing wind are utilizing dedicated stand-alone generation capacity and energy storage. Natural gas
generation is chosen as the stand-alone backup generation technology due to its low capital costs and its fast ramping rates
that are well suited to balancing rapid fluctuations in wind power output. CAES is chosen as the energy storage technologies
due to its low cost at large scale and potential widespread availability. A wind/CAES system would store excess wind
electricity by using it to run compressors that store high-pressure air in underground geologic formations such as saline
aquifers or salt domes. This mechanical energy can be retrieved by buming a suitable fuel (e.g., natural gas) in the high
pressure air recovered from storage and expanding the combustion products in a gas turbine expander to make electricity. In
this way, a wind farm coupled to CAES (or wind/CAES) can store excess wind energy and use it to generate electricity at
later times when wind speeds diminish.

While many studies have looked more broadly at the issues associated with integrating wind and energy storage [3-5], a
number of studies have also focused on wind specifically with CAES [6, 7] including studies focused on system costs [8-11]
and emissions [12]. Although both CAES and pumped hydroelectric storage meet the cost requirements for long-duration
storage (> 8 hrs) [13], pumped storage offers limited availability since its economic viability depends on utilizing preexisting
reservoirs suitable for storage. CAES however can be implemented in a wide variety of formations that appear to be readily
available in the wind-rich Great Plains [14-16]. This is also the same region where most of the capacity for new coal
generation is currently being planned.

Methodology

Costs are analyzed for four low-carbon baseload power generation options: coal IGCC with CO, vented (IGCC-V), coal
IGCC with CCS (IGCC-C), wind coupled to compressed air energy storage (wind/CAES) and wind energy with dedicated
natural gas generation (wind/gas).

Cost estimates are for plants with an 85% capacity factor using the financing model in the EPRI Techincal Assessment Guide.
The assumed financing parameters are 55% debt (4.4%/y real cost) and 45% equity (14.2%/y real cost), a 30-year (20-year)
plant (tax) life, a 38.2% corporate income tax rate, a 2%/y property tax/insurance rate, and an owner’s cost of 5.5% of the
total installed capital cost. Under these conditions the discount rate (real weighted after-tax cost of capital) is 7.9%/year, and
the levelized annual capital charge rate is 15.0%/year. Plant construction requires four years, with the capital investment
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committed in four equal payments, so that interest during construction factor (IDCF) is 1.124 with Base Case financing." All
costs are expressed in 2002 inflation-adjusted U.S. dollars.

Table 1: Coal IGCC System Parameters [17]

IGCC-V IGCC-C
Fate of CO, Vented Captured
Capacity Factor (%) 85
Levelized Annual Capital Charge Rate (%) 15
Installed capacity MW, 826.5 730.3
CO, Storage Rate (tCOy/hour) 0 626.6
Greenhouse Gas Emissions (gCequi,/kWh) 237 52.7
Efficiency, LHV 0.380 0.315
CO, Transport/Storage $/tCO, (100km pipeline) 0 6.82
€O, Transport/Storage $/tCO; (200km pipeline) 0 11.1
Overnight Construction Cost, $/kW, 1135 1428
Table 2: Wind System Parameters [10]
Wind/CAES | Wind/Gas
Capacity Factor (%) 85
Installed capacity MW, 2000
Levelized Annual Capital Charge Rate (%) 15
Wind Farm Rated Power MW, 3090 2000
CAES Expander Capacity MW, 2000 0
CAES Compressor Capacity MW, 1090 0
Natural Gas Backup Capacity MW, * 0 336(SC)/1597(CC)
Hours of Storage at CAES Exp Capacity 73 0
Wind Turbine Specific Rating [19] 1.19 1.34
Transmission Line Voltage (kV) 751 569
Transmission Loss % (500km) 2.72 4.20
Transmission Line Load Factor After Losses 0.85 0.43
Wind Energy Transmitted Directly (TWh/y) 12.2 8.91
Wind Energy Input to CAES (TWh/y) 3.46 0
Natural Gas Qutput (TWh/y) > 0 0.879(SC)/6.45(CC)
Greenhouse Gas Emissions (gC.q.i/kWh) 23.2 61.8
Backup Systemn Heat Rate (kJ/kWh)* 4220 9350(SC) / 6670(CC)
Wind Capital Cost at Nominal Rating $/kW. 923 923
Backup System Capital Costs $/kW,.~ 453 234(SC)/571(CC)
CAES Storage Volume Cost $/kWh 1.75 1]

Energy quantities are expressed on a lower heating value (LHV) basis, except energy prices are on a higher heating value
(HHYV) basis—the norm for US energy pricing. Energy prices of $1.31/GJ for coal and $5.05/GJ for natural gas are based on
a 30-year levelized 2010 price (EIA 2006). The GHG fuel emissions include the CO,-equivalent upstream GHG emissions
(estimated in the GREET model of Argonne National Laboratory as 1.00 kgCeq.i, per GJ of coal and 2.84 kgC.q;, per GJ of
natural gas) resulting in a total GHG emissions rate of 25.0 kgCquiy. and 18.0 kgC,,i... per GJ of coal and natural gas,
respectively.

Coal IGCC plant performances, capital costs, and O&M costs’ are derived from a 2003 study on coal IGCC by Foster
Wheeler Energy carried out for the International Energy Agency’s Greenhouse Gas R&D Programme [17].

' LACCR*(total installed capital cost—including interest charges accumulated during construction) = the annual capital
charge. Alternatively, the annual capital charge = IDCF*LACCR*OCC (where OCC = overnight construction cost), so that
IDCF*LACCR is the OCC multiplier

? Natural Gas Backup generation is comprised of a combination of natural gas combined cycle (CC) and simple cycle gas
turbine (SC) systems.
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Cost modeling of wind energy systems and transmission as well as optimization methodology for variable scaling of wind
turbine components (i.e. derating) are as described in previous studies unless otherwise noted [10, 18, 19].

Findings

Disaggregated costs for the four baseload power systems are presented in Table 3. The generation costs are compared at three
stages by adding GHG emissions and transmission costs incrementally. The GHG costs scale with the emissions levels for
each of the technologies. While the IGCC-V system has the largest emissions rate (237 gCequiv/kWh) it is found that IGCC-C
and wind/gas have very similar emissions (53 and 62 gCequiv/kWh respectively). The wind/CAES system has the lowest GHG
emission rate of 23 gCequi/kWh. In part this is due to the larger fraction of power delivered directly from wind relative to
wind/gas system (see Table 2). This is largely a function of optimizing both the sizing the wind farm and the wind turbine
specific rating [10, 19]. The low heat rate for CAES electricity (4220 kJ/kWh) also contributes to the low emissions profile
for the wind/CAES system.

When GHG emissions are valued at $100/C, the wind/CAES system is competitive with the coal IGCC options at the busbar.
However, if the wind resource being exploited is 500 km more remote from the electricity market being served than the coal
IGCC options, then the coal IGCC-C option becomes the least costly (see bottom of Table 3). The effect of these factors on
the relative economics of these systems underscores the sensitivity of the results to climate policy strength and wind resource
remoteness.

Table 3: Disaggregated Generation Costs for Coal IGCC and Baseload Wind, $/MWh (class 5
winds, $923/kW wind capital)
IGCC Vent | IGCCw/CCS | Wind/CAES Wind/Gas

Fixed Costs

Capital 25.70 3232 52.95 32.86

Fixed Operations and

Mifitsnsines 3.39 4.96 3.75 3.76
Dispatch Costs

Variable Qperations and 4.49 476 829 4.88

Maintenance

Fuel (NG = $5.05/GJ HHV, Coal

— $1.31/GJ HEV) 13.07 15.77 7.23 19.31

CO, Transport and Storage Cost® 0.00 5.86 0.00 0.00

Total Dispatch Cost 17.56 26.39 15.52 24.19
Total Generation Cost 46.64 63.67 72.22 60.81

GHG emissions costs,

DerG=3100/C 23.68 5.27 2.32 6.18

Total Dispatch Cost + pcrc 41.24 31.66 17.83 30.38
Total Generation Cost + pgrg 70.32 68.94 74.54 67.00

Cost of 500k Dedicated TL for , y

N : 0.00 0.60 4.09 3.25
Total Generation Cost + pgac + TL 70.32 63.94 78.63 70.25

Table 3 also shows that the dispatch costs (i.e. the sum of all short-run marginal costs: fuel + variable operations and
maintenance + GHG emissions cost) are larger for wind/gas than for wind/CAES despite a lower overall COE. This has
important implications for the viability of wind/gas as a baseload generation option, as discussed in the next section.

* In the original FWE study property taxes and insurance (PTI) were included in O&M costs. With the assumed EPRI TAG
financing model, PTI is accounted for in the levelized annual capital charge rate instead.

* Assuming CO2 is transported by pipeline 100 km for storage in an aquifer and that the maximum injection rate is 1000 t/d
per well
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Dispatch Cost Concerns

Capacity Factors Assumptions

In the above discussion of generation costs it is assumed all competing options are baseload systems operating at 85%
capacity factor. This assumption must be examined more closely with respect to the relative dispatch costs for competing
technologies. The capacity factor for each option depends on how well it can compete in economic dispatch on the grid. For
a given set of power generating systems, the grid operator determines the capacity factors of these systems by calling first on
the system with the least dispatch cost. Under this condition, deployment in sufficient quantity of the technology with the
least dispatch cost can lead to a reduction of the capacity factors and thus an increase in the COE of the competing options on
the system.

As a result of the recent increases in natural gas prices in the U.S. this phenomenon has resulted in reducing capacity factors
for natural gas combined cycle plants originally designed for baseload operation to average utilization rates in the range 30-
50% where coal plants are available to compete in dispatch [20].

In principle this downward pressure on capacity factors for options with high dispatch costs could be avoided with “take-or-
pay” contracts that require the generator to provide a specified fixed amount of electricity annually. But uncertainties about
future fuel prices, technological change, and future electricity demand make such contracts rare.

Variable Dispatch Costs

Since dispatch costs determine the relative suitability of different options for baseload operation, it is necessary to examine
closely the dynamics of dispatch for both wind options. Furthermore, although we can treat the dispatch costs from coal
IGCC as approximately constant in this context, the dispatch costs from wind cannot be treated as a simple average.
Wind/gas and wind/CAES will operate at the lowest dispatch costs when all the electricity is being provided directly by wind,

when fuel expenditures are

zero. But dispatch costs 2 Pana = som?"“”‘" e Pan = #100Cqun
will increase significantly Wind/Gas
as backup generation 50y Wind/CAES
comes on line to balance 45 += = IGCC w/CCS
shortfalls in wind output. 40 - aend
Thus it is important to
analyze the variations in =
dispatch costs for these g sor
options, not simply their & 25
average value as reported > 20
in Table 3.
15
The dispatch cost of the 10
wind/gas and wind/CAES
systems will vary with the 2 3
v i scoanding; to o 08 06 04 02 0 o 08 06 04 02 0
whether wind is Cuml Prob, Dispatch Cost< Y Cuml Prob, Dispatch Cost < Y
transmitting power
directly or whether the Figure 1 Variable dispatch costs for wind/gas and wind/CAES in comparison with coal IGCC
backup system is deployed. | costs at two different GHG emissions prices
Figure 1 shows the

variation in dispatch costs in a manner similar to a “load-duration™ curve or, more precisely, as an inverse cumulative
probability curve counting from the top end of the distribution. The choice of horizontal axis (in reverse order from 1 to 0)
can be useful since horizontal axis values at the intersection of the wind curves with each constant-cost IGCC line indicate
the percent of time that it can deliver power at a lower dispatch cost. These dispatch cost curves are evaluated at both

Parc=30/tC and $100/tC.

Dispatch costs are the same lowest value for both the wind/gas and wind/CAES systems when all power comes directly from
the wind array (right portion of each plot in Figure 1) but that dispatch costs tise at very different rates as the fraction of
power coming from the backup system increases (left portion of each plot). In addition, the wind/CAES system has an

intermediate dispatch cost regime where CAES compressors are running to store wind energy that cannot be transmitted; this
appears as a step in intermediate ranges on the wind/CAES line.

N-28



Figure 1 shows that wind/gas has the highest dispatch cost of all the options when natural gas generation is dispatched in
significant quantities to balance wind output. This is true in both panels of Figure 1 regardless of the price on GHG emissions.
At $0/tC wind/gas cannot compete in economic dispatch relative to the lowest cost coal technology for more than 30% of the
time and even at $100/tC it will be competitive less than 40% of the time. Hence a baseload-level capacity factor cannot be
sustained with wind/gas where coal or wind/CAES capacity is available and thus given current natural price projections it is
unlikely that wind/gas will be a viable baseload strategy for the foreseeable future.

This does not mean however that wind backed by existing reserve capacity cannot serve intermediate load applications. In
fact, if diurnal variations in wind speed are positively correlated with demand for electricity, it is likely that the economics of
wind backed by supplemental capacity could be quite favorable for serving intermediate loads even at very high penetrations,
but such an analysis is outside the scope of this paper.

On the other hand, the wind/CAES system, because of its low heat rate (4220 kJ/kWh) and higher utilization rate of wind
(see Table 2), is able to run at a lower dispatch cost than both coal options more than 70% of the time without a GHG price
and more than 90% of the time for pgrg=5100AC. Thus from the point of view of dispatch costs, wind/CAES has the
potential to be a competitive baseload technology with respect to coal IGCC. Consequently the analysis that follows will
focus on the competition between wind/CAES and coal IGCC systems. The wind/gas technology, although capable of
delivering electricity at a competitive cost, is not a viable baseload strategy for the reasons stated above and will not be
considered further.

Total Generation Cost
The costs of energy of three base load power plants were analyzed as a function of GHG price.

Costs for IGCC-C are presented as a band showing the upper and lower bounds for CO, pipeline costs. Costs for CO,
transport and for aquifer storage are based on a model developed by Ogden [21], assuming that the maximum CO, injection
rate per well is 1000 t/day (a typical value for mid-continental aquifers) and that CO, is transported by pipeline 100 km to
200km (corresponding to a

total cost for CO, a} Class 4 Winds/PTC/Current Capital Costs b) Class 5 Winds/PTC/Current Capital Costs
transport and storage of e -
$6.8 to 1 1.1 per tonne of 85} g5k
CQO,, respectively).
80} 80f
Cost bands for g g
wind/CAES reflect 0 to & 87 s 75y
" . & &
500km of dedl(_:at?d high £ .0 2 o}
voltage transmission. 2 g L=
Since equal transmission & 65 & 65
costs applied to both s 2
@ 60 @ 60F
systems appear only as 8 3
equal offsets (and thus 55} 551 )
ould not affect I Wind/CAES I Wind/CAES
wl l:j nota bec the so} IGCC W/CCS | s0} [EEEE1 IGCC wicCS
relationship between IGCC Vent IGCC Vent
systems) the lower bound a5 PO S S S B S a5 S S —
for wind (© km 0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
N Greenhouse Gas Emissions Price ($AC v} Greenhouse Gas Emissions Price ($AC__ )
transmission) can be s
mterp}'eted more Figure 2 System cost dynamics under a GHG emissions price with current capital costs with
generically as the case of | 3 1 9¢/kWh production tax credit (PTC) for wind.
equal transmission costs

between wind and coal. Likewise the upper bound reflects a 500km transmission distance differential of wind relative to coal.

The generation costs ($/MWh) of all four systems are analyzed as a function of greenhouse gas emissions costs with
variations in three principle variables: wind resource strength, wind production tax credit (PTC), and capital costs for wind
and CAES.

Wind resources of class 4 (8.23 m/s mean wind speed and 650 W/m® mean wind power density at a hub height of 119 meters)
and class 5 (8.8 m/s, 800 W/m®) were explored. While current wind development takes place predominantly in regions with
resources of class 5 and above, future capital cost reductions and wind turbine technology improvements may make class 4
winds economically viable thus significantly enhancing wind energy potential worldwide (especially in North America,
Europe and Middle East/Africa [22]). Therefore this range captures both current conditions and projected frontiers for wind
development.
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Figure 2 shows the cost competition between IGCC-C and wind/CAES under both wind resource conditions with current
capital costs for wind [23] and CAES [13, 24] as well as a production tax credit (PTC) of 1.9 cents per kWh applicable to the
first 10 years of plant life—the current situation in the United States.

This figure shows that wind resource strength and location has a profound effect on the cost effectiveness of wind/CAES.

Moving from a Class 4 @) _Class 4 WindsNo PTC/Current Capital Costs ) _ Class 5 Winds/No PTC/Current Capital Casts
remote wind site (the 90 90
upper edge of the blue 5| 5
band in Figure 2a) to a
Class 5 local wind site (the 80 80
lower edge of the blue £ 3
band in Figure 2b), s 75 =7

. LA
wind/CAES goes from % 70t = 70
lying entirely above the 2 g
IGCC-C cost band to @ 657 @ 65

, b 5 5
entirely below it. This also = 60t = 60
shows the coupled tradeoff 8 38
of wind resource stren; 55T 55 R
and remoteness: the |::c)gs:r;:h B WVind/CAES b e
T : 50+ R 50 55 IGCC w/CCS |

of exploiting a remote IGCC Vent IGCC Vent
oo ilinrbis bk el g 3 % 75 o0 1m0 75 a0 ‘"o 5 50 75 100 135 180 175 200
equwale_nt to that of Greenhause Gas Emissions Price ($4C___ ) Greenhouse Gas Emissions Price ($AC__ )
developing a local class 4 =t 2
site. Figure 3 System cost dynamics under a GHG emissions price with current capital costs and
Nevertheless we see that no PTC

in the absence of a price
on GHG emissions, [GCC with CO; vented is clearly the least costly option in both cases. But the wind/CAES and IGCC-C
technologies begin to compete with the IGCC-V option at comparable GHG emission prices.

An analysis of systemns costs in the absence of a PTC (Figure 3), shows that wind/CAES will be competitive with IGCC-C
only under the most favorable combination of conditions. For the systems we have modeled, only a class 5 wind resource

without additional

transmission costs can a) Class 4 Winds/No PTC/Projected Capital Costs b) Class 5 Winds/No PTC/Projected Capital Costs
: 20 80

come in near the $100/tC

price at which we expect 8s5;

to see IGCC-C becoming 66

competitive with IGCC-V. i 3

Furthermore, it is only 275 2

because of its low & &

emissions rate that 570 i =

wind/CAES can compete S 65/ & 65

at all; the shallow slope of k=1 =]

the cost line allows ¥ o0 g =0

wind/CAES to enter at 2 e =

high GHG emissions I Wind/CAES

prices despite relatively S0r — 'lggg ;"’e ﬁf‘s 1 50 :ggg 3;?'?8

high fixed costs. Therefore 45 N 45 e A W

under curent capial AR B m e i

conditions and with pgrg e equiv

=3100AC wianICAES can | Figure 4 System cost dynamics under 2 GHG emissions price with 24% projected capital

only compete if class 5 cost reductions for wind turbine and CAES turbomachinery (no PTC)

winds are available at no

greater transmission

distance than coal IGCC-C and if CCS costs exceed $114CO; (i.e. the CO, pipeline distances is greater than 200 km).

The potential for capital cost reduction is significant for both wind and CAES technologies. There have been large sustained
growth rates in global wind capacity in recent years: 29.3% average annual global capacity growth over the past ten years and
27.9% over the past five years [25]. If these trends continue, they will likely drive significant cost buy-downs for wind capital
in coming years. Assuming a somewhat reduced 20% annual growth rate, and using average progress ratios for wind of 0.81-
0.95 [26, 27], the 24% capital cost reductions assumed for Figure 4 could be realized within a 5-20 year timeframe.
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In addition, the small scale of current CAES deployment suggests that significant cost reductions could be realized with very
modest capacity additions.

The capital costs for IGCC could likewise see significant reductions, however the near-term costs reported by Foster ‘Wheeler
Energy used here (total plant costs of $1135/kW, and $1428/kW, for CO, vented and stored respectively) already reflect
some cost reductions relative to IGCC plants that would be built today. As a result IGCC costs are regarded as already
incorporating some learning and thus have not been modified for the analysis of projected capital costs in Figure 4.

Capital cost reductions would not only make class 5 resources more broadly viable for wind/CAES without subsidy, but
under a wide range of conditions they would make class 4 wind resources economical as well. This in turn could significantly
extend the range of sites available for wind/CAES and ease the need for additional transmission costs for wind as less remote
sites become viable. This is significant since the bottom edge of the class 4 wind/CAES band corresponding to a zero
transmission distance differential is competitive with respect to IGCC-C at all GHG prices without a PTC. Thus if capital
cost buy-downs over the next 5-20 years can make class 4 wind resources viable, this has the potential to not only reduce the
capital costs of the turbines themselves, but to reduce the infrastructure costs associated with wind and to make wind/CAES
viable over a broader geographical area.

Over the longer term, of course, it will be desirable to exploit remote Class 4 wind as well because so doing would greatly
magnify the exploitable wind resources. On a global basis, the exploitable Class 5+ wind resource is estimated at 80.5 PWh/y
compared to 185.0 PWh/y for Class4+ [28]. These figures exceed the global consumption of electricity in 2002 by factors of
5.7 (for classes 5 and above) and 13.0 (for classes 4 and above) [29]. '

Conclusions

The viability of wind and coal IGCC baseload electricity options will depend on a handful of critical factors. While IGCC-V
is the least-costly baseload power option investigated without a price on GHG emissions, climate policies equivalent to a
carbon price ~ $100/4C could bring several low-carbon technologies to the table. While wind with dedicated natural gas
backup generation can operate at competitive total costs, it is unlikely that it will be able compete under economic dispatch in
baseload markets for the foreseeable future. Wind with CAES storage however can operate at much lower short-run marginal
costs with total costs very similar to IGCC-C under several credible scenarios. The relative economics of these systems will
depend largely on the quality and remoteness of wind resource available for wind/CAES systems. Furthermore, the
competitiveness of wind/CAES may be enhanced as growth rates in wind buy down capital costs making less remote sites
economically viable in the near future.
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Testimony of Reid Nelson
(Private Citizen)
on HB 2949

This bill seeks to set the “foundation of the state’s energy plan” without mentioning
energy efficiency. Whereas, KCPL spokespersons have stated that energy efficiency should be
considered a “first fuel,” and spokespersons for the KCC state that, “There is no doubt that
energy efficiency is probably the fastest, quickest, least costly way to gain in the whole energy
picture...” (KCC video)( http://www.kcc.state ks.us/energy/indexhtm)

Ignoring implementation of any future energy efficiency measures, the bill projects that
Kansas will need significant additional baseload generation by 2020. This statement presumes
load growth of 1.3% until 2015, and then 1.6% to 2020. However, these figures appear to rely
on a “base case” of load growth forecast, wherein projected electricity demand relies on
“business as usual,” including current utility-efficiency practices.

These estimates should be adjusted drastically downward, because the legislature and
ratepayers will likely turn to energy efficiency programs and DSM (demand side management)
to bring demand down to .5% or less. Failure to factor in efﬁciency@ur “First Fuel,’)creates a
gross overestimate of our need for baseload.

The idea that Kansas should and can reduce demand is based on the following:

1. The Western Governor’s Association’s 2006 Energy Efficiency Task Force found that
adoption of “best practice” policies can reduce load growth in western states (including Kansas)
75% over the next 15 years. See Western Governor’s Association Clean and Diversified Energy
Initiative, pg. x (2006)(http://www.westgov.org/wga/initiatives/cdeac/energy)

2. The State of Vermont shows what is possible. Its efficiency program, “Efficiency
Vermont,” aggressively pursues efficiency and demand-side programs. Prior to Efficiency
Vermont’s efforts, demand growth in Vermont was similar to Kansas’, increasing at 1.5% per
year. However, as of 1008 Vermont stopped load growth altogether. The CEO of Efficiency
Vermont recently stated, “And we’re not done [reducing] at 1.5%”. See Salina Journal, 3/3/08.

3. A recent report, commissioned for Texas, determined that aggressive efficiency
policies “can limit growth in energy usage to just one-fifth of the forecast growth over the next
15 years. This would provide $38 billion of net benefits to the Texas economy.” Power to Save,
pe.10 (January, 2007) (http://www.docs.nrdc..org/globalwarming/glo).

4. The efficiency programs require a surcharge on electric bills. The 2.8% surcharge
which Vermont employed, is typical. But the rate of return, according to the Western
Governor’s Association, is $3 for every $1 levied. In Texas, the return will be 4 to 1, returning
$4.40 to the Texas economy for every $1 invested. Power to Save, pg. 11. Use of the “best
practices” in efficiency programs translates into a reduced energy bill for consumers by 23%
over the “business as usual” scenario. See Western Governors Pg. 51.
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Conclusion: This bill, by failing to consider efficiency programs and their effect on
baseload requirements, appears to set Kansas on a course which is very costly for its ratepayers.





