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Workshop Objective

Solar and wind have become the fastest growing segments in the energy market as the
feasibility of a major transition to renewable and sustainable energy of the country’s
energy infrastructure is established. Although deployment of solar and wind systems in
the U.S. may increase an order of magnitude from current levels without the need for
adding storage, eventually, storage will be required for these intermittent technologies to
become the major constituents of our energy mixture. Furthermore, incorporating
storage in the system improves the flexibility of the grid in satisfying load demands.
Currently, most energy storage systems are expensive; however, compressed air
energy storage (CAES) is economical for large bulk storage and can provide cycling
capability, regulation and quick start for both peak and base load applications. This
workshop brings together nationally- and internationally-renown CAES technology
experts and system analysts with the goal of collectively investigating the potential and
value of CAES in supporting large penetration of wind and solar energy in the electricity
grid, addressing national security and global climate change challenges.



Page of Contents
(Click to link to page)

1. Attendee List
2, Round Tables Summary
i. CAES R&D needs — Questions and Panel Recommendations

ii. CAES Business needs - Questions and Panel Recommendations
Conference Proceedings

Session 1: Introduction

1.1 Keynote Address: New York State Energy Planning
Mark R. Torpey, NYS Energy Research and Development Authority (NYSERDA)

1.2 Solar Energy Prospects in the U.S.
Vasilis Fthenakis, Columbia University and Brookhaven National Laboratory

Session 2: Technology Status

21 Dresser-Rand SmartCAES Technology
George Lucas, Harry Miller, Dresser-Rand

2.2 180 MW and 300 MW Advanced 2nd Generation CAES Plants to Support Renewable Energy
and Smart Grid

M. Nakhamkin, B. Kraft, R. Daniel, P. Conroy, Energy Storage and Power
R. Schainker, EPRI

2.3 Adiabatic CAES: Opportunities and Challenges
Stefan Zunft, German Aerospace Center (DLR)
24 Adsorption-Enhanced Compressed Air Energy Storage

Timothy F. Havel, Energy Compression Inc.

Session 3: Techno-Economic Integration Studies

3.1 Insights from EPRI’s CAES Economic Benefit-Cost Analyses
Robert B. Schainker, William Steeley, EPRI
3.2 New York Power Authority’s Investigation of Compressed Air Energy Storage in New York
State

Li Kou, Guy Sliker, New York Power Authority
Robert Schainker, EPRI



3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

Energy Storage and Geographic Aggregation: Mutually Reinforcing Strategies for Integrating
Wind Power

Samir Succar, NRDC
Robert H. Williams, Princeton University

CAES Studies at the National Renewable Energy Laboratory
Paul Denholm, Easan Drury, NREL

Renewable and Sustainable Energy Research at the Center for Life Cycle Analysis
Vasilis Fthenakis, Columbia University

GIS-based tools for optimizing site selection for wind and solar power plants

Rob van Haaren, Vasilis Fthenakis, Columbia University
Modeling co-optimization of wind and solar penetration and integration with CAES systems

Thomas Nikolakakis, Vasilis Fthenakis, Columbia University
Multi-functional Application of Co-located Wind Power and Adiabatic CAES

Daniel Wolf, Annedore KanngieBer, Christian Détsch, Fraunhofer Institut fur Umwelt-,
Sicherheits- und Energietechnik UMSICHT

Roland Span, Ruhr-Universitat Bochum, Lehrstuhl fir Thermodynamik

Firming and Shaping Wind Power: Comparison of CAES and Conventional Natural Gas Power
Plants within the National Energy Independence Plan

James Mason, Cristina Archer, Bill Bailey, NEIP
Unconventional Gas: A Bridge to the Future?

Alfred Cavallo, Energy Consultant

Session 4: Risks & Challenges in Underground Reservoirs

41

4.2

4.3

Potential Risks Associated with Underground CAES
S.J. Bauer, T.W. Pfeifle, Sandia National Laboratories

On the Use of Large-scale Multi-physics Modeling to Address Potential Vulnerabilities
Associated with Air/Gas Mixtures in CAES

Nick Simos, Brookhaven National Laboratory
Use of Carbon Dioxide as a Cushion Gas for CAES

Curtis M. Oldenburg, Lehua Pan, Lawrence Berkeley National Laboratory



Bryce Anzelmo
Columbia University

271 W119th st.

New York, NY 10026
United States
bha2107@columbia.edu

Bernays Barclay

Partner

Dickstein Shapiro LLP

1633 Broadway

New York, NY 10019-6708
United States
barclayb@dicksteinshapiro.com

Jonathan Beck

Columbia University

500 W. 120th St

Suite 1300 Electrical Engineering
New York, NY 10027

United States
jhb2158@columbia.edu

Grant Brandal

Columbia SEAS

547 Riverside Drive

Apt 5F

New York, NY 10027
United States
gbb2114@columbia.edu

Alfred Cavallo

Physicist

Consultant

289 western way

princeton, NJ 08540

United States
cavallo-harper@verizon.net

Participants: 93

Micah Babbitt

Columbia University
3186 Lerner Hall

New York, NY 10027
United States
mrb2203@columbia.edu

Stephen Bauer

Principal Member of the Technical Staff
Sandia National Laboratories

MS 1033

1515 Eubank SE

Albuquerque, NM 87123
sjbauer@sandia.gov

Rick Betita

Center for Life Cycle Analysis, Columbia
University

918 S W Mudd

500 W 120th St

New York, NY 10027

United States

rickbetita@gmail.com

Christian Brotel

Sales Manager

MAN Diesel & Turbo Schweiz AG
Hardstrasse 319

Zurich, ZH 8005

Switzerland
christian.brotel@man.eu

Joseph Chan

Principal Engineer

Pacific Gas & Electric Company
375 N. Wiget Lane

Walnut Creek, CA 94598
United States

jccd@pge.com

1 of 7

Attendee List for CAESworkshop2010
October 20, 2010 New York, New York

William Bailey

NEIP

Fiscal Associates

16 Fairfield Drive

Newark, DE 19711

United States
b.bailey@fiscal-associates.com

Achermann Beat

Vice-President Gas Storage
MAN Diesel & Turbo Schweiz AG
Hardstrasse 319

Zurich, ZH 8005

Switzerland
beat.achermann@man.eu

Peter Bowers

Managing Director

ICDM

Viscount House

Birmingham International Airport
Birmingham, United Kingdom B47 5QL
United Kingdom

office@icdm.co.uk

Eric Busch
Operations Manager
Lonquist & company
1001 McKinney Street
Suite 420

Houston, TX 77002
United States
susan@lonquist.com

Thanapoom Chareonsiri
Columbia University
3135 Broadway

New York, NY 10027
United States
tc2462@columbia.edu



Zuhui Chen

columbia university
226W 116th St Apt 4E
New York, NY 10026
United States
zc2199@columbia.edu

Paul Denholm

NREL

1617 Cole Blvd

Golden, CO 80033
United States
paul.denholm@nrel.gov

Easan Drury
Energy Analyst

National Renewable Energy Lab

1617 Cole Blvd.

RSF 300

Golden, CO 80401
United States
easan.drury@nrel.gov

Ron Flax-Davidson

CH Energy Group, Inc.

4 Osborne Road
Poughkeepsie, NY 12601
United States
rflax@iig-inc.com

Daniel Garcia

7882 Lerner Hall

2920 Broadway

New York, NY 10027
United States
dvg2108@columbia.edu

Michie Coldwell

National Energy Independence Plan -
NEIP

18603 Martinique Dr.

Houston, TX 77058-4215

United States
michiecold@earthlink.net

Yani Dong

Columbia University
500 Riverside Drive,
Ihouse South Room 510
New York, NY 10027
United States
yd2214@columbia.edu

Yuan Fang

Columbia University

5W, 524, West 123rd Street, Manhattan,
New York, NY 10027

United States

yf2231@columbia.edu

Vasilis Fthenakis
Columbia University
500 West 120 Street
New York, NY 10027
United States
vmf5@columbia.edu

Noah Ginsburg

CUNY

75 Park Place, 5th Floor
New York, NY 10007
United States
nginsburg48@yahoo.com

2 of 7

Patrick Conroy

VP of Marketing Development
Energy Storage and Power
520 US Highway 22

Suite 205

Bridgewater, NJ 08807
United States
pconroy@caespower.com

Kathleen Dooley
NYSERDA

17 Columbia Circle
Albany, NY 12203
United States
kd3@nyserda.org

Dario Feliciangeli
Master Degree
Columbia University
225 rector place

New York city, 10056
Italy
df2404@columbia.edu

Yuanda Gao

Columbia University

500 Riverside Drive APT 358
New York, NY 10027

United States
gao.yuanda@gmail.com

Sacha Gopel

Columbia University

70 W 109 Street

New York, NY 10025
United States
sjg2149@columbia.edu



Kristina Gsell

Columbia University School of
Engineering and Applied Science
19 Washington Avenue

Glen Head, NY 11545

United States
ksg2116@columbia.edu

Timothy Havel

CTO

Energy Compression Inc.

306 Commonwealth Ave.
Boston, MA 02115-2407
United States
tim@energycompression.com

Bianca Howard
Columbia U

500 W 120th st

new york, NY 10027
United States
bnh2111@columbia.edu

Edward R Jefferys

Strategy & Technology Director
ConocoPhillips

Portman House

2 Portman Street

London, UK W1H 6DU

United Kingdom
rick.jefferys@conocophillips.com

Lea Kou

Sr. R&TD Engineer

New York Power Authority
123 Main Street

Mail Stop 6E

White Plains, NY 10601
United States

li.kou@nypa.gov

Dazhong Gu
NYU-POLY

1966, West 12th street
Brooklyn, NY 11223
United States
gudazhong@gmail.com

Kent Holst

lowa Stored Energy Park
902 Walnut Street

Traer, IA 50675

United States
kentholst@traer.net

Georgianne Huff

Principal Member of Technical Staff
Sandia National Laboratories
P.0.Box 5800

MS1108

Albuquerque, NM 87185
ghuff@sandia.gov

Nicola Jones

Utility Engineer

New York State Department of Public
Service

90 Church Street

4th Floor

New York, NY 10007

United States
nicola_jones@dps.state.ny.us

Robert Kraft

Chief Executive Officer and President
Energy Storage and Power

520 US Highway 22

Suite 205

Bridgewater, NJ 08807

United States
bkraft@caespower.com

3 of 7

James Harvilla
Senior Consultant

Customized Energy Solutions

PO Box 7190

1701 North Street
Endicott, NY 13760
jharvilla@ces-Itd.com

Rachel Horning
Columbia University

35 Hamilton PI Apt 100A
New York, NY 10031
United States
rdh2126@columbia.edu

Bertan llbak
Columbia Uni

500 Riverside Dr #9B1
New York, NY 10027
United States
bi2130@columbia.edu

Hyung Chul Kim
Columbia University
926D S.W. Mudd
500 West 120th St
New York, NY 10027
United States

hyungchul.kim@gmaill.com

Matthew Lazarewicz
VP & CTO

Beacon Power Corporation

65 Middlesex Road
Tyngsboro, MA 01879
United States

lazarewicz@beaconpower.com



John Love

Sr. Project Manager
NYSERDA

17 Columbia Circle
Albany, NY 12203
United States
jfl@nyserda.org

John Martin

Senior Project Manager
NYSERDA

17 Columbia Circle
Albany, NY 12203
United States
jpm@nyserda.org

Michael McGill

Electricity and air storage Enterprises,
LLC

12222 KNOBCREST DRIVE
HOUSTON, TX 77070

United States

mcgill@easellc.net

llias Nikitakos

Columbia University

1569 York avenue, Apt#2C
New York, NY 10028
United States

in2167 @columbia.edu

David Oh

Columbia SEAS

5312 Lerner Hall

2920 Broadway

New York, NY 10027
United States
dho2104@columbia.edu

George Lucas
Dresser-Rand

8888 County Rt 87
Hammondsport, NY 14840
United States
glucas@dresser-rand.com

James Mason

Director

Hydrogen Research Institute
52 Columbia Street
Farmingdale, NY 11735
United States
je_mason@verizon.net

Harry Miller

Product Manager
Dresser-Rand

1 Paul Clark Dr.

PO Box 560

Olean, NY 14760

United States
hmiller@dresser-rand.com

Thomas Nikolakakis
Columbia University
400W 119th

NY, NY 10027

United States
tn2204@columbia.edu

Curtis Oldenburg

Staff Scientist

Lawrence Berkeley National Lab
Earth Sciences Division 90-1116
1 Cyclotron Rd

Berkeley, CA 94720
cmoldenburg@lbl.gov

4 of 7

Sander Mann

CLCA

500 Riverside Drive

New York, 10027
Netherlands
sandermann@gmail.com

Matteo Mastrella
SGPR
6462867213

new york, 10030
Italy
mastalla@libero.it

Michael Nakhamkin

Chief Technology Officer
Energy Storage and Power
520 US Highway 22

Suite 205

Bridgewater, NJ 08807

United States
mnakhamkin@caespower.com

Christo Nitoff

Principal Engineer
PG&E

17641 Chateau Ct.
Castro Valley, CA 94552
United States
cxnj@pge.com

Mirko Palla

Columbia University
600 W 113th Street
APT 11C2

New York, NY 10025
United States
mp2786@columbia.edu



Gregory Pedrick
Project Manager
NYSERDA

17 Columbia Circle
Albany, NY 12203
United States

gap@nsyerda.org

Savvas Politis

Stony Brook University
1 Hillside Ave

Great Neck, NY 11021
United States
spolitis@bnl.gov

John Roberts
Utility Supervisor

New York State Department of Public

Service

3 Empire State Plaza

Albany, NY 12223

United States
john_roberts@dps.state.ny.us

Nicholas Simos

Scientist

Brookhaven National Laboratory
Department of Nuclear Energy
Upton, NY 11973
simos@bnl.gov

William Steeley

Sr. Project Manager
EPRI

3420 Hillview Ave.
Palo Alto, CA 94304
United States
wsteeley@epri.com

Anthony Pell

Pres.

Global Social Finance, Inc/GHIF
71 Ring Road

Salt Point, NY 12578
ghif@moveworld.com

Daniel Porter

President

Trinity Storage Services, LP
13453 Highway 71 West

Bee Cave, TX 78738
celina.martinez@ccng-inc.com

Skyler Shatkin
Columbia University
362 Riverside Drive

Apt 7B6

New York, NY 10025
United States
sbs2111@columbia.edu

Amanda Simson

Columbia University

500 W. 120th Street Room 918
New York, NY 10027

United States
aes2171@columbia.edu

Philipp Stoelting
Columbia University
7601 Lerner Hall

2920 Broadway

New York, NY 10027
United States
pcs2131@columbia.edu

5 of 7

Keith Pitman

Power Systems Operations Specilaist IV
New York State Department of Public
Service

3 Empire State Plaza

Albany, NY 12223

United States
keith_pitman@dps.state.ny.us

David Rinck

Columbia University
609 W. 114th street
Apt 27

New York, NY 10025
United States
dir2104@columbia.edu

Yuewen Sheng

Columbia University

206 W 109th ST. Apt. 5C
New York, NY 10025
United States
shengyuewen@gmail.com

Anne Steeley

EPRI

3420 Hillview Ave.

Palo Alto, CA 94304
United States
acsteeley@comcast.net

Samir Succar

Staff Scientist

NRDC

40 W 20th St

New York, NY 10011
Phone: 212 727 4536
ssuccar@nrdc.org



David Thomas

Thomas Computer Consulting

117 Pleasant Ridge Dr.

West Hurley, NY 12491

United States
dave@davidalexanderthomas.com

Rob Van Haaren
Columbia University
152 West 75th street
apt 3A

New York, NY 10023
United States
rv2216@columbia.edu

Bin Wang

Columbia University
3157Broadway, #14

New York, NY 10027

China
wangbin07@mails.tsinghua.edu.cn

Yishi Wang

Columbia University
515 W110 #2G

New York, NY 10025
United States
wimgwys@hotmail.com

Nate Wight

Columbia

333 e 151 st

bronx, NY 10451

United States
ntw2101@columbia.edu

Mark Torpey

Director of Clean Energy Research and

Market Development
NYSERDA

17 Columbia Circle
Albany, NY 12203
United States
mrt@nyserda.org

Lynda Viray

Columbia

431 W 121st St, Apt A
New York, NY 10027
United States
lyndaviray@gmail.com

Duanyang Wang

Polytechnic Institute of NYU
6 Metro Tech Center
Brooklyn, NY 11201

United States
dwang05@students.poly.edu

Stephen Webb

Technical Staff

Sandia National Laboratories
PO Box 5800

MS-0706

Albuquerque, NM 87185-0706
United States
swwebb@sandia.gov

Daniel Wolf

Research Associate

Fraunhofer UMSICHT

Osterfelder. Str. 3

Oberhausen, 46047

Germany
daniel.wolf@umsicht.fraunhofer.de

6 of 7

Damon Turney

Brookhaven National Laboratory
BLDG 130

Upton, NY 11973

United States

dturney@bnl.gov

Ashwin Kumar Vutha

Columbia University

242 W, 109th St, Apt 1B

Between Broadway & Amsterdam
New York, NY 10025

United States
agv2110@columbia.edu

Tao Wang

Columbia University
918 Mudd Building
500 West 120th Street
new york, NY 10027
United States
tw2296@columbia.edu

Raymond Welch

Director of Engineering

Trinity Storage Services, LP
13453 Highway 71 West

Bee Cave, TX 78738
celina.martinez@ccng-inc.com

Reza Yaghmaie

Columbia University

362 Riverside Drive- Apt. 10B7
New York, NY 10025

United States
ry2211@columbia.edu



Stephen Yang
Columbia University
7246 Lerner Hall

2920 Broadway

New York, NY 10027
United States
say2104@columbia.edu

Xiaozhou Zhou
Columbia University
918 S.W. Mudd Hall
500 W 120th St.

New York, NY 10027
United States
xz2220@columbia.edu

7 of 7

Stefan Zunft

DLR (German Aerospace Center)
Pfaffenwaldring 38-40

Stuttgart, 70569

Germany

stefan.zunft@dIr.de



Round Tables (October 21°%, 2010) Summary

CAES R&D needs - Questions and Panel Recommendations

Question: Are improvements needed in CAES technology before implementation?

Recommendations:

(0]

Demonstrations are needed for 2™ generation CAES plants. The science is well
established but documentation of the physics and thermodynamics of 2™ generation
technology need to be published and become widely available.

Demonstrations are needed of the feasibility of small CAES plants (e.g., 5 MW) for
distributed renewable energy grid integration.

Cost analyses and case specific market analyses are needed for distributed and central
CAES systems.

Question: Can a 1% generation small (e.g., 5SMW) plant be cost effective?

Recommendations:

(0]

It is difficult to make it economically feasible. Cost of machinery (per kW) increases with
size reduction. However, cost of components can decrease in mass production.

Inhibiting factor is the high cost of above ground air storage. Specially, the safety
standards to be met for high pressure vessels is a significant cost driver.

More documentation is needed for dissemination to the public. There is a sense of
urgency. A handbook needs to be published to get everything summarized.

Question: What are the biggest challenges related to implementing very large scales of CAES in
the U.S.?

o Economic — Competition with natural gas in terms of energy economics (gas peakers vs.

CAES) and in terms of usage of available underground caverns; however, the need for
gas storage in New York would be reduced due to the Millennium pipeline. Load for gas
is becoming more leveled. A long-term view on fuel prices and necessary carbon
emissions reduction is needed to overcome competition from natural gas.

0 Technical — Identifying large volumes of suitable underground reservoirs.



Finding suitable formations for air storage underground has proven to be a challenge in
lowa. However, the likehood of large suitable underground formations in New York is
very good; this is documented in NYSERDA reports.

Include CAES in long-term transmission planning for renewable penetration in the grid.

There has to be a raise of awareness that CAES is to be treated as a transmission asset
as well.

Identify the best CAES locations for lowest cost support of renewable penetration.

Raise utilities’ interest in CAES development, demonstration and implementation.

Question: Is there a need for R&D on thermal energy storage systems?

(0]

(0]

(0]

Thermal storage is the key for CAES cost and environmental sustainability
advancement.

The CAES community can benefit from R&D on thermal storage in other systems (e.g.,
Concentrated Solar Power, hybrid photovoltaics).

The R&D roadmap of a DLR-led European adiabatic-CAES program specifically focus
on thermal storage development for multi-hour storage of compression generated heat
and a demonstration plant is planned for 2013. The U.S. will be benefited by developing
parallel development and demonstrated plans.

Question: What are the CAES assessment needs?

(0]

Assess future natural gas price and their effect on economic risks of conventional and
adiabatic CAES systems.

Assess the carbon reductions and other environmental benefits attributed to CAES
integration in the grid.

Economic analyses for various modes of CAES integrated in the grid.

Economic analyses of developing underground storage including site assessments and
permitting.

Load analyses with wind, solar and CAES; CAES interface with grid management.

Demonstrate and document CAES start-up and ramp rates for current and proposed
designs.



Question: What are the model development and modeling needs?
0 A modeling roadmap is needed.
o Develop models of integrating wind, solar and CAES for satisfying regional loads.

o Conduct transient modeling for different operation states (e.g., from frequency regulation
to arbitrage).

0 Integrate models of equipment (e.g., compressor, expander, and turbine) performance
with models of electric grid dynamics.

o0 Conduct tests to validate equipment and integration models

Question: Is there competition for underground storage between storage of natural gas or CO2
and CAES?

o At the moment there is no competition. However, in large scales implementation there
could be competition with natural gas storage; the outcome would depend on the price of
fuel and the incentives for CAES. Potash solution mining also presents a potential
competition, since depleted salt mines are used for liquid waste disposal.

0 Underground CO2 storage requires greater depths than CAES and poses significant
safety risks that differentiate it from air storage.

Question: What are the safety and risk analyses needs for CAES?

0 The industry reports detailed safety studies of the above ground machinery used in
CAES (e.g., compressors, expanders, turbines). Safety relief valves are built-in and air is
a benign medium.

0 Underground storage requires flammability studies and cavity integrity and vulnerability
studies.

CAES Business needs - Questions and Panel Recommendations

Question: Can CAES qualify for renewable energy credits?

o Itis matter of classification. Currently CAES is classified as green but not renewable
technology since it requires fuel to operate. Perhaps a partial credit (e.g., 70% of
capacity) reflecting the wind and solar related input into CAES could materialize.



Storage should be a new item besides transmission and generation. The markets should
allow for benefits from the plant to be reflected in revenues.

Showing the benefits CAES brings to the whole grid is important for gaining support from
the general public, regulators and legislators.

Question: Ways to fund CAES? Do people want to be taxed for a plant? How can the public be
involved in CAES?

0 Wind and solar generation of electricity can carry some premium. CAES enables wind

and solar and thus should share some of the premium allowed for renewable energy
development.

Cost/benefit scenarios of CAES integration of wind and solar into the grid should be
shown.

Surcharge on electric bills for wind and solar electricity either directly or via CAES is a
mechanism for generating funds to fund CAES R&D and deployment.

Quantify the measure of grid stability; not only what is the cost of CAES, but also what is
the cost of ‘no storage’.

Question: How urgent is storage for grid stability?

(0]

With current rates of wind and solar deployment in Europe and the US large storage
may be needed by 2015-2020 to reliably satisfy loads under transmission cost and
congestion constraints.

CAES reliability is a selling point.

Question: Do we need very fast responding storage systems (e.g., flywheels, batteries) in
addition to CAES?

(0]

Theoretically, CAES ramping rates are in the order of a few minutes which in many
cases could satisfy all grid stability and load following requirements; however, field
demonstrations are needed to verify this.

Batteries and/or flywheels will be needed in leveling highly variable resources and
provide power quality services. In the future renewable energy generators like wind
power and PV themselves will be able to provide short term power quality services.



o In future scenarios excess capacity from car batteries (V2G) could compliment CAES
services in short timescales.

Question: What is the status of CAES demonstration?

0 There is a great need for the first demonstration plant linked with wind or solar

generation to be deployed as the two existing CAES plants are outdated and are not
connected to renewable energy sources.

o Industry members are working with developers to develop projects, and with commercial
teams to supply turnkey CAES plants. There are promising opportunities.

Conclusion

The CAES 2010 Workshop at Columbia University brought together, and facilitated interaction
among, experts on energy system analysis, industry partners and university and national lab
researchers. The consensus was that although the need for CAES may not be eminent, in 10-
20 years we would need a lot of large-scale storage in the electricity grids of the country and
now is the time to plan for it. Market analysis, modeling of the integration, demonstration of the
performance under variable inputs and R&D of advanced CAES designs are needed.
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Much has happened since the last CAES meeting ....

Headline Story (10/21/2008):

Former Fed Chair Alan Greenspan told Congress the economic
crisis unveiled “a flaw” in his view of world markets.




New York has increased its Renewable Portfolio Standard (RPS) goal
(30% Renewable Resources by 2050)

B Hydro [NY)

B Hydro (Import)
B LFG

B Biomass

m Wind

Year Year Year Year Year
(2011) (2012) (2013) (2014 (2015])

Installed Wind: 1,275 MW (2010) vs. 700 MW (2008)




New York received federal support for “smart grid” projects

DOE Categon Project Stimulus Funds |Total Cost

Consolidated Edison
Consolidated Edison
Energy East
| [osnom [sso21s058

Beacon Power: $43 million loan guarantee (Stephentown, NY)
Premium Power: $8 million (Syracuse, NY)



New York established the NYS Smart Grid Consortium

NYS

. SmartGrid
Consortium

NYS Smart Grid Consortium
387 Park Avenue South

New York, N.Y., 10017
Info@nyssmartgrid.com

www.nyssmartgrid.com



New York 1s completing a Climate Action Plan to reduce GHG emissions (“80 by 507)

Forecast
Range

Baseline Emissions

80% Reduction
~222 million tons
CO.e

<
c
2
©
2
3
o
w
N
0
o
N
n
c
)
[t
c
2
=

1990 Historic | 2025 Forecast | 2050 Goal
NYSERDA NYSERDA

‘lEIectric ONet Imports B Transportation O Residential 0 Commercial BIndustrial @ Other ‘

http://www.nyclimatechange.us/ewebeditpro/items/O109F22816.pdf




New York is supporting a variety of good projects

General Electric Beacon Power
Variable Frequency Transformer Flywheel Technology
300 MW (December 2009) 20 MW (1% Qtr 2011)
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Thank You

Please visit the website (www.nyserda.org)

/= New York State Energy Research and Development Authority - Windows Internet Explorer
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Mark R. Torpey (518) 862-1090 ext: 3316; mrt@nyserda.org



Solar Energy Prospects in the U.S.

Vasilis Fthenakis, Columbia University and Brookhaven National Laboratory

Prof. Vasilis Fthenakis is the founder and director of the Center for Life Cycle Analysis (CLCA) at Columbia University. He
also leads the National Photovoltaics (PV) Environmental Research Center operating at Brookhaven National Lab (BNL)
under the auspices of the DOE since 1982. The centers are synergistically engaging students and researchers in the two
institutions and have formed close collaborations with the U.S. PV industry, the European PV Industry Association and
several European Universities on the LCA area. He leads the International Energy Agency (IEA) Task on PV
Environmental Health and Safety. He is the author or coauthor of 250 publications on energy and the environment and a
Fellow of the American Institute of Chemical Engineers and of the International Energy Foundation.



Solar Energy Prospects

Vasilis Fthenakis

Director, Center for Life Cycle Analysis, Columbia University
and
PV Environmental Research Center, Brookhaven National Laboratory

0 3 email: vmf5@columbia.edu
CLCA% ftor JLitte @SY@H@ AFI&]YSIS l web: www.clca.columbia.edu
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Risk of abrupt,
major and
imeversible changes

Food

Extreme weather
events

Source: Adapied from Stern Review, 2006




Conventional Energy Resources:
How much is left at what cost?

— Oil: 40— 125 years (Hubbert’s Peak ~ 20157?)
— Natural Gas: 65 - 210 years
— Coal: 250 - 360 years

— Uranium: 80 — 300 years
Science 329, 786 (2010)

More Difficult/Costly/Risky




Renewable Energy Resources:
How much at what cost?

m Abundant resources
m \Wind: Best sites are cost competitive already

m Solar: Best sites to be cost competitive in 3-4
years



20,000

15,000
MW/yr

10,000

5,000

BN Policy-Driven scenario
- MM Moderate scenario Doubling of added
capacity every 2 17335
years.
RCL L TEEO
b 10,790
""""" 6,802
""""" 5,550
i n&2 1,329
we e 49 9 . .
2000 2001 2002 2003 2004 2005 2008 2000F° 20108 20011E° 20M12E" 2013E"
*Estimated

Source: PV Market Outlook European Photovoltaic Industry Association 2009 45
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able Portfolio Standards

WA: 15% by 2020 §

ME: 40% by 2017
H: 23.8% by 2025 |
MA: 11.1% by 2009 +1%lyr

"n.-'TED".-"uI:r'_l.rEEI‘I]" ’

1

Wi 10% by 2D15

OR: 25% by 2025 (large utiities)

5-10% by 2025 (smaller utilt 3 RI: 16% by 2019
N — EE%hy!ﬂ!D CT: 23% by 2020
: IA: 105 MW by 1999 [ IN J: 22.5% by 2021 s |
ADE: 25% by 2025 |
UT: 20% by 2025 [KS: 20% of peak [[IL: 25% by 2025 |[OH: 12.5% by 2024

3]DC: 20% by 2020 |
A:15% by 2025 |

r’""! [

0: 30% by 2020 (ICUs)
10% by 2020 [co-ops and munis]

NC: 12.5% by 2021 (1OUs)
10% by 2018 (co-ops and munis)

:15% by 2025 PNM: 20% by 2020 (IOUs) 1

105 by 2020 [co-ops)

AK: 50% by 2025 |

B Mandatory RPS
Non-Binding Goal

IWHI: 40% by 2030

Sowrce: Berkeley Lab

e Current RPS will require 73 GW of new RE capacity by 2025

Source: Wiser et al., LBNL, Oct. 2010 17



Ind so far

Annual RPS-Motivated Capacity Additions

T O oo
mGeothermal

T I O ——— =
=Biomass

5000 1-| mSolar  |reeeeeeeeeeeee e

4,000 +-

3,000 ---mmmmmemem e

) —————

Mameplate Capacity (MW)

1,000 4

RPS motivated capacity additions total 23 GW in 1999-2009
93.9% wind
3.2% biomass
1.4% geothermal
1.5% solar

Source: Wiser et al., LBNL, Oct. 2010 18



But Solar is Coming Strong

Utility Scale Solar Projects

m in Operation: 601 MW

« CSP 433 MW
« PV 168 MW

m Under Construction: 192 MW

» CSP 77 MW
* PV 115 MW

m Under Development: 23,500 MW

« CSP 10.3 GW
« PV 132GW

m BLM Fast-Track- Renewable Energy Projects ( for approval by Dec 2010)
« Solar: 6,306 MW
* Wind: 816 MW
« Geothermal: 411 MW
« Transmission: 1076 miles



Current PV Levelized Costs
and Electricity Rates

Utility PV with 10% ITC;

Initial Grid Parity: 2014
Widespread Grid Parity: 2030

-
L=
'

Cost of Energy in Cents/kWh (2010$)

.....
......
--------
.....
P
-

0
2008 2010 2012 2014 2018 2018 2020 2022 2024 2026 2028 203(

Year

*Assumes IOU or IPP ownership of PV, and thus the LCOE includes the taxes paid on electricity generated.
Includes 5-yr MACRS but not state or local incentives.

For a complete list of assumptions see DOE Solar Cost Targets (2009-2030), in process.

Source: J. Lushetsky, Solar Technologies Program, EERE, DOE, 25" EUPV, Valencia, Spain, Sept2D10
10



PV market projections for the United States by 2030

Draft in progress: Not to be cited
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A Solar Grand Plan

ey eoeeyeos nesonnss. [ By 2050 renewable energy to supply 69% of electricity,
SCIENTIF] =W 35% of total energy needs of the U.S.

AMERICAN Filion Zwe . Mason, Fthenakis

A GRAND PLAN FOR
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foreign oil and slash greenhouse
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The technical, geographical, and economic feasibility for solar energy to
supply the energy needs of the US

Vasilis Fthenakis James E. Mason  Ken Zweibel - Energy Policy 37 (2009)
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A Solar Grand Plan

Gy emees e nescan s | By 2050 solar power could free

' the U.S. from foreign oil and Comp0n9nts
SCIENTIFIC E_Lﬁ;: slash greenhouse %missions _
AMERICAN = =Photovoltaics

A GRAND PLAN FOR

SOLAR ENER =Wind

By 2050 it could free the U.S. fro
freg oil and slas hgreehuse

eissios Hars .. ; | e e «Compressed Air Energy Storage

LINGER

wwgm [—— Sl -Concentrated Solar Power

‘fiir das g
s S : % a9 sGeothermal, Biomass

Re| p gTh m /\'
Wie die USA bis 2050 von Olimporten
unabhéngig werden kdnnten - i u ] [
ThePhys und welchen Weg Europa gehen muss = .H Igh Voltage DC Transm Isslon
of loice . il <
3 , e . \ ; )

«Hybrid plug-in electric cars

00

«Hydrogen infrastructure

The technical, geographical, and economic feasibility for solar energy to
supply the energy needs of the US

Vasilis Fthenakis James E. Mason  Ken Zweibel - Energy Policy 37 (2009)
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“=Wind-CAES = Central Geothermal = Distributed PV =—PV-CAES =—CSP
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rt Lands are Abundant

2009: Total US Electricity ~'4'10 ‘

QLand Required: 15,000 sq miles (6% of desert Iaﬁqﬂin the SW)
(PV Efficiency=14%; performance ratio=0.8; packing ratio =2.6 )

7
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SW in the Winter

{ l

Lyl
3 o

w7 = -’_/.v. §
Winter  Spring Summer Fall “Win

Daily average and minimum solat irradiation for six SW Iocati'c'i'ps: 45 year data

(El Paso, Albuquerque, Tucson, Phoenix, Las Vegas, Daggett)
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PV cumulative installed capacity to reach 900 GW in 2030 and 3000 GW in 2050

Source: Frankl, IEA, 2010
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Concluding Remarks

m Solar (and wind) penetration occurs fast

m Large scale low cost storage will be needed eventually for
RE to replace a large fraction of fossil fuels

m [hereis only a 10-20 yr window and the time to plan for
storage is now

18



Dresser-Rand SmartCAES Technology
George Lucas, Harry Miller, Dresser-Rand

We will present an overview of the experience with the machinery provided for the Power South
110MW CAES Plant as well as numerous enhancements made to the original equipment
configuration which comprise the Dresser-Rand current SmartCAES 135 MW solution.
Characteristics such as equipment ramp rate, turndown, heat rate, operational flexibility, and reliability
will be discussed.

George M. Lucas has 34 years of experience in the design, analysis, and operation and maintenance of turbines,
generators, and other large rotating equipment. George received B. Sc. and M. Eng. degrees from Cornell and started his
professional career as a Design Engineer with FMC'’s Coffin Turbo-Pump Operation. He subsequently joined Dresser-
Rand’s Steam Turbine Division in 1978, where he held a number of positions including Director of Engineering. He led
the design team responsible for the design and manufacture of the gas turbines for Alabama Electric Cooperative’s
Mclntosh CAES plant and continues to support the CAES products, including developments and enhancements reflected
in Dresser-Rand’s SMARTCAES Solutions.

Harry Miller is the Product Manager- Marketing of Turbo Products at Dresser-Rand. His career in turbomachinery began
35 years ago with Dresser Clark, and he has held a variety of Design Engineering and Marketing positions, most recently,
being Manager of Development Engineering and Leader of the DATUM Multistage Centrifugal Compressor Development
Team. He received a B.S.M.E. degree from Northeastern University, and a M.B.A. degree from Lehigh University. His
areas of expertise include turbo compressor and gas turbine design and application. He has authored several technical
papers and has contributed to several patents, and has won the Dresser Industries Annual Technical Achievement Award.



Dresser-Rand’s SMARTCAES .
Compressed Air Energy Storage Solution-

2nd Compressed Air Energy Storage Conference & Workshop
Columblg_pnlversny Center For Lifecycle Analysis & NYSERDA

George Lucas & Harry Miller - October 20 & 21, 2010
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Dresser-Rand
Confidential
March 2010

—Safe Harbor Disclosure

Some of the information contained in this document contains "forward-looking statements".
In many cases, you can identify forward-looking statements by terminology such as "may,"
"will," "should," "expects," "plans," "anticipates," "believes," "estimates," "predicts," "potential,"
or "continue," or the negative of such terms and other comparable terminology. These
forward-looking statements are only predictions and as such inherently included risks and
uncertainties. Actual events or results may differ materially as a result of risks facing
Dresser-Rand Company (D-R) or actual results differing from the assumptions underlying
such statements. These forward-looking statements are made only as of the date of this
presentation, and D-R undertakes no obligation to update or revise the forward-looking
statements, whether as a result of new information, future events or otherwise. All forward-
looking statements are expressly qualified in their entirety by the "Risk Factors" and other
cautionary statements included in D-R's annual, quarterly and special reports, proxy
statements and other public filings with the Securities and Exchange Commission and other
factors not known to D-R. Your decision to remain and receive the information about to be
presented to you shall constitute your unconditional acceptance to the foregoing.

DRESSER-RAND.

Confidential and Proprietary - See Safe Harbor Disclosure
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—Confidential & Proprietary

Any person allowing themselves to directly or indirectly receive the information contained in
this presentation (the "Receiver") agrees that this presentation and all information contained
herein and/or in any way distributed to the Receiver with respect to the same (verbal or
otherwise) is the confidential and proprietary property of Dresser-Rand Company and is being
provided to and received by the Receiver in confidence. Receiver agrees not to divulge the
contents hereof to any third party without the prior written approval of Dresser-Rand’s duly
authorized representative. Receiver shall advise any permitted recipient of the confidential
information of the nature of the same and obtain their agreement to be bound to these terms
before such confidential information is disclosed to them. Receiver on behalf of its principal,
representatives, employees and themselves individually to hereby unconditionally agree to the
terms hereof and agree to defend, indemnify, and hold Dresser-Rand harmless from and
against any and all damages that result from Receiver’s failure to strictly comply with these
terms. Receiver further agrees that failure to comply with these terms will cause Dresser-Rand
to suffer irreparable harm. Your decision to remain and receive the information about to be
presented to you shall constitute your unconditional acceptance to the foregoing.

DRESSER-RAND.

Confidential and Proprietary - See Safe Harbor Disclosure
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—Agenda

Welcome to Dresser-Rand’s World
Compressed Air Energy Storage (CAES)
Dresser-Rand’s CAES Mclntosh Experience
Dresser-Rand’s SMARTCAES Solution

Dresser-Rand’s CAES Solution Advantages
Why Dresser-Rand?

® & 6 ¢ o o

DRESSER-RAND.

Confidential and Proprietary - See Safe Harbor Disclosure
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Dresser-Rand

«wes \Welcome to Dresser-Rand’s World....
i

-

On-shore =

G gl

!’|
L™ 4

Steam Turbine Main Engines

DRESSER-RAND.

i = Az =

High-Efficiency Turbo Compressors
Confidential and Proprietary - See Safe Harbor Disclosure

© Copyright 2010
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What is CAES? &
How Does It Work? " -

£
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~ How does CAES work?

Low Pressure Combustors

P1=587 psia P1=230 psia P1=61.7 psia P1=13.4 psia

P2=1220 psia P2=594 psia P2=237 psia P2=65.7 psia HP Expander Exhaust
P=270 psia

Pwr=23,407hp Pwr=25,050hp Pwr=42 836hp Pwr=50,077hp

Pwr=17 ,536kw Pwr=18,687kw Pwr=32,000kw Pwr=37537kw
Speed HP Expar!der Inlel
Increasing P=700 psia
Gear S8S S88 T=1000F
Clutch Clutch

D16R6B D16R6B
5013 Axial
g LP Expander
—GB Motor-Generator ﬂ—e EAliT

Combustors

=

N Recuperator
Y
CAVERN —  To Stack
P=1200 psia
T=85 F

Dresser-Rand SmartCAES
System Schematic

*Typical example based on 1200 psia mean storage pressure

DRESSER-RAND.

Confidential and Proprietary - See Safe Harbor Disclosure
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~** CAES Compression Mode

Low Pressure Combustors

P1=587 psia P1=230 psia P1=61.7 psia P1=13.4 psia %
P2=1220 psia P2=594 psia P2=237 psia P2=65.7 psia ~ LY
Pwr=23,407hp Pwr=25,050hp Pwr=42,896hp Pwr=50,077hp
Pwr=17,536kw Pwr=18,687kw Pwr=32,000kw Pwr=37537kw e
Speed .
Inche::\rng 5SS 555 ~Y N
Clutch Clutch B
D16R6B D16R6B ki
5013 Axial A ~
LP Expander [ HP Expander
X t | |
Motor-Generator ‘ (‘J EAL1B - 6T J

HP

Combustors \/ \-/

/"/7
/N Recuperator
Y —’7
CAVERN - == ToStack
P=1200 psia
T=85F

Dresser-Rand SmartCAES
Compression Mode

*Typical example based on 1200 psia mean storage pressure

DRESSER-RAND.

Confidential and Proprietary - See Safe Harbor Disclosure
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== CAES Power Generation Mode

ee
s "] Increasin
L o Gear
D16R6B ,r‘] \\ D16REB r\]
W 7 | Al

M = \
i
Al \l
= Ay . A
/ { A
\ ) \ /
A / \ /

HP Expander Exhaust
P=270 psia

HP Expander Inlet

Motor-Generator

DRESSER-RAND.

Dresser-Rand SmartCAES
Power Generation Mode

*Typical example based on 1200 psia mean storage pressure

Confidential and Proprietary - See Safe Harbor Disclosure
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—CAES Operating Characteristics
¢ Rapid start

e Power generation - <10 minutes to rated output
e Compression - < 5 minutes to rated flow & pressure

¢ High ramping rates
¢ High turn-down ratios

¢ 3 Modes of operation
e Compression
e Power generation

e Synchronous condensing

DRESSER-RAND.

Confidential and Proprietary - See Safe Harbor Disclosure
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—Benefits - How can CAES be used?

Arbitrage (Compress off-peak, generate on-peak)

Regulation & frequency support

VAR support (synchronous condensing & compression modes)
Spinning and/or ready reserve

Black start capability

® & 6 ¢ o o

Support renewable energy penetration
e Prevent curtailment at times of peak renewable output
e Dispatchable

¢ Transmission capacity management

DRESSER-RAND.

Confidential and Proprietary - See Safe Harbor Disclosure
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— CAES Compressor Train IGV Controls

Discharge Pressure Vs Mass Flow
With Const Polytropic Efficiency

Secllon # 1
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B / IFIHP Casing Pssufe 4 11||'. ;: Eiqﬁ!:ﬂ F
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o I,'I Zawg 1.00230
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Mass Flow, Ibfsec

DRESSER'RAND@ Confidential and Proprietary - See Safe Harbor Disclosure

13
42

© Copyright 2010



Dresser-Rand
Confidential
March 2010

- CAES Expander Train Performance

120%

\
110% - \\
90% //
— 80% 7
o Qo /
T o
c = 70% /
= 0
C /
Qo
T & 60% ~
58
L £50%
= c
<=
40% -
30% / >
20%
HDesign Airflow 400 Ib/s Air Flow H
10% +{Design LHV Heat Rate 3959 BTU / kW-hr Heat Rate o
| |Design Minimum Inlet Pressure 864 psia = = Min Inlet Pressure -
0% T ‘ T ‘ T T T T 1 ‘ 1 ‘
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Expander Output PU

DRESSER-RAND.

Confidential and Proprietary - See Safe Harbor Disclosure
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Dresser-Rand SmartCAES Heat Rate

(Natural Gas w/90% Recuperator Option)
5000 ~
4000 -
S
T 3000 -
S5
=
=
=<
-
~ 2000
)
1000
0 I I I I I 1
0% 20% 40% 60% 80% 100% 120% S
% Rated Load (Max Output = 135 MW) 5
DRESSER'RAND@ Confidential and Proprietary - See Safe Harbor Disclosure o
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— CAES Efficiency

enhancements

e Recuperation

e Reheat

DRESSER-RAND.

¢ SMARTCAES system is a Brayton-cycle engine with

e Compressor inter-cooling

e Compression energy comes from outside the cycle and
displaced in time from generation

¢ Conventional efficiency metrics fail to characterize this cycle
because the energy input comes in two forms

e Compression power from electricity

e Thermal input from hydrocarbon combustion

Confidential and Proprietary - See Safe Harbor Disclosure
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— CAES Efficiency

¢ A representative range for CAES Energy Ratio is 0.70 - 0.85,
depending on numerous variables:

e Compressor inlet temperature

e “In & out” pressure losses (depends on cavern piping / well
design as well as operating philosophy)

e Compressor operating point relative to optimum

¢ A representative Heat Rate is ~3,900 BTU / kW-hr at design
condition
e Roughly 85% of the fuel used is converted to electricity

« Compare to roughly 30% for simple cycle GT, 55% for
combined cycle GT

DRESSER-RAND.

Confidential and Proprietary - See Safe Harbor Disclosure
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Dresser- Rand s CAES I\/Iclntosh :
Experience Ll
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Dresser-Rand

=i PowerSouth Mcintosh CAES Site —
—Mcintosh, AL

[

: . *w * Formerly, Alabama Electric Co-Op (AEC)

g, ..

Plant located near Mobile, AL

Confidential and Proprietary - See Safe Harbor Disclosure
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== PowerSouth Mclintosh CAES Installation

DRESSER-RAND.
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er Dresser-Rand’s Mclntosh
—CAES Experience

¢ Dresser-Rand supplied all rotating equipment
e Compressors, turbo-expanders, and auxiliaries

e Engineered, designed, manufactured, tested,
commissioned

¢ Inits 20th year of successful operation

¢ Serviced equipment continuously since 1991
¢ D-R’s CAES Team

e Many of the original MclIntosh Project Management,
Engineering, and Support personnel are still with D-R

e Most of the original Mcintosh suppliers and/or their
successor companies are still key suppliers to D-R

DRESSER-RAND.

Confidential and Proprietary - See Safe Harbor Disclosure
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Dresser-Rand

s POWErsSouth Mclntosh CAES
—Plant Experience

¢ Commercial Operation — May, 1991
¢ Generation

e 11,484 hours — 97% running reliability
e 3,717 total starts

» 97.6% starting reliability (2010 to date)
¢ Compression

e 12,292 hours — 100% running reliability
e 2,264 total starts

* 100% starting reliability (2010 to date)

600 thousand MW-Hrs of generation to date
DRESSER-RAND.

© Copyright 2010
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Dresser-Rand

e D-R SMARTCAES — The One Stop CAES
—Solution

¢ Dresser-Rand supplies & warrants the complete Power Island
e All rotating equipment
« HP & LP Turbo-Expanders with integrated combustion system
* Motor, Generator (or combination Motor/Generator)
e Compressors
o SSS Clutches
e Heat Exchangers - Recuperator, Intercoolers and Aftercooler
e Pollution Abatement - SCR system w/CO catalyst
e Plant controls
e Auxiliaries

¢ Project Management

¢ Performance, Emissions, Operational Guarantees

¢ Services - For the long term

DRESSER-RAND.

Confidential and Proprietary - See Safe Harbor Disclosure
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e High pressure ratio

e Cyclic operation

¢ VFD for compression starts

DRESSER-RAND.

~ SMARTCAES System

¢ Power outputs up to 135 MW

¢ Turbo-expanders designed specifically for CAES requirements

¢ Patented DATUM compressor technology

e Industry leading efficiency, noise control, reliability

e Faster compression starts
e Shorter transitions between modes (power gen/compression)
e Eliminates emissions for compression start-up

e Reduces turbo-expander starts thus longer life

Confidential and Proprietary - See Safe Harbor Disclosure
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~ SMARTCAES System

¢ Emission Abatement Technology

e Meets all current permitting requirements
* Down to 2 ppm NOx
 Down to 2 ppm CO

e In many cases, can be permitted as a small source emitter
¢ Advanced Recuperator Design

e Increased effectiveness

» 85% effectiveness standard recuperator

 90% effectiveness options available
e Incorporate design features to eliminate corrosion

e Up to 7% improvement in heat rate over Mclntosh

DRESSER-RAND.

Confidential and Proprietary - See Safe Harbor Disclosure
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weme D-R SMARTCAES
—QOperational Flexibility

¢ High turndown capability

e Can operate 25% to 100% in power-gen mode
e Flat heat rate over 25% to 100% load
e Load following

¢ Rapid start capability

e Start-up to Full load <10 min in power generation
e Start-up to Full load < 5 min in compression mode
¢ Transition times

Compressar

e Compression to power generation

e <15 mins using VFD (with braking capability)
e Power generation to compression

e <5 mins using VFD (with braking capability)

DRESSER-RAND.

Confidential and Proprietary - See Safe Harbor Disclosure
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Dresser-Rand

e Dresser-Rand SMARTCAES %\aﬁ
—Operational Flexibility |

¢ 3 Modes of Operation

e Power Generation mode
e Compression mode

e Synchronous Condensing mode

¢ High turndown capability

e Can operate 25% to 100% in power-gen mode
e Flat heat rate over 25% to 100% load
e Load following

DRESSER-RAND.

© Copyright 2010

Confidential and Proprietary - See Safe Harbor Disclosure
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Why Dresser-Rand SMARTCAES for
_Your CAES Solution?
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== \Why D-R?

¢ D-R provides more value, lower risk
e Proven designs, equipment, and experience
e Lower total energy consumption across the board
e Solution is financeable

¢ D-R total capabilities and experience

e Design, Manufacturing, Testing, Installation, Commissioning, and
Service

¢ D-R provides total responsibility & technical prime
e Complete Power Island Integration
e Complete Power Island Performance Guarantee

e Complete Power Island Warranty

e Complete Power Island Services Support Resources

DRESSER-RAND.

Confidential and Proprietary - See Safe Harbor Disclosure
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180 MW and 300 MW Advanced 2nd Generation CAES Plants to Support Renewable
Energy and Smart Grid

M. Nakhamkin, B. Kraft, R. Daniel, P. Conroy, Energy Storage and Power
R. Schainker, EPRI

We will present performance, operational and economic characteristics of 180 MW and 300 MW
projects based on the 2nd Generation of the Compressed Air Energy Storage Technology (CAES2).
These projects received DOE stimulus funds and are in initial execution stage. We will also present
on upcoming 15 MW and 450 MW CAES projects. Compared to the first generation CAES technology
in Alabama, the CAES2 technology is estimated to be less expensive to build, has lower operating
costs, and has more flexible operating characteristics. The turbomachinery in this new CAES plant
design uses standard multi-size compressors, new or existing combustion turbines and separate
expansion turbines. The emissions from this type of CAES plant has NOXx levels in the single digits
due to very low heat rate of approximately 3800 Btu/kWh and the storage efficiency is in the 80% to
90% range.
Dr. Michael Nakhamkin, PE is the Chief Technology Officer and Founder of ES&P. He has been the preeminent voice in
the power industry on compressed air energy storage for over two decades. Dr. Nakhamkin holds 16 patents that form
the basis of ES&P’s CAES and Power Augmentation technologies. In addition, he has supervised the development,
engineering and execution of numerous combustion turbine and natural gas-based power projects worldwide during the

course of his career. At Gibbs & Hill Dr. Nakhamkin was the Chief Engineer where he oversaw a 5,000 plus person
engineering organization.
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Advanced Second Generation of CAES Technology
180MW, 310 MW and 450 MW CAES Plants

Adiabatic Concepts
Performance, Operations, Economics, Renewable Load Management, Green Energy

Dr. M. Nakhamkin, B. Kraft, C. Moran
Energy Storage and Power, LLC (ES&P)
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Second Generation of CAES Technology- Performance, Operations,
Economics, Renewable Load Management, Green Energy

Topics of Presentation

110 MW CAES project (Alabama, USA) built in 1991

Second Generation CAES Technology (CAES2) : 180 MW ; 310 MW and 450MW
Projects — General Performance and Operational Characteristics

The CAES2 Plants Design Performance and Operational Flexibility to Meet
Renewables/ Smart Grid Requirements

Cost Estimates and Economics
Adiabatic CAES Plant

Conclusions
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The 110 MW CAES Project for Alabama Electric
Cooperative
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I CAES Technology Background/Objectives
' CAES technology was developed as a load management plant with the prime

PUIpOSes:

— To store the off-peak energy that is not needed and inexpensive
and to increase load factor of base-load plants (Coal, Nuclear)

— To release this energy during peak hours when energy is needed and the price is high
— Huntorf Project is exclusively for peak shaving/emergency reserve

The AEC’s 110MW CAES Project had been driven by two factors:

* Due to very low off peak loads, two 300 MW coal-fired plants during off-peak hours
operated at very low loads with extremely high heat rates and sometimes had been shut

down
» AEC had shortage of peak power

— The current development of Renewable/Wind Power- the primarily uncontrollable energy
source- and Smart-Grid optimizations requires the CAES plants to store wind energy
produced during off-peak hours and distribute it with additional benefits during peak hours
when energy is needed and cost of energy is high.

Energy s';orage 66
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The 110 MW CAES Plant

EPC Contractors - G&H/Herbert:
Subcontractors: DR: Turbomachinery Components; AIT: HP and LP Combustors

SW: Advanced Recuperator; PB: Underground Storage

ESPC: Developed and optimized the CAES Concept and Parameters/ Technical Supervision Project

Compressors (50 MW) SSS Clutches Expanders (110 MW)
l Motor/ \ "p Exhaust
Generator Stack
Fuel
Aftercooler Intercoolers
Pressure = 650 psi Recuperator
Y P

Salt Cavern Air Storage: Heat Rate-4100 Btu/kWh

Depth 1500 ft Underground Storage Cavern: Energy Ratio 0.81 kWh in/out
Volume =22MCF A Solution Mined Salt

Energy Storage
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Alabama Compressed Air Energy Storage Plant
Peak Power 110 MW; 26 hrs of continuous Power Generation;
Heat rate is 4100 Btu/kWh; Off-Peak Power 51MW, Capital Cost $600/kW

‘ CAES 2010
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Ground Breaking and Successful project Delivery Ceremonies

Ground Breaking Ceremony ESPC Received EPRI’s Achievement
Dr. R. Schainker, EPRI Award
Ray Claussen, AEC Dr. R. Schainker, EPRI

‘ Dr. M. Nakhamkin, ESPC Dr. M. Nakhamkin, ESPC

‘ CAES 2010
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ESPC Developed, Optimized and Specified
The Unique and Customized 110 MW CAES Plant
Based on AEC Specific Conditions

ESPC was conducting technical supervision of the project execution including:

«  Supervision of the turbomachinery performance characteristics-designed,
engineered and delivered by Dresser Rand

»  Supervision of the HP combustors development by AIT
» Development of the test procedures
« Supervised performance guarantee tests and issued the Test Report

« Under contract with EPRI, ESPC recorded key plant parameters during 1991-1994 -
three years after the project commercialization, and issued “ Value Engineering”

Report
CAES 2010
Energy Storage &2 COLUMBIA UNIVERSITY
__and Power LLC = 70
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First generation CAES

Lessons Learned- Required Improvements

Summarized in the published by EPRI’s “Value Engineering” report (produced by ESPC)
The 110 MW CAES project is unquestionably successful- It met all performance guarantees, schedule and

*

The single-shaft turbomachinery train with multiple (9) components and a
number of unique components provide the following challenges:
« significant operational restrictions and maintenance complications

- significant restrictions as it relates to the overall CAES plant optimization and
integration with a various underground compressed air storage parameters

Conclusions: Multiple standard off-shelf components - compressors and
expanders - provide operational flexibility and maintenance advantages

The unique HP/LP combustors will provide additional plant optimization and
operations restrictions including very high emissions

Conclusions: Novel HP/LP combustors should be replaced by standard DLN
combustors developed by OEMs

CAES 2010
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Second Generation CAES Technology (CAES?2)
180 MW, 310 MW and 460MW CAES2Projects
General Performance and Operational Characteristics
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170 MW CAES plant Concepts with Air Injection Power
Augmentation

Expander

53.6 MWV

Vent Air Expander
Q 53.6 MV

GT Air Injection
Compressors «
Total Power 70.9 MW

G0 Liv's

Fuel Combustars
(Optional)

Fuel

Fuel

w f
Gas Turbine Exhaust

649 Gross MW 9971 Gross LHV BTWKWhr

0 Ibsis 0 Ibsis

Recuperator

Ajr
275 Lbis

Intercoalers

1200 PSIA Compressed Arr

Power Production Mode

172 MW Net Total Power
3771 BTU/kWhr Net LHV Heat Rate

540 Lbis

CAES 2010
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180 MW CAES plant Concepts with Cold Air Supercharging Power
Augmentation

Vent Air 58.7 MWW 58.7 MW
0 Lb/s Expander pander
Compressors Makeup Air
Total Power 73 MW

Combustar
(Optional)

Fuel

l
Gas Turbine

66.3 Gross MW 10733 Gross LHV BTU/KVIhr

Exhaust

. Intercoolers
Ajr
283 Lbis

1200 PSIA Compressed Air

553 Lbls Power Production Mode

182 TV Het Total Power
3847 BTUKWhHr Net LHV Heat Rate
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310 MW CAES plant Concepts with Air Injection Power

Augmentation

CAE S W501D5A with Al and Expander

14.7 P5lA

450 Lhis
103 F
1200 PSIA
442 Lhi's

Vent Air Expander
754 F @ 91.2 MW
14.7 PSIA
GT Air Injection 791 Lhis
Compressors *
663 F
Total Power 116 MY CDI"HIDI'ESSDF Motor 296 PSIA
89 Lbis
833 F
a5 F GT Air 240 |bis Fuel Combustars
14.7 PSIA Optional
757 Lbis Fuel 0 Ib/s (©p )
1168 MMBTU/hr LHV
15.1 Ibis Fuel
T 833 F
__i| 440 Ibis
1002 F
q 170 F
Gas Turbine Exhaust Recuperator

130 Gross MW 8984 Gross LHV BTWKWhr

Compressed Air

100 F
800 PSIA
880 Lhis

Power Production Mode

311 MV Net Total Power
3761 BTWKWhr Net LHV Heat Rate
0.71 Energy Ratio

Expander

91.2 MY

0 lbsis

Energy S';orage
~.and Power LLC
=
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320 MW CAES plant Concepts with Cold Air Supercharging Power
Augmentation

CAES W501D5A with Expander & GT Inlet Air Cooling

Vent Air 100 VY 100 MV
101 Lis Expander Expander
421 F
Gompressors lMakeup Air 14.7 PSIA
Total Power 126 MW 0 Lhis 960 Lb/'s

Combustar
{Optional)

424F
14.7 PSIAGT Air Fuel Fusl Fuel
359 Lbis ue 0lbs 0 Ibis
1223 MMBTU/hr LHV
15.8 Ibis Fuel
» 853
:l 430 lbsis
988 F
170 F
- Exhaust
(Gas Turbine Recuperator
. an F Intercoolers 124 Gross MW 9,852 Gross LHV BTUWKWhr
Alr 147 PSIA
489 Lbis
102 F .
1200 PSIA Compressed Air
430 Lbis
100 F
800 PSIA i
o Power Production Mode

323 MW Net Total Power
3734 BTUKWhr MNet LHV Heat Rate
0.74 Energy Ratio

CAES 2010
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CAES Plant Concept Based on GE 7241with CT Power Augmentation w.
Air injection and Bottoming Cycle Expanders

(420 MW)
T 4Q

GT Air Injection 977 Lhbis

Expander

241 pavv

T30 F

346 PSIA 1000 F

110 Lk

: Burner
895 F . i

147 psiaGT AT (optional)
893 Lbis Fuel

437 MMBTUhr LHV 0 Ibsis

Compressor  Motor 20.3 Ibis Fuel

170 F
Recuperator

Air 143 1AW 1
q‘ 1108 F
80 F
14,7 PSIA .
555 Lbis (Gas Turbine Exhaust

Intercoolers 181 Gross MW 8691 Gross LHV BTUWKWhr

102 F

1200 PSIA Compressed Air
546 Lhbis
a0 F
900 PSIA Power Production Mode

1087 Lbis
420 MV Net Total Power
3740 BTU/KWhr MNet LHV Heat Rate

CAES 2010
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CAES Plant Based on GE 7241 with Bottoming Cycle Expanders and the CT
Power Augmentation by Inlet Chilling
(440 MW)

Vent Air
200 Liv's

Expander

455 F

lulalr.eup Ai 14.7 PSIA 267 MW
0 Lbis 1210 Lhv's
897 F
Burner

455 F (optional)

14.7 PSIA '
a1 PSIAGT A Fuel Fuel
459 MMBTU/hr LHV 0 Ibsis
Compressor  Motor 21.3 Ibls Fuel 897 F
Ajr 158 MW t
. 1110 F
a0 F 170 F
14.7 PSlA .
616 Lbis (Gas Turbine Fxhaust Recuperator

Intercoolers 174 Gross MW 9502 Gross LHV BTU/KWhr

102 F

1200 PSIA Compressed Ar
605 Lhis
a0 F
900 PSIA Power Production Mode

1210 Lhis
439 MW Net Total Power
3760 BTU/KWhr Net LHV Heat Rate

CAES 2010
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15MW CAES plant Concepts with Air Injection Power Augmentation

GT Air Injection

Vent Air

¢

-

5 Lhvs

GT Ar Fuel
Compressor ~ Motor e I
6.31 MW is
Air Ij
25 Lbis (Gas Turbine

Intercoolers 5.87 Gross MW

1200 PSIA Compressed Arr

47.5 Lbis

‘

Expander

.44 W

Combustor
(Optional)
Fuel

Exhaust

Recuperator

Power Production Mode

15,3 MV Het Total Power
3889 BTWKWhr Net LHV Heat Rate
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The CAES2 Plants Performance and Operational
Flexibility to Meet Renewables/ Smart Grid
Requirements
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' The CAES2 Plants Flexibility to Meet Capacities Requirements

In the CAES?2 the combustion turbine capacity (new or existing) represents
approximately 309% of total inteqrated CAES? plant capacity with the bottoming
cycle producing app. 70% of the Green Enerqy.

CAES2 plants of various capacities are based on various combustion turbines:

400 MW CAES2plant, the design can be based on app. 170-190MW-class CT such as GE’s
Fr 7FA model;

250MW CAES2 plant can be based on app. 100MW-class gas turbine like the Fr 7EA.

17th\)/)V CAES2 plant can be based on app. 60MW-class gas turbine like the Fr 7B (Fig. 1a
and 1

(15MW §3AESZ plant can be based on app. 6MW-class gas turbine like the Solar Taurus 60
Fig. 1c

CAES 2010
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' Performance Characteristics of CAES2 Technology

Power is generated:
« 35% by a stand alone combustion turbine —new or existing

«  65% by Green power generated by stand-alone multiple standard air
expanders utilizing the CT exhaust gas heat to preheat the stored air

Heat Rate: Approximately 3700-3800 Btu/kWh plant heat rate;

Energy Ratio: Approximately 0.65 to 0.75 kWh-In (off-peak kWh energy used to
charge the storage system) over kWh-Out (CAES plant energy produced during the
plants generation cycle).

Capital Cost: Approximately $800-850 /kW for large plants using below ground air
storage systems and approximately $1200/kW - $1400/kW for small plants using
above ground air storage systems.

CAES 2010
Energy Storage 8 COLUMBIA UNIVERSITY 82
~and Power LLC - T 19

&— IN THE CITY OF NEW YORK



Heat Rate and Energy Ratio at Part Loads

400 | 1 150
; Heat Rate & Energy Ratio vs Load (GE 7B CAESIC) ]
360 | | 138
320 | | 120
0 | — — |
: \ // ]
240 | | 80
[ \ // > ]
200 | \ // | 75
- >< | m
= i [ LN ] .
|/ — |
80 | | 30
3 Expander 100-0% Air Injection 100-0% GT 100-60% ]
i | / -~ 1 H
ot ' 9
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Total Plant Load %

CAE
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Flexibility for Peaking Power Delivery by Flow Control

CAES Al - GT + Expander

IN THE CITY OF NEW YORK

110 100
109 99 B
E [TH
g 108 o5 X
5 107 =
o 106 - 97 -
(]
> 105 /2% Heat Rate  SEETIN
£ 104 o5 &
E 103 - 94 c
¢ 102 %
& 101 - 93 5
100 - . 1 : 92 E
100 110 120 130 140
% of Air Flow
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Flexibility for Peaking Power Delivery by Sliding Pressure Operation

Sliding Pressure Expander Power, MW
108

/ < & o *
106
104
102 /
100 / i i i i i

98

Expander Power, %

100 110 120 130 140 150 160

Expander Sliding Pressure, %
=4=Sliding Pr == Constant Pr
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CAES2- Load Following

CAES2 Load Control During Plant Operation / Regulation
500

450 /
400 —
/
350 N =
v — L —
= 300 = o
b
qh; 250 /
g //
150
100
50
0
0 1 2 3 4 5 6 7 8

Time, seconds

== Total Plant Power
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30

20

10

CAES2 Cold Startup with Synchronized Expander

P—

/ Total Plant

Power

/

/

/ Bottoming Cycle

/ Power

Gas Turbine
Gas Turbine Power /

SynCIIV

2 4 6 8 10 12 14
Time, minutes
- Bottoming Cycle =—Gas Turbine ———Total Plant

16
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, Performance Characteristics of CAES2 Technology

Grid Operations:

« Requlation - flexibility to provide load following in the range from 20% to 100% of the
CAES plant capacity within 3-5 minutes

«  Synchronous Reserve- sudden load response up to 70% of the CAES plant capacity within
~3-5 min

Emissions; Combustion turbines with dry low emission (DLE) combustors have single digit
Emissions which are further diluted (on a per kWh-Out basis) in this type of second generation

the expanders

Reliability & Availability: This second generation CAES Plant is based on standard /off-the-
shelf components; namely, a combustion turbine module (new or used), multiple motor-driven
compressors and multiple expanders-driving electric generators.

CAES 2010
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Cost Estimates and Economics
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Summary of CAES vs. Conventional Power Plants Performance
Metrics and Capital Cost Estimate

400 MW 180 MW 15 MW
160 MW 500 MW CAES2 CAES2 CAES2
Parameters Simple Cycle 2x1CT . : .
. with below with below with above
Comb. Turbine | Comb. Cycle
ground storage [ ground storage | ground storage
Total Power, MW 160 500 420 180 15
Off-Peak Comp. Power, MW 286 146 6.9
Fuel Related HR, Btu/kWh 10,500 6,500 3,740 3,760 3,900
Estimated Specific Capital
Costs, $/kW 550 1,200 850 900 1,200
3-5 min 3-5 min 3-5 min
to achieve to achieve to achieve
30 min 60 min 70% capacity | 70% capacity | 70% capacity
Start-up Time to achieve to achieve 30 min 30 min 30 min
100 % capacity | 100 % capacity | g achjeve to achieve to achieve
remaining remaining remaining
30% capacity 30% capacity | 30% capacity
| Smart Grid Support:
Arbitrage No No Yes Yes Yes
Regulation No No Yes Yes Yes
Synchronous Reserve No No Yes Yes Yes
Load Management No No Yes Yes Yes
CAES 2010
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Capital Cost Estimate

Summary of CAES vs. Batteries, Pump- Hydro — Performance and

400 MW 1§Z¥SVZV 15 MW
Pumbed - CAES2 with CAES2
Parameters Batteries P with below with above
Hydro below
ground ground
ground
storage storage
storage
Total Power, MW 10-20 500 420 180 15
Storage Hours ours 4 10 10 10 4
[Estimated Specific
Capital Costs, $/kW 2800 2500-4000 850-900 850-900 1,200
[Estimated Capital Costs,
%/KWh 700 250-400 85-90 85-90 400-450
CAES 2010
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Comparative analysis of the generation costs of various power generation

plants. CAES2 is estimated to have practically the lowest generation costs

over the whole range of load factors even w/o considerations of additional
external renewable energy/smart grid economical benefits

Peaking Power Generation Options Comparison
Fuel Price @ $6 per MM BTU Gas (Coal $2)

600
550

450 __i/
400 @—

350

300 e @ !

250 ‘_./
200

150 «=®==Coal N

100 o——" /A/ ' -=CT |
50 —— =e=CTCC

N~CAES ||
|

0 5 10 15 20 25 30 35 40
Capacity Factor (%)
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Conclusions

CAES?2 provides wide range of capacities from 10MW to 500 MW with design
and operational flexibility to meet renewable, based load (nuclear-coal plants) and
smart grid operational and economic requirements

CAES?2 is based on utilization of off-shelf standard components providing very
igh R&A

xtremely low heat rate - NG/Fuel oil consumption reduction by 50-70%

Specific features to support and optimized operations of “ smart grids” via
providing unique arbitrage, regulation and synchronous reserve

Significant reduction of emissions by adding of approximately 70% of the total

capacity as Green Energy- w/o fuel consumption
CAES 2010
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Adiabatic CAES Plant Concept
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Compressor Discharge Temperature of app. 870F

Heat and Mass Balance for the Storage Pressure of 2400 psia and

Air Compression Power Production

157.6 MW [Average Press) 72.7 % Efficiency 114.5 MW
165.8 MY

Exhaust

W

T BIIF
132 Ibis

Stored Air Outlet Flow
2000 psaa

B0F
400 Ib's

Alr Flaw o Storage
2400 psia
148 F
400 Ibfs

CAES Adiabatic Flow Diagram - 2400 psia, Equal Temperatures

CAES 2010

Energy Storage &2 COLUMBIA UNIVERSITY

&- IN THE CITY OF NEW YORK




ACAES Plants Efficiency vs. Compressor Discharge Temperature
Curves for Specific Storage Pressures

CAES Adiabatic Concepts -
Compressor Discharge Temperature vs. Overall Plant Efficiency
77
76 %
75 _..--"_..-'-7-'-":,, ...-/’
R 74 — ;%;’43000 psi |
g 73 e —— —?/// —=2400 psi |
= .
5 72 — ; 7 = 2100 psi |
i 4 == 1800 psi
| — | |
—4—1200 psi
70 <> Ease Case
69 __...-—-"""—-' Equal Compressor Discharge |
Temperatures
63 <>/‘_- i i
700 300 900 1000 1100 1200 1300 1400 1500
Temperature, F
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ACAES Plants Efficiency vs. Storage Pressures for Specific
Compressor Discharge Temperatures

CAES Adiabatic Concepts -
Maximum Cavern Pressure vs. Overal Plant Efficiency

77
—

75 —
74 ] =

§: 73 r______..___..--"' -—‘__;_____A— —iy

@ el

69 '__...--""/'*_...--w— ~4—1400F |
20 / __— —8—1200F |

—4+—1000F

69 - -
o5 —>=T750F

1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200

Pressure, psi
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Adiabatic CAES: Opportunities and Challenges
Stefan Zunft, German Aerospace Center (DLR)

An increasing share of electricity from renewable sources is the stated aim of national and European
energy policies. However, a grid-compatible integration of this fluctuating energy production to the
European electricity systems is expected to be an issue in the mid-term — in particular in coast
regions close to offshore wind farms. Large-scale storage technologies can substantially mitigate the
expected shortages of balancing and transport capacities. The concept of Adiabatic Compressed Air
Energy Storage is a promising candidate, representing a locally emission-free, pure storage
technology with high storage efficiency and a high application potential in Europe. This talk will outline
the technology and give an overview on past and present activities for this technology.

Dr. Stefan Zunft studied at the Universities of Hannover and Stuttgart, graduated as a mechanical engineer from the
University of Stuttgart in 1991 and received his Ph.D. degree in 2002. In 1991, he joined the Institute of Technical
Thermodynamics of the German Aerospace Center (DLR). His research interests and his previous work in numerous
international projects have been focussed on solar thermal energy and rational energy use in industrial processes.
Currently, he is a research area manager of the institute’s industrial heat transfer and heat storage activities.



2nd CAES Conference & Workshop, Columbia University
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Adiabatic CAES: Opportunities and Challenges

S. Zunft, German Aerospace Center (DLR)
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Background
Role of electricity storage [ Wind (offshore, onshore) |

6.000
/ O Efficiency
5.000 OImport RES
O Ocean Energy
4.000 . | | |@Solar Thermal

- opPVv
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B Geothermal

TWh/a

End energy

~li
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| Hydro
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1.000 A @ Coal
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2003 2010 2020 2030 2040

Future electricity supply OECD Europe - 2° C Scenario. DLR 2008

2050

Dispatchability? Grid integration?
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Background
Expected Deployment of Wind Power in Germany
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Source: dena (deutsche energie agentur)

=7 Germany: Further increased RE share mainly through offshore wind; onshore
increase mainly due to repowering (substitution by bigger units)
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Backgrou
Grid Balancing with increased share of RES
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scenario 2015:
Expected RE electricity
share: 20% by 2015

Wind capacity credit: ~6%
Fossil backup

Fossil grid balancing of
prediction mismatch,
increasing balancing demand
in spite of good prediction
quality

Excess electricity generation
at certain load situations

Price volatility expected to
increase

Graph: Electricity generation
and electricity loads in 2020
Source: DENA-Netzstudie 2005
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Storage Technology Options

X-Large Scale

pd

Medium Scale

Response time

> 15 min

Large Scale "\
A <15 min

15-30s /15 min

Typical discharge times

days to weeks /

hours to days

minutes to hours

Storage technologies

Hydrogen storage system

Compressed air storage (CAES)
Hydrogen storage systems
Pumped hydro

atteries (Li-lon, lead-acid, NiCd)
High-temperature batteries
Zinc-bromine batteries
Redox-flow batteries

Suited applications

long-lasting unavailability of
wind energy

reserve power compensatin g\<

secondary reserve
minute reserve
load levelling

N

primary reserve 1l

secondary & minute reserve *

load levelling, peak shaving

i DLR

_—

R

hydrogen

Pum ped Hydro

CAES

5

10

15 20 25
costs [€ct / KkWh]

Deutsches Zentrum

fiir Luft- und Raumfahrt eV,
in der Helmholtz-Gemeinschaft

Source: Kleimaier M.; Zunft S. et al.:
Energy storage for improved operation of
future energy systems. In: 2008 CIGRE
Session, Paris, France, 24-26 August 2008
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CAES Grid Applications

Modus Target application/ Strategy of Operation Typical Size
[MW]

/‘?evenues from spot market price spream

Central Storage system services, improved utilisation of

Device transport capacities (peak shaver, reserve 300

\ capacity, a.o.) /

e ——

Large wind farms: increase of full load hours,

Decentral ancillary services, peak price sales, 150
Storage Device improved utilisation of transport capacities

Combined wind/CAES system in island grid:
Island Solution saving of grid connection or gas turbine. 30

Increased full load hours of wind turbines
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in der Helmholtz-Gemeinschaft

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV,

Huntorf, Germany (E.ON)
321 MW (2h)

310000 m3

46 — 66 bar

Operation since 1978,
turbine refurbishment in 2007

Zunft: Adiabatic CAES: Opportunities and Challenges, Columbia University, October 2010



Diabatic CAES

7 Simple setup, well-proven 7 Hybrid operation only
components 7 Efficiency limitations
7 Operation experience (300 MW)
since 1978
7 Reliability comparable to gas turbine T
|
IC AC
= = Fuel
M Motor
LP Low Pressure Compressor
, HP High Pressure Compressor
AIr Intake O IC Intercooler
AC Aftercooler
C Combustor
GT Gas Turbine Derivative
G Generator

# Deutsches Zentrum
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R -\n{.!7, z .{_{ﬂ

7 Pure storage technology, locally =7 Heat storage needed

emission-free 7 Demanding (but feasible)
7 High storage efficiency compressor specifications
A Air Outlet

ST

Heat Storage >

v L

Air Intake M Motor
< Cavern > LP Low Pressure Compressor

HP High Pressure Compressor
ST Steam Turbine
G Generator
# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV Folie 9
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Two-stage configuration:

7 Higher pressure with lower
temperature

=7 Improved storage density

@_

LP

Air Intake

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV

in der Helmholtz-Gemeinschaft

HP

7 Two heat storages
7 Increased complexity of plant

A

70

A 4

|~

Q Heat Storage X Heat Storage )

v _4

C

M Motor
Cavern LP Low Pressure Compressor

HP High Pressure Compressor
ST Steam Turbine
G Generator

Folie 10
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EU-Project “AA-CAES”

7 5. Frame Program, Contract period Jan 2003 — Dec 2006
7 19 Partners from industry and research
=7 Objectives:

=7 Technology-Screening (feasibility, Capital costs, commercial viability)
for various plant configurations and component solutions

7 Detailing of two selected configurations

7 Elaborations of a lead concept " European
LR Commission
g ZUBLIN i
ALSTOM m (aam) #7 RWE
DLR
Imperial Coll Fachhochschule  yaanaahuls ZiowSaniz ()
ewl London —oc |MME| Donmund [
HASSAN
) ?13%‘?}.
Universitat L i !_Ljﬁl J 4
Stuttgart b e x
# Deutsches Zentrum
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in der Helmholtz-Gemeinschaft abatic CAES: Opportunities and Challenges, Columbia University, October 2010



Preparatory study RWE/GE/DLR

=7 Contract period 2008

7 Partner:

7 RWE Power AG, Essen %

. RWE
7 GE Global Research, Munchen, Germany

7 Erdgasspeicher Kalle, Germany (RWE-ESK)
7 DLR, Stuttgart '

7 GE Oil&Gas Florence, Italien

=7 Objectives:
=7 Concept study turbo machines ESK

=7 Technical and economical aspects of heat

storage design and cavern #
DLR

7 Overall process layout

7 Economic studies

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV, Folie 12
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http://de.wikipedia.org/wiki/Bild:RWE-Logo.svg

Preparatory study RWE
Outcome: Ambitious but feasible
Turbo machinery / Overall process (GE O&G, GRC Munich):

. Compressor for 600 - 650°C feasible, leveraging turbine features

. Air turbine on basis of gas turbine and steam turbine technology

. Development risks quantified, back-up options identified

«  Target efficiency 70% is ambitious but feasible (app. 300 MW, 1GWh)
Cavern (ESK Erdgasspeicher Kalle GmbH — RWE Group)

. Cavern technology can be adapted, Construction time 3-6 yrs
Thermal energy storage (DLR)

. Storage options based on regenerator technology

. High technological risk

Economics and operational requirements (RWE)

«  Adiabatic CAES is not yet in the market,
expected increase of the peak/off-peak spread boosts economic performance

- Adiabatic CAES is feasible
Main technical risk ,thermal energy storage®, highest economical risk ,price spread®

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV
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ADELE Joint Development Program

7 Status: started in 12/2009 l %

=7 Tasks, partners

=7 Operational requirements, Economic optimisation, Coordination : E
RWE Power AG, (Essen, Germany): ESK

=7 Compressor, Air turbine: GE Qil&Gas (Florence, Italy)

— Plant concept, BoP: GE Global Research (Munich, Germany) 'mc’g’”m'o”“twork
=7 Cavern, Site screening: Erdgasspeicher Kalle (RWE-ESK) (Germany)

-

Heat storage: Ed. Zublin (Stuttgart, Germany)
OIH (Darmstadt, Germany), DLR (Stuttgart, Germany)
|ZUBLIH m

ZENTRALE| _

=7 Budget: ~ 10 Mill. €, partially funded by BMWi ".%e TECHNIK

7 Objectives: Perform remaining component development,
economic optimisation, design demo plant, develop technology to market readiness

2008 2009 2010 2011 2012 2013 + ))>

feasibility study > development programme ADELE > demo phase >

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV, Folie 14
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http://www.oomsittnerhof.de/
http://de.wikipedia.org/wiki/Bild:RWE-Logo.svg
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ADELE: Cycle operation

Air intake Air outlet
P Compressor outlet: P Target figures for a
Y U= @0oHe el commercial application
. Turbine output:
@}E ~250 MW

> . Compressor power:
~ 200 MW

Thot eng > 600 °C ’ §t$rca;3:/ahcapacity:

0 TES
reduced Teotd_ena =90 °C - Round trip efficiency:

~70%

interstage cooling

o
Tcompressed air <350°C
Cavern

7 Charge operation: Interstage cooling minimised, compression heat stored in TES

Deutsches Zentrum
fiir Luft- und Raumfahrt eV, Folie 15
in der Helmholtz-Gemeinschaft and Challenges, Columbia University, October 2010

4 —Z Discharge: compressed air heated from TES, air expansion without gas burner
DLR




ADELE: Technical challenges

7 Thermal Energy Storage:
= large storage capacity , high heat rates
= effective heat transfer is essential

= pressurised containment, active cooling
= efficient insulation concept

= condensate handling
= 600 ...650 °C, 50 ... 100 bar
= durability, costs

Source: GE Oil & Gas

Source: ESK GmbH

= Adiabatic Compressor:

= Adaptation of existing components
according to specific requirements

=7 Salt Cavern:

=Mature technology from natural gas
storage, but:
» Challenges:
temperature and pressure level in last
stages
load change frequency

= significant higher flow rates
= |arger well diameters

» |arge geometric volume

» increased corrosion risk

7 Thermal energy storage and compressor: high development effort

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV,

in der Helmholtz-Gemeinschaft nft: Adiabatic CAES: Opportunities and Challenges, Columbia University, October 2010
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ADELE: Compressor train

=7 Development based on proven solutions from GT technology and O&G
compressors

7 Compression requires at least two casings; train may include axial, radial,
axialradial compressors

=7 Various configurations possible, allows adaptation to plant requirements (size,
maximum temperature etc.)

7 Challenges: Thermal expansion of components during transients, sealing
concepts, materials

=7 Leverage design features from steam and

GT technology
Axial-radial Barrel
+
~32MW Heavy Duty GT
# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt e\, Folie 17
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i DLR

ADELE: Air turbine

7

Adapt steam turbine and gas turbine
technology to match unusual flow
conditions

Use of gas turbine features is importantto

allow:
=7 higher efficiency

=7 start-up time 5-10 min, order of
magnitude faster than steam turbines

Use of steam turbine features is important
to allow:

7 Large mass flow variations typical of
CAES applications

7 expander operability and control

Both high speed (8000 rpm) and low speed
(3000 rpm w/o gbx) options were analysed

Deutsches Zentrum
fiir Luft- und Raumfahrt eV,
in der Helmholtz-Gemeinschaft
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ADELE: Thermal Energy Storage

Technology based on regenerator
technology

- Arrangement and type of inventory,
thermal design, thermal part-load
behaviour

- High-temperature insulation, Active
cooling system

- Condensate handling

- Inventory materials: hot and humid
atmosphere, cost-effectiveness,
durability

- Material qualification: laboratory and
pilot scale testing

«  Pressurised concrete containment:
Exceptional mechanical loads, Liner
construction, Material durability, 40
yrs lifetime, Maintainability of
subcomponents, Monitoring

Deutsches Zentrum
fiir Luft- und Raumfahrt eV,
in der Helmholtz-Gemeinschaft

ZUBLIN C #
DLR

Test rig “HOTREG”
for high-temperature
regenerator storage
at DLR

Folie 19
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£ S SR

ADELE: Cavern ESK
7 Screening and ranking of potential T .

salt deposits in selected countries
(geology, infrastructure, legal
aspects)

LA

=7 Investigation of rock mechanics
(cavern configuration, load .. ()
scenarios, lab investigations of b T,

stress and deformation states) :gj jWe" Head

=7 Adaptation of well completion

wellhead equipment (reduction of | * Tubing
friction losses, corrosion resistance | "« Heat

™ Transfer
|+

of materials)

=7 Thermodynamic modelling

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV
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i DLR

Summary and conclusion

7 The grid integration of wind energy and other
RE will raise new flexibility requirements;
electricity storage is part of the solution

7 Adiabatic CAES is a promising option:
7 large scale, locally emission-free, high
efficiency level

7 large application potential, in particular
close to offshore regions

7 Component specifications demanding, but are
considered feasible

7 Project ADELE initiates development work,
aims at preparing the demonstration of the
technology

Deutsches Zentrum
fiir Luft- und Raumfahrt eV,
in der Helmholtz-Gemeinschaft
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2nd CAES Conference & Workshop, Columbia University
New York, October 20, 2010

Adiabatic CAES: Opportunities and Challenges

Contact:
stefan.zunft@dlr.de

# Deutsches Zentrum
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Adsorption-Enhanced Compressed Air Energy Storage
Timothy F. Havel, Energy Compression Inc.

Adsorption-Enhanced Compressed Air Energy Storage (AE-CAES) uses an adsorbent for air to
reduce the volume needed to store a given quantity of compressed air at pressures well below those
previously regarded as practical for CAES. This can not only free it from the geological or
topographical constraints of underground or underwater air storage, but also has the potential to
substantially reduce its cost compared with other forms of “surface” CAES in several ways: a) the
cost of the tank needed to confine the air is reduced along with its volume; b) the cost of efficient air
compressors and expanders goes down with the pressure they must handle; c) the use of an
adsorbent changes the effective equation of state of the system, making it practical to operate it at
essentially constant pressure by cycling the temperature instead; d) whereas existing high-pressure
CAES facilities use the combustion of natural gas to reheat the expanding air, AE-CAES would need
only low-temperature (ca. 100°C) heat.

Dr. Tim Havel received his PhD in Biophysics from the Univ. of California Berkeley in 1982. He did postdoctoral work at
the Swiss Federal Technical Institute in Zirich and subsequently held positions at the Scripps Research Foundation in La
Jolla, the University of Michigan in Ann Arbor, the Harvard Medical School in Boston and the Dept. of Nuclear Science
and Engineering at MIT, where he helped to demonstrate the first prototypes of quantum computers by means of NMR.
He is presently an Affiliate of the MIT Dept. of Mechanical Engineering, assisting with the development of “supersprings”
based on carbon nanotubes, and the CTO and Founder of a nanotechnology-based “clean-tech” company, Energy
Compression Inc.

-_—
-_—



NYSERDA CAES
Workshop (Oct. 2010)

Adsorption-

o 4900 — 90 o
040000

. <% J&. . Enhanced
N oty Compressed
2 . % ., AirEnergy
LS00 Storage

Timothy F. Havel
Columbia Univ., ‘ Energy Compressvor;, Inc.
New York City tim@energycompression.com



/>4y What this Talk is Going
ENERGY to Cover

7* A new kind of CAES, called Adsorption-
Enhanced CAES (AE-CAES), which differs
from conventional CAES In significant ways:
> The “effective” equation of state is different

> |t uses a new thermodynamic cycle based on a
temperature rather than pressure swing

> |t can use low-grade waste or solar heat to make
up for losses (economic vs. physical efficiency)

> It stores hot & cold as well as mechanical energy
123




55y Some Terminology I Will
Temssn e Using

* Gas compression / expansion — a transduction
mechanism that converts work to heat / and back

% Kinds of CAES — where does the heat of
compression / expansion go to / come from?
> Adiabatic — heat never leaves the air itself

> Isothermal — heat goes to / comes from the ambient
environment

» Diabatic — heat goes to environment / but comes from
burning a fuel (or other high-temperature source)

> Advanced adiabatic — heat is stored and recovered
124



50y The Zeolite Minerals:
sy L@ Roca Magica!

“ Frameworks of O, Si & Al+X
atoms (X = cation) which enclose
networks of channels about 1 nm
In diameter
> Uniform channel diameter means

that they serve as size-specific
“molecular sieves”

% Industrially used for separation,
purification & catalysis

» And in particular, to separate
nitrogen and Oxygen from ail’ Picture produced by web apps at Intnl.

Zeolite Assoc., http://www.iza-online.org

125



“50y Zeolites Can Soak Up
ENERGY - 50X their Volume in Air

Air isotherms predicted from pure gas isotherms via
extended Sips formula (& van’t Hoff relation at 100° C)
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2o In Effect, We Get a New
ENERGY  Equation of State for Air

7 At least at low coverage and for a small
change in volume, we can say the that
dependence on temperature goes from linear
to exponential (van't Hoff relation)
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E@% Temperaturg Swing vs.
ENERSY  Pressure Swing

7% This strong d9pendence How a temperature swing differs from
on temperature allows the the usual (“isothermal”) pressure swing
pressure to be kept largely
constant by varying the 2 Isothermal
temperature instead: . CAES
> we call the resulting

thermodynamic cycle a
temperature swing Eoox Eoin

7 Advantages of zeolites fall
off as pressure increases
due to saturation effects

> so we use a low (10-30 bar)
and constant pressure

AE-CAES

-
N
(o)



50y Low Energy Density, but

DA
EheRcy Safe & Green as Can Be
¢ Weakness: Energy Density vs. Pressure
> ~1/10" the energy den- ~ With a [-40° C, S”(.’OO_C]
sity of a lead acid battery SLHPONATNS SRR
* Strength: Swf  Toulpy
> very safe: atank filled 3. B, PV work done on
with air + zeolite at our £ _| /'smhe""a' el
low pressures won't ex- 3
plode even if machine  §"
gunned full of holes S 107 N
> very green: nothing init ° s ok donecn
but rock, air, water and A SR |
other natural refrigerants gauge pressure (bar)

12



<5y The Great Operating
ENERGY  Pressure Tradeoff

—Zeolite
Hardware
Minimum cost is expected to
lie between 10 & 30 atm,
depending on system design

Pressure (atm

100 -

75

50
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&y Heat: Store It, Harvest It,
ChiERar or — Make Use of I1t?

% Depending on the operating pressure,
» the heat generated by the exothermic process of
adsorption may exceed the heat of compression
* Given a temperature swing > 30° C or so,
» the sensible heat taken from the zeolite bed will be even
larger yet (assumes heat capacity ~1 kJ / kg-K)
% Pure energy storage would require all this heat to
be stored and recovered ($$$) but

> low-grade heat is not hard to come by, and many of the
heat transfers needed will even be spontaneous at STP

131




m@% Harvesting Heat to Cool
ENERGY  Zeolite when Charging

7 Adsorption of a refrigerant can drlvevaporatlve
cooling, transferring the heat to the :agsotbent

% Adsorbent can later be regenerated by heatlng it to
drive refrigerant off — no mechanical energy needed

% Common adsorbate + adsorbent examples include

> water + silica gel or zeolite, methanol or ammonia +
activated carbon or activated carbon fiber

- = -

A

-
N



m&ﬂ Synergy with Diurnal
ENERGY  Wind Power Levelizing

7% Wind blows more at night when the power is not needed

» while during the day we can get the heat we need from (noncon-
centrated) solar most of the time (even in cold climates), so ...

During the night, use wind
power to compress air and
an adsorption refrigerator
to cool the zeolite

During the day, use solar
heat to promote discharge
of the air and to regenerate
the refrigerator’s adsorbent




>&y  Don’t Like Solar Thermal?

N A
ENERGY
CENpRERG We Could also Burn Gas

7 The air could be used (perhaps with a bit of
additional compression) to turbo-charge a
combustion turbine as in diabatic CAES

* While the exhaust heat from the turbine is
used to fully desorb the air (and regenerate
the adsorbent of an adsorption refrigerator)

> the economics of this combination need further
study (collaboration, anyone?)



“50y  Using the Heat & Cold

ENERGY
COMPRESSION

]

/\[

$

charged state,

zeolite at T, Pmaxl

half-charged state,
zeolite near T,

Charge-up
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for HVAC in Buildings
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ol Synergies with Demand

ENERG
ENERGY  Management Programs

7 Pays participants to cut power consumption upon request
» and they usually coast thru the reduction period on thermal inertia

IS Ty~ R L
= PLASTICS ' }? §
.f:d

« Shutdown production line |
FOOD PROCESSING
« Packaging unit curtailment gl

Revenue Share Arrangement

ol — YoT =g
A T ¢ -
wy s > { _ = 3y
' 7
Kec
GRID OPERATOR/
UTILITY
DEMAND RESPONSE
AGGREGATOR
/ ’ . HEALTHCARE
(l s ( 57 ; el Combine backup generation |}
~ . { s with HVAC curtallment
o, z
;'«ﬁ,. S
el 24 % RECYCLING
\\_/ « Baler, dryer unit, and/or

COLD STORAGE
« Adjust freezer set points
« Run backup generation

sorting machine shutdown

Figs. Courtesy of EnerNOC ﬁ‘b” .«

Timothy F. Havel CAES Workshop 2010



A5y Summary and

ENERGY  Prospects

* Adsorption-Enhanced CAES:

>

renders CAES freely locatable (not tied to the site of an
underground cavern or aquifer)

lowers the cost by lowering the pressure needed to attain
a reasonable energy density

can use low-grade heat instead of a gas-fired turbine for
reheat (as well as recool), and so can be carbon neutral

timing of diurnal storage cycle’s heat transfers offers good
synergies with wind power, demand management, and
potentially even net zero energy building operation
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Insights from EPRI’s CAES Economic Benefit-Cost Analyses
Robert B. Schainker, William Steeley, EPRI

Economic value justification to build energy storage plants are often focused on arbitrage benefits:
buying low and selling high. However, the energy arbitrage benefit stream is only one of a humber of
potential benefit streams provided by a CAES plant—perhaps not even the most significant benefit
stream. This paper summarizes a number of EPRI benefit-to-cost analyses on CAES plants, with a
special focus on identifying a full set of benefit types CAES plant offer and how that these benefit
types are quantified and then compared to a CAES plants capital costs. As such, this type of analysis
is useful to utility decision makers when making CAES plant “build” decisions. The types of benefit
types investigated, beyond arbitrage benefits, include capacity credit, ancillary services (including
frequency regulation, spinning reserve, ramping, VAR support, and black-start capability), renewable
support, and CO, reduction benefits. The paper will conclude with estimates (high and low) for each
benefit type based on a wide set of EPRI utility analyses.

Dr. Robert Schainker is Senior Technical Executive in the EPRI Power Delivery and Utilization Sector. His research

activities cover energy storage, generation and transmission technologies with special focus on compressed air energy

storage, battery energy storage, strategic planning, electric grid dynamic stability, transmission substations, high voltage
power flow controllers, transformers, and power quality.

William (Bill) Steeley is Senior Project Manager in the Energy Storage and Distributed Energy Resources Program at the
Electric Power Research Institute. His responsibilities include development of several high profile projects in the Energy
Storage and Distributed Generation Program as well as in the CAES Demo area. His research areas include: energy
storage technology assessments & evaluations, economic analyses, field demonstration projects, utility case studies and
integration of energy storage in the emerging smart-grid. A major thrust of his work has centered on the proper electrical
interconnection and integration of distributed generation and energy storage systems into the electric utility T&D system.
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ICAES Plant: Economic Benefit Types
(Part 1 of 2)

» Arbitrage Benefit*

— Large to Small: Depends On Assumptions for Future Prices of Off-Peak
Energ%/ (which mostly depends on wind resource forecasts) and On-
Peak Energy (which mostly depends on gas fuel price forecasts)

» Capacity Credit Benefit*
— Large: Credits given every hour (24 x 7)

— CAES plants in most utility-EPRI studies run many more than four
hours/day

» “Ancillary Services” Benefits*

— Large: Each Independent/Regional Grid Operator has their own specific
definitions, prices, and developing market

— Types of Benefits

 Regulation (for Frequency and/or Area Control Error): Large Benefit
Spinning Reserve (Synchronous/Non-Synchronous): Medium Benefit
Ramping (Up and/or Down): Large Benefit - Particularly in the Future
VAR Support: Small to Medium Benefit
Black Start Capability: Small Benefit

*Definition of Benefits given in Appendix =Rl

© 2010 Electric Power Research Institute, Inc. All rights reserved. 2
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(Part 2 of 2)

I CAES Plant: Economic Benefits Types 1\

» Renewable Benefits: Large, but challenging to quantify
— Smoothes/dampens power fluctuations
— Reduces up/down ramping problems

— Enhances penetration of wind / solar generation
resources

» Reduced CO, Emissions
— Low to medium, depends on source of charging power

— Dollar benefit depends on CO, forecasted prices (USA
Climate Bill not finalized yet, but European CO, price/
market is already Iin place)

Cl:'ai ELECTRIC POWER
A
RESEARCH IMSTITUTE
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I Benefits: Not All Benefit Types Are
Additive, At Same Time .1.._____ - [

Benefits Are Additive For Only That Portion of Plant MW
Capacity Not Being Used To Obtain Other Types of Benefits

— Arbitrage — VAR Support *
— Capacity Credit — Black Start

— Regulation — Renewables

— Spinning Reserve — CO, Credits

— Ramping

* :
VAR support occurs when compressor motor is used as synchronous
condensor and when expander/CT generators are used as synchronous
condensors when plant is in generation mode.

CPEI ELECTRIC POWER
A
RESEARCH IMSTITL
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I Benefits Depend On Several Factors (Part 1 of 2)
Note: Benefit Priority Order Depends On Utility Specific Data

» Fuel Price Projections

— Impacts peak electricity prices and resulting plant revenue from different
effects on-peak vs. off-peak prices

— In general, as fuel price increases the overall plant benefits increase
since the arbitrage benefits are larger than the CAES plant operational
cost increase

» Electricity Price Projections
— Impacts price “spread” between on-peak and off-peak prices
» Generation Mix (In particular, wind generation MW projections)

— As more wind comes on-line, off-peak prices get lower and CAES plant
arbitrage benefits increase.

— In some cases, wind off-peak energy cost is negative; thus, assumed
wind MW projections greatly impact CAES plant benefit projections

» Load Shape, Weekly/Seasonal/Yearly Changes

— Impacts extent and timing of off-peak charge vs. on-peak discharge

— New generation assumptions (nuclear, coal, combined cycle, simple
cycle) greatly impact CAES plant projected benefits
oy
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I Benefits Depend On Several Factors (Part 2 of 2)
Note: Priority Order of Benefits Depend On Utility Specific Data

» Transmission Constraints
— Used to select “best” location for plant
» Transmission / Substation Upgrade Deferral Opportunity

— Good plant locations, if possible, are current transmission
bottlenecks

» Price Signals from ISO/RTO Grid Operator

— Dramatically impact primary benefits & ancillary service
benefits

» Cost of Capital (Utility Capital “Fixed Charge Rate”)
— Needs to reflect the true cost of capital.

— Upon multiplying by plant capital cost, sets the minimum value
of benefits needed to justify plant construction

» Capital Cost of CAES Plant

— Upon multiplying capital cost by Fixed Charge Rate, sets the
minimum value of benefits needed to justify plant construction

EPE] | ELECTRIC POWER
RESEARCH IMSTITUTE
144
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I Advanced CAES Plant Has Attractive
Operational Performance Characteristics

» Operates in both the charge and discharge modes simultaneously
with a “flat” heat rate curve (see Appendix slide for details).

— This enables the plant to obtain spinning reserve and ramp
up/down benefits while at part load.

» Plant is a flexible resource during the charge and discharge mode

— In particular, at part load operation the plant provides a
combination of arbitrage, frequency regulation and ramping
benefits

» Ramp rate is about +/- 40% minute

— For example, a 300 MW Advanced CAES Plant that is
synchronized to the grid, can change output power at +/- 120
MW'’s per minute. This makes the plant effective at
performing up-ramps and down-ramps as wind power
fluctuates, and/or, as market price signals change.

oy

ELECTRIC POWER
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Benefits Discussion

» Value Proposition for CAES

— Requires properly adding benefits from several different
types of applications and/or duty cycles

» Insight:

— As more wind gets installed, the off-peak price (i.e., the
Locational Marginal Price) for charging energy gets lower,
which increases the arbitrage benefits by widening the
spread between on-peak and off-peak prices.

EPE, | ELECTRIC POWER
RESEARCH IMSTITUTE
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Impact of Wind Penetration: Lower Off

Peak Hourly Marginal Electricity Prices

= As wind power output
Increased on March 3,
2010, ERCOT'’s electricity
market prices went
negative. This situation will
occur more frequently as
wind generation grows in
Texas

= This negative price
situation is also occurring in
other US regions

= Recommendation: Give
special attention to
forecasting off-peak
marginal electricity prices

© 2010 Electric Power Research Institute, Inc. All rights reserved.
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lSummary of Benefit Value Ranges and

Plant Cost Ranges E) o

140

120

00

a0

40

Value of Cost or Benefit ($/kw-year)

Advanced CAES Case Study Results To Date (June 23, 2010)
Results Shown Are for Plants Using Underground Air Storage Systems
Plant Capacities Range From 200 to 427 MW, with10 Hours of Storage

ED 4
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I Anticipated Savings From CAES Plant
Integrated with Wind Generation Resources

35

a0 -

b

20 -

Millions [ Year

Hgh

Mead Low

Wind Penetration

Hgh

Lo

Med  Price of Off-Peak

Wind Generation

Key Assumptions: NE Utility Generation Mix; Cost of Capital : 10%, Study Period: 20 Yrs
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I CAES Economic Benefit Types: Appendix
Definitions

Arbitrage: CAES plant cost savings from using/purchasing low-cost electric energy (e.g., during off-peak
night-time periods from wind generators), storing this energy and selling it back to the grid at relatively higher-
price time periods (e.g., during on-peak time periods in the afternoon).

Capacity Credit: If online for a minimum, specified number of hours per day, CAES plants can provide MW
capacity benefits, which can be valued at either the market price for firm capacity, in an ISO environment, or
the cost of an alternative generation resource capacity, in a unit commitment-unit dispatch real time grid
operation environment.

Ramping (Up-Ramp / Down-Ramp): CAES plants can obtain ramping credits if their unused capacity is
available in load shape shoulder hours (e.g., during the diurnal ramp-up or ramp-down time periods), and/or
can replace or reduce the ramping of other generation plants.

Reserve Capacity (Spinning/Synchronous and/or Non Synchronous): CAES provides MW spinning
reserve capacity credits whenever the plant can be put in charging or discharging in less than a specified time
period (e.g., 10 minutes). In the charging mode, spinning reserve MW credits are available from the MW
charge level to the zero MW idle level. In the discharging mode, spinning reserve MW credits are available
from the zero MW idle mode to the maximum MW discharge MW level. Also, In the discharging mode,
spinning reserve credits are available when the plant is at part load; namely, the MW difference between full
discharge capability and the actual MW part load discharging level in that hour.

Black Start: CAES can reach full output from an off-line state in about seven minutes, qualifying for black-
start credits, where applicable.

Frequency Regulation / Regulation: When on-line, CAES unit operation is flexible enough to assist with
maintaining frequency on the system and/or reducing Area Control Error (ACE).

VAR / Voltage Support: CAES plant reactive power credits can be obtained by operating the compressor
motors and/or the expander generators as synchronous condensors, providing + / - VAR'’s to the grid.

===
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I ~Appendix
CAES Plant: Part Load Heat Rate and Energy Ratio

As Plant MW Power Output Changes (Estimates)

Heat Rate and Energy Ratio Versus Part Load Condition
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New York Power Authority’s Investigation of Compressed Air Energy Storage in New
York State

Li Kou, Guy Sliker, New York Power Authority
Robert Schainker, EPRI

New York Power Authority (NYPA) in collaboration with Electric Power Research Institute (EPRI)
performed a feasibility study of a utility-scale underground compressed air energy storage (CAES)
facility in New York State. The proposed plant has 300MW generation capacity with 10 hours storage
capacity. The feasibility study evaluated the engineering, economics and geologic siting of such a
plant. A second generation CAES plant design was chosen which avoids the need for an expensive,
high-pressure combustor, that in turn helps reduce CO, emissions per kWh. It is estimated that the
second generation CAES design will be about 25 — 30% less expensive in capital and 10% less in
operational costs than a first generation design. Based on NYPA'’s forecast on fuel costs, load
profiles, and hourly electricity prices, it is shown that arbitrage benefits alone serve to offset capital
costs for a 300MW CAES plant in NYC region. However, for the Central region, ancillary and
capacity benefits will be critical components of the benefit mix. The focus of the present study is on
salt mine opportunities in NYS.
Dr. Li Kou is the Senior Research and Technology Development Engineer for New York Power Authority. Dr. Kou joined
NYPA in August 2007 and has been working on evaluation and implementation of various technologies, including solar,
distributed wind, energy storage, biomass and waste-to-energy. Prior to joining NYPA, Dr. Kou worked for Siemens
Power Generation on research and development of Solid Oxide Fuel Cells for 6 years. She holds a Ph.D. and M.S.

degree in Chemical Engineering from lllinois Institute of Technology and holds a B.S. in Chemical Engineering from
Zhejiang University, China.



New York Power Authority’s
Investigation of Compressed Air
Energy Storage in New York State

Li Kou, Guy Sliker, New York Power Authority
Robert Schainker, Electric Power Research Institute
2"d CAES Workshop, Columbia University
October 20, 2010
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New York Power Authority

St. Lawrence-

FDR Project A
7414 . NS 4
A0S
A sarvis Plant '
Mclark Energy Center
ANiagara » AcCrescent Plant
Project , T4 AVischer Ferry Plant
Blenheim-Gilboa
 ProjectA
X » - A\ Ashokan Project
-~ F =
A Power Authority Projects ] '
W Othar Power Authority Faclltties { ) f
Rzl
AKemAleo Project
Flynn Plant
‘u Flynn Plan
Project
10/20/2010

« NYPA owns and operates 17
power plants and 1,400 circuit-
miles of transmission lines,
supplying one-fifth of New York
State’s electricity.

* NYPA energy efficiency services
help schools and other public
facilities conserve power and cut
energy costs.

* NYPAis New York State’s leading
supplier of renewable power,
investing in life extension and
modernization of its hydropower
resources as well as wind power,
solar energy, fuel cells and other
advanced energy technologies.

S NewYorkPowe
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NYPA-EPRI Study on Advanced
CAES Project — Objective

* To evaluate the feasibility of a utility-scale
underground compressed air energy
storage facility iIn NYS

— Generation Capacity: 300MW
— Compression Capacity: 215MW
— Storage Capacity: 10 hours

10/20/2010



NYPA-EPRI Advanced CAES
Project — Scope of Work

* Engineering Evaluation
* Economic Benefit / Cost Analysis
* Geologic Siting Opportunities

o N rk Power
10/20/2010 -, Agﬁgw



CAES Plant Engineering Evaluation

Cap. Cost (2009 Dollars) ~ $730/kW to $830/kW + Substation, Permits & Contingencies
Compressors (50 MW) sssClutches  EXPANMErs (110 MW)

iy
)

HP

)

After- —~ N R Lp)
cooler Ambient Z
Intercoolers Air Fuel

Height = 1000 Ft

Exhaust
| Stack

Y S S Pressure = 650 psi Recuperator
Air flow rate = 267,000 scfm
Salt Cavern Air Store: Heat Rate 4100
Distance to Surface = 1500 Ft Energy Ratio 0.81
_ Underground Storage Cavern: Equipment from
Avg. Diameter = 250 Ft A Solution Mined Salt Cavern Dresser-Rand

Volume = 19.6 MCF
10/20/2010
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Advanced CAES Plant — Chiller Option

Note: Each Expander Can

Serve Each CT In The

Vent Alr Integrated CAES Plant
¥ Lbis

3674 F
Compressors Makeup Alr 14.7 PSIA
Total Power 63.3 MW 0 Lbis 485 Lbis

Combustor
(Optional)

Fuel
576.3 MMBTWhr LHV

Combustion Turbine Recuperator

A 80 F Intercoolers 48.53 Gross MW 11876 Gross LHV BTU/KWhr
I 447 PsIA
246 Lbis
102 F .
1200 PSIA
200 Pl Compressed Air
80 F
800 PSIA Power Production Mode
485 Lbis
150.1 MW Net Total Powar
3839 BTUKWhr Net LHV Heat Rate
0.68 Enorgy Ratic
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Advantages of Chiller-option CAES
Plant

— Compression process is disengaged from
power delivery process

— Constant GT Iinlet air condition

— Improved reliability and availability
— Better flexibility

— Lower CO, emissions/kWh

— 25 — 30% less expensive in capital and 10%
less in operational cost than first generation
CAES design.

# NewYork Power
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NYS Regions Chosen for Study: nyc

(Zone J), Central (zone C) & Dunwoodie (zone )

NEW YORK CONTROL AREA
LOAD ZONES

(D]

A= WEST

B - GEMNESE
C - CENMTHL
D= MNORTH

E - MHK VL

F - CAPITL

G- HUD VL

H - MILLWLD
| = DUNWOD
o = BLYLC,

K - LOMGIL

L - 3
=l
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Economic Analysis Assumptions

10/20/2010

Parameter Nominal Case
Generation Capacity (MW) 300
Compression Capacity (MW) 215
Generation Period, Max (Hours) 10
Compression Period, Max (Hours) 10
Generation Heat Rate (Btu-In/kWh) 4229
Energy Ratio (kWh—In / kWh-out) 0.70
Variable O&M ($/MWh) 3.5
Fixed O&M ($/MW-YT) 5
Planning Horizon 2012 - 2032
Capital Cost of the plant ($/kwh) 700
NYPA Fixed Charge Rate (FCR) 13%

With forecasted electric prices, natural gas prices and load profiles

M NewYorkPowe
& N lkpower



Annual CAES Plant Benefits and Costs

NYC - Region J

Annual Cost or Benefit
(millions of dollars per year)
n
(-]

Annual CAES Plant Benefits and Costs
(Calculation of Net Economic Benefit From Energy Arbitrage)

300 MWD, 215 MW C, 10 Hours

== Net Marginal Energy Cost Savings
=== Storage Fuel + O&M Costs
T =—NetEconomic Benefit (Cost Savings - Fuel+O&M Costs)

100

30 — | Average net benefit
20 e 29 .8 million $/year
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Annual CAES Plant Benefits and Costs

DUNWOODIE-Region |

Annual CAES Plant Benefits and Costs
(Calculation of Net Economic Benefit From Energy Arbitrage)

300 MW D, 215 MW C, 10 Hours

70
= Met Marginal Energy Cost Savings

60 41— == Storage Fuel + O&M Costs
= et Economic Benefit (Cost Savings - Fuel+O&M Costs) /
50 —

=
- T
s S
S8
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T2 40
1™
EE Average net
28 benefit: 22 million .
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Annual CAES Plant Benefits and Costs

CENTRAL - Region C

Annual CAES Plant Benefits and Costs
(Calculation of Net Economic Benefit From Energy Arbitrage)

300 MW D, 215 MW C, 10 Hours

= Met Marginal Energy Cost Savings

——Storage Fuel + O&M Costs /
40 +
= MNet Economic Benefit (Cost Savings - Fuel+ O&M Costs) /

> /\/—___-——_i—-_
30 J__E_,/
/_—-—_—_— -

Average net benefit: 7.0
million $/year

45+

Annual Cost or Benefit
(millions of dollars per year)
[ %] M
o h
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Beyond Arbitrage — Capacity and
Ancillary Services
» + Capacity Credits
- v Spinning Reserve
- \ Regulation Service
* Ramping
* VAR
* Renewable Credits
« CO2 Credits

o N rk Power
10/20/2010 -, Agﬁgw



Potential Economic Benefits ($/kW-YT)
for Three New York State Regions

New York Dunwoodie Central

Capacity Credit High Estimate 84 84 37
Capacity Credit Average 68 68 20
Capacity Credit Low Estimate 23 23 9
10 Minute Sync Reserve High Estimate 82 92 68
10 Minute Sync Reserve Average 8 9 7
10 Minute Sync Reserve Low Estimate 0 0 0
Regulation High Estimate 123 138 127
Regulation Average 80 90 83
Regulation Low Estimate 38 42 39
Arbitrage Benefits High Estimate 123 90 28
Arbitrage Benefits Average 94 68 18
Arbitrage Benefits Low Estimate 85 62 16
Total Benefits High Estimate 412 404 260
Total Benefits Average 250 235 128
Total Benefits Low Estimate 146 127 64
Annualized Capital Cost FCR = 13 93 93 93
Net Plant Benefits High Estimate 319 311 167
Net Plant Benefits Average 157 142 35 PFr
Net Plant Benefits Low Estimate 53 34 1@-29




Potential Economic Benefits:
Example Shown for Central NY State Region

CENTRAL - Region C

Potential Economic Benefits

Including NYPA Capacity and Ancillary Services Prices
Data From NYISO OASIS Reports Aug 2008-Sep 2009 (Average Values)
Compared With Capital Cost Including Fixed Charge Rate of 13%

140
130
120
. - : 10% Fixed
" 11[1—/| mLow Estimate  mAverage Value  mHigh Estimate Charge Rate
o g 100 Dynatran Level
o 2 907 Results |
% o ] 30 for NYPA- L
>0 3 CENTRAL
® 701 ,
o & = (Region C)
e 2x 07 Based on CAES
&"] g =~ 507 Capital Cost
O 40 700 $/kw
C with 13% FCR
- 304
20
10 -/
0 -
Capacity Credit, 10-minute Non- Regulation Arbitrage Annualized Annual fixed
NYISO Synchronous  Synchronous benefits capital cost O&M ($/kw-yr)
10/20/2010 Reserve Reserve $/kw-y1)
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Major Conclusions of Economic Analysis

« Under current NYPA projections for fuel costs, loads, and
hourly prices, arbitrage benefits alone serve to offset capital
costs for a 300-MW CAES unit in the New York City region,
and even a low estimate of capacity credits allows a similar
unit to offset capital costs in Dunwoodie.

* Inthe Central region (again, under current projections), CAES
benefits are likely to be sufficient, but ancillary and capacity
benefits will be critical components of the benefit mix.

« With wind energy input, the benefits will be greater due to
expected larger spread between off-peak and on-peak prices.

~ N rkPower
10/20/2010 < Au ty



Suitable Geologic Formations
o Salt reservoirs — used to store oil, natural gas, and many other

hydrocarbons for >30years
» Salt cavern is a constant volume and variable pressure reservoir

 Porous Media — used to store natural gas for > 50years. A
porous media applicable is a porous rock (sandstone or a fractured rock)
with high porosity and permeability for air.

» Use water drive system to withdraw the air, yet requiring a sizable air
cushion

« Mined Rock — used to store pressurized hydrocarbons in hard
rock caverns for >30years. Two modes of operation:
» Uncompensated (varying pressure), similar mechanism as salt reservoir

» Compensated (constant pressure, variable volume). Compensation is
achieved by water head which is provided by surface reservaoir.

o N rkPower
10/20/2010 -, Aﬁmw
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CAES Siting Potential in New York State

Legend NYS Sites:
Historic Salt Facilites - Solution
@ RoomdBillr Mined Salt

A Solution Mining

Active Salt Facilites Caverns
@  Room and Pillar

@@ solution Mining - Depleted GaS
Natural Gas Storage Reservon"s
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& NG Storage Wells .
Liquid Petroleum Storage M Ines
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Preliminary Geologic Sites Identified

« Western NY — salt solution mining facility at Silver
Springs

« South-central NY — Cargill deicing technology Cayuga
Mine and the Morton Salt mine; Cargill Watkins Glen or
U.S. Salt Watkins Glen could be investigated.

* Central NY — Queenston sandstone reservoir formation
and the Trenton-Black River graben reservoir (both
identified as the good regions)

 Northern NY — Gouveneur Talc mine, St. Lawrence Zinc
number 2-4 mine and Edwards Zinc mine.

NewYork Power
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Summary

*Selected the chiller CAES Cycle option due to its expected
lower capital cost, lower operational cost, and fewer CO2
emissions per kWh.

*Arbitrage benefits alone serve to offset capital costs for a
300-MW CAES unit in the New York City region. Adding a
low estimate of capacity credits allows a similar unit to
offset capital costs in Dunwoodie. In the Central region
(under current projections), ancillary and capacity benefits
are critical components to justify the project economics.

*Preliminary geologic survey has identified some potential
sites in Central and Western Region of the State.

NewYork Power
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Next Steps

« Perform more detailed geologic studies at sites
In pre-determined regions

« Select a site based on these subsequent
geologic analyses

« Update the economic benefits/cost and business
case analyses for selected site

« Update/optimize the plant specifications to
match the geological conditions of the selected
storage sites

NewYork Power
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Energy Storage and Geographic Aggregation: Mutually Reinforcing Strategies for
Integrating Wind Power

Samir Succar, NRDC
Robert H. Williams, Princeton University

The incorporation of wind resource aggregation into the optimization framework for a hybrid
wind/CAES baseload power facility demonstrates that strategies for variable energy resource
integration can be mutually reinforcing. By leveraging the geographic diversity of wind energy
resources, the cost and emissions of baseload wind systems can be significantly reduced as a result
of reduced capital cost requirements for balancing aggregated wind resources. Specifically, re-
optimizing the CAES configuration, including the relative capacity of the compression and
turboexpander trains as well as the storage capacity of the geologic reservoir, in response to changes
in wind resource characteristics, yields significant capital cost reductions for the CAES system which
translates into lower levelized cost for baseload power from wind/CAES and lower GHG emissions.
This approach results in significantly reduced carbon entry prices for wind/CAES relative to
alternative low carbon baseload systems.

Samir Succar is an Energy Analyst working in NRDCs New York office as part of the Center for Market Innovation.
Samir's work focuses on the integration of renewable energy and the role of T&D infrastructure upgrades, demand
resources, energy storage and other enabling technologies. He received a BA from Oberlin College and earned a Ph.D. in
Electrical Engineering at Princeton University researching the technical and economic feasibility of utility scale wind
coupled to bulk energy storage systems.



Energy Storage and Geographic Aggregation
Mutually Reinforcing Strategies for Integrating Wind Power

Integrating Wind-Solar-CAES
2"d Compressed Air Energy Storage (CAES) Conference & Workshop
Columbia University, New York, NY - 20 October, 2010

Samir Succar, Ph.D.
Energy Analyst
Natural Resources Defense Council

ssuccar@nrdc.org
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Motivations and Overview

Baseload power from wind

* Low carbon energy sources are needed for climate change mitigation
* 40% of global fossil CO, from electricity

* Majority from coal (80% in the U.S.)

* Displacing coal means baseload (80-90% CF)

Mitigating Impacts of Wind Variability & Remoteness

a) Resource Aggregation

b) Backup (conventional generation, storage)
Complimentary or Mutually Exclusive?

NRDC

Twe Earmi's BesT DeFEMSE

-—
~J
(o2}


http://www.nrdc.org/
http://www.nrdc.org/

Wind Energy Resources vs Population

* Location of best resources may not be proximal to demand centers

* Additional transmission infrastructure may be required to bring remote wind energy to market
* This represents a major shift in the way transmission is planned, sited and built

* Other resources (distributed generation, offshore wind) don’t obviate the need for new lines

* Transmission constraints is a major limitation for wind today

Population per
square mile

[™110000r more
Wind Resources

I class 4+

NRDC
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Wind Energy Resources vs Population

* Location of best resources may not be proximal to demand centers

* Additional transmission infrastructure may be required to bring remote wind energy to market
* This represents a major shift in the way transmission is planned, sited and built

* Other resources (distributed generation, offshore wind) don’t obviate the need for new lines

* Transmission constraints is a major limitation for wind today

MAP KEY
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Declining Capacity Credit

Capacity credit of wind power
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Wind power penetration as % of peak load

60

—s— Germmany
Mid Norway 3 wind farms
Mid Norway 1 wind farm
—a— Ireland ESBNG 5GW
Ireland ESBENG 6.5GW
—e— LIK 2007
o US Minnesota 2004
—m— US Minnesota 2006
—e—US New York on-off-shore

o US California

H. Holttinen, B. Lemstrom, P. Meibom, H. Bindner, A. Orths, F. v. Hulle, C. Ensslin, L. Hofmann, W. Winter, A. Tuohy, M.
OMalley, P. Smith, J. Pierik, J. O. Tande, A. Estanqueiro, J. Ricardo, E. Gomez, L. Séder, G. Strbac, A. Shakoor, J. C.
Smith, B. Parsons, M. Milligan, and Y.-h. Wan, "Design and operation of power systems with large amounts of wind power:
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Reducing Variability Through Resource Aggregation
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Resource Variability
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Resource Variability
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Resource Variability
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Resource Variability
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Wind Aggregation

Combining weakly correlated wind resources over a broad geographic area
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Motivations and Overview

Baseload power from wind

* Low carbon energy sources are needed for climate change mitigation
* 40% of global fossil CO, from electricity

* Majority from coal (80% in the U.S.)

* Displacing coal means baseload (80-90% CF)

Mitigating Impacts of Wind Variability & Remoteness

a) Resource Aggregation

b) Backup (conventional generation, storage)
* Complimentary or Mutually Exclusive?

NRDC
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Compressed Air Energy Storage (CAES)
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Wind/CAES Cost Model Methodology

Remote Generation Local Generation

0> F A > Pol)

— U
P =
Dumped Losses 1 1
Wind Wind CAES Transmission SC + CC Output
resource park line plants power
Optimized Pe P
P . P vV sc
variables: WF E T P
h cc
2
Objective Function: Levelized Cost of Energy ($/MWh)
* CF = System capacity factor
* h,=8766 hours per year 1
* P,=Load level (2000MW)
. A;=Plant Annual Costs COE = % * ZAn
A, =C*+M, +F, CF*P, hy n

* C, = Capital Costs

* L = Levelized Capital Charge Rate

* M,= Operations and Maintenance (O&M)

* F.,=Fuel

Constraints

* Capacity Factor (P avg/Poutmax) = 0-85

* Gas Capacity (Pgct+Pcc) = Py - WInd/CAES 85% Firm Capacity
Independent Quantity: Greenhouse Gas Emissions Price ($ per tonne CO, equivalent)

*Optimal system configuration derived through levelized cost of energy (COE) minimization

*Cost optimization based on flexible Wind/Gas/CAES framework
NRDC 188
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Wind/CAES Cost Model

Remote Generation Local Generation
11 b1
Wt > FA ) : Gas
( ) / ! J_. —T . I Pout(t)
[—/ Z,'::
“ . ” Dumped Losses [LH:J:F . (NGCC)
Wind/Gas
Wind Wind Transmission SC +CC Output R
resource park line plants power > out(t)
[:_:_—F-ﬁ W
Optimized vV Pqc = ﬁ
variables: wr L Pec
SC+CC Output
plants power
NORT . B > P, ()
C + PCC
Dumped Losses
11 . 7
Wind/CAES
Wind Wind Transmission Output
resource park CAES line power
P
Optimized C
variables: wr EE Vn
. 24
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Power Duration Curves

Optimization collapses to three “static” solutions
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COE vs Carbon/Gas Price

Levelized cost of energy for three systems plotted against GHG emission / fuel price

Price of Natural Gas Py % $/GJ HHV)
1308 7 8 9 10 1 1617
Wind/Caes( ):$122/tco2 Base Fuel Cost (NG):
120 ($13.3/GJ) $6/GJ HHV
110 Wind/Caes(2):$146/tCO2 . GHG Emission Intensity
($14.8/GJ) NG (Upstream +
= 100 Wind/Gas:$1024CO, : Downstream):
= ($12.1/G) 66.0 kg CO,/ GJ LHV
& 90 —
L .
o GHG Emission Rates
O 80 -
NGCC.:
441 kgCO,/MWh,
70 i Wind/Gas:
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60F — Gas, $61 72 L . ]
—— Wind/Gas, $80.77 Wind/CAES:
—— Wind/CAES, $102.12 108 kgCO,/MWh
50 | 1 [ I I
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GHG Emission Price, PaHa ($/tCOz)
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Resource Aggregation + Wind/Storage

Over-sizing the wind with respect to transmission becomes optimal at high N
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Resource Aggregation + Wind/Storage

Storage system size decreases for increasing number of wind resources
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Impact on Cost of Energy

Price of Natural Gas Py %($/GJ HHV)
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Impact on Cost of Energy

Price of Natural Gas, Png ($/GJ HHV)
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Impact on Cost of Energy

Twe Earmi's BesT DeFEMSE

Price of Natural Gas, p, ($/GJ HHV)
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Impact on Cost of Energy

Price of Natural Gas, Png ($/GJ HHV)
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Impact on Cost of Energy
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Conclusions

* Aggregation of wind resources reduces balancing requirements for wind

* CAES surface turbomachinery and storage reservoir size can be reduced substantially

* Benefit of reduced backup for Wind/Gas offset by large increase in wind capacity requirement
* The relative cost and entry price of Wind/Gas and especially Wind/CAES decline substantially

* Resource aggregation and energy storage can be complimentary means of balancing wind
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10.

CAES Studies at the National Renewable Energy Laboratory
Paul Denholm, Easan Drury, NREL

NREL is involved in several projects to analyze the role of CAES in high-renewable futures. This
paper will review these activities which include:

a) Analysis of the value of CAES in wholesale energy markets considering co-optimization with
ancillary services. These studies include the part-load performance of CAES plants, as well as the
constraints on operating the expansion turbine while offering spinning reserves. Several advanced
cycles which improve performance or lower capital cost are also considered.

b) The value of CAES in reducing transmission constraints for remote wind and solar projects. Given
the difficulty of transmission siting, a number of analyses have proposed combining wind energy and
storage to increase transmission line loading and reduce transmission costs. This study quantifies the
benefit of co-location considering the tradeoffs between reduced transmission costs and increased
transmission constraints on CAES operation

c) The role of CAES in reducing wind and solar curtailment at high penetration. At extremely high
penetration of variable sources, wind and solar generation may become unusable due to limited
coincidence between energy supply and demand. Several studies have examined the value of CAES
in reducing curtailment and increasing the penetration of variable generation into the U.S. power grid.

Dr. Paul Denholm is a Senior Energy Analyst in the Strategic Energy Analysis Center at the National Renewable Energy
Laboratory. His research interests include examining the technical, economic, and environmental benefits and impacts of
large-scale deployment of renewable electricity generation, including the role of enabling technologies such as energy
storage, plug-in hybrid electric vehicles and long distance transmission. He holds a B.S. in physics from James Madison
University, an M.S. in instrumentation physics from the University of Utah, and Ph.D. in Environmental Studies and
Energy Analysis from the University of Wisconsin-Madison.

Dr. Easan Drury is an Energy Analyst in the Strategic Energy Analysis Center at the National Renewable Energy
Laboratory. His research interests include developing market penetration models for renewable technologies, and
examining the technical and economic impacts of large-scale renewable energy deployment. He holds a B.A. in physics
from the University of California, Berkeley, and a M.S. and Ph.D. in Engineering Sciences from Harvard University.
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Energy Forecasting and Modeling Group at NREL

High RE Scenario Onshore Wind Deployment by 2050
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Talk Outline

With higher RE penetration, CAES will be an important
resource for:

* time shifting generation

* providing ancillary services

* increasing transmission line loading

» Co-optimizing CAES dispatch for energy and reserves markets

» Co-locating CAES with wind to increase transmission line loading

« CAES deployment in a high RE scenario, and how CAES helps
enable RE integration




CAES optimal dispatch model

* Mixed integer linear program model

» Optimally dispatches a CAES device into historical energy and reserves markets
* True optimization model that lets you consider part load operation and the
variation in heat rate

CAES operating modes
Spin £
Discharge Non Non nelrgy
Spin Spin ST €s
4‘ E:\ergy
Charge Spin Sales
Energy
Purchase
Vi \4
Partial Full
Charge Idle Discharge Discharge

Dispatch model can be used to evaluate the economics of a CAES devices for:
» Several locations
* Years
* Device design and operational parameters
- Participating in several markets (Energy, Reserves, Regulation, Capacity) 206




Characteristic summer CAES Dispatch

200
—Energy
—Spin
150 —Non-Spin L
— Co-opt Dispatch
/\ —— Arbitrage Dispatch
= 100
: / ’ \ / \\\ v\ f -’"\./\
S~
£ 50
S ) r‘J U . L_
5 , /%7
= 0 - '
T 4780 4800 A%0 4840 4860
=
-50 \
-100 \ / \

Both systems show similar
charging characteristics

\ NYISO July 19-22, 2007 (Thurs-Sunday)

200%
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50%

0%

-50%
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Co-optimized systems spend a large fraction
of time partially discharging (providing
spinning reserves), less time fully discharging
(at higher mean prices), and less time idle

Charge / Discharge



CAES operating characteristics

Central NYISO Zone Long Island NYISO Zone
100% 100%
80% + [ = — 80% [ — —
Oidle
60% - - - - B 60% - ] - - | O part. discharge
O full discharge
40% — — — - 40% ] A - A - - charge
20% - u mi 20%
°Q 5 Q & Q &
< & < & < &
¢ ¢ S
2007 2008 2009
2007 2008 2009 2007 2008 2009
Mean Electricity Price ($/MWh) 61 68 36 Mean Electricity Price ($/MWh) 158 178 83
Natural Gas Price ($/mmBTU) 8.2 10.6 5.4 Natural Gas Price ($/mmBTU) 8.2 10.6 5.4
Co-Optimized Net Revenue ($/kW-yr) 58 51 33 Co-Optimized Net Revenue ($/kW-yr) 145 159 84
Arbitrage Only Net Revenue ($/kW-yr) 37 25 12 Arbitrage Only Net Revenue ($/kW-yr) 124 118 62

» CAES dispatch characteristics are strongly driven by device location and market participation
» CAES arbitrage revenues are strongly driven by device location and interannual price variability
208




Co-optimized and Arbitrage Only Net Revenues

Additional Reserves Revenue

Estimated CAES Capital Costs
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Net Revenue for Arbitrage Only System ($/kW-yr)

* Providing reserves increases net revenue on the order of $25/kW-yr (could
support an additional $225/kW of capital cost)
* Arbitrage revenues have more interannual variability than reserve revenues

Annual Net  Capital Cost
Revenue Range
($/kW-yr) ($/kW)
Co-opt 55-110 545 — 1,000
Arbitrage 35-85 320-770
Only
NYISO 2002 - 2009
PJM 2005 - 2009
MISO 2009
CAISO 2009 - 2010
20



Sensitivity to Heat Rates and Energy Ratios

30 30
Conventional, Co-optimized Conventional, Arbitrage Only

20

20

CAISO |

10} } 10} T
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[—
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10} 10+
-20 =20
=30 — : : : =30 — : : ;
3500 4000 4500 5000 3500 4000 4500 5000
Heat Rate {(BTU/KWh) Heat Rate {(BTU/KWh)
30! Conventional, Co-optimized 30! Conventional, Arbitrage Only | Reference Parameters:
Heat Rate = 4,000 BTU/kWh
200 | CAISO 1 Energy Ratio = 0.75
]{ [Shainker 2007]

PJM

Additional Net Revenue ($/KW-yr)
Additional Net Revenue ($/KW-yr)

L L L L L L -30 L L L L L
065 07 075 08 085 09 065 07 075 08 085 09
Energy Ratio (Energy InfEnergy Out) Energy Ratio (Energy InfEnergy Out)

* Arbitrage revenues are sensitive to efficiency, but reserve revenues are not (capacity resource)
* 10% heat rate improvement increases net revenues by $5/kW-yr (~$45/kW cap. cost)
* 10% energy ratio improvement increases net revenues by $3-8/kW-yr (~$25-75/kW cap. cost)
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Optimally sizing the Compressor and Expander

=
= = 200 _ — = 200
g $~ Conventional, Co-optimized 5~ Conventional, Arbitrage Only
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Same compressor / Relative Expander Size (%) Relative Expander Size (%)
expander size
optimal

Oversized expander optimal

« Doubling expander size increases co-optimized net revenues by $35-70/kW-yr ($320 — 640/kW),
and arbitrage only net revenues by $15-40/kW-yr ($135-365/kW)
« Doubling compressor sizes has less impact, on the order of $10/kW-yr ($90/kW)

11



Arbitrage only net revenues (Central NYISO 2007)

Arbitrage Only Net Revenues
300
200 2 ® * Arbitrage only systems do not show a

150 ] clear benefit from adjusting the
expander to compressor ratio

oyl

Relative Expander Size (%)

140
100 7g, R0
N2
50
100 200 300
Relative Compressor Size (%)
Relatwe Energy Suld Mean Arbitrage 'U'alue
300 300
< 44| <
- o 280 p 25(]
* Increasing the expander and & 22~ &
compressor sizes in tandem k> 200 s 200 |9
increases the amount of = 2
a 150 % 150
energy sold = e
» Adjusting relative sizes do E 100 {4 100
not significantly impact mean = 08 = %
arbitrage revenues e 50 ———————g5—] & 50
50 100 1560 200 250 300 50 1D0 150 200 25,:, 300

Relative Compressor Size () Relative CompresaqiBize (%)




Economics of transmission constrained wind + CAES

NREL Updated Maps: T
o ) Composite Wind Resource Map R
e Ny 765 KV

Pi{ AC-DC-AC Link

Idaho (2002)

Washington (2002)
West Virginia (2002)
Wyoming (2002)

3 The remaining states use data from the 1987
/ "Wind Energy Atlas of the United States".

A 1000 (0C)
o ©2007 Platts, a division
of the McGraw-Hil
Companies.
Wind Power Classification
Wind  Resource Wind Power Wind Speed ®  Wind Speed *
Potential Density at 50 m at50m atS0m
Class Wim? mis mph
]2 Marginal 200- 300 56- 6.4 125-143
13 Fair 300~ 400 64- 7.0 143-157 U.S. Department of Energy
4 Good 400~ 500 70- 75 157-168 lational R Energy Lab
5 Excellent 500 - 600 75- 80 168-17.9
6 Oustanding 600 - 800 80- 88 17.9-197
7 Superd 800 - 1600 88-11.1 197-248
®Wind speeds are based on a Weibull k vaue of 2.0 R

Can we build this? If not, what are the alternatives?
21




CAES as an Alternative to Transmission

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Wind Generation (% Peak
Capacity)

Transmission Requirement
(no storage or curtailment)

=
Downsized —
% transmission with
storage
Avg. wind output
Wind Only \
Delivered Wind
0 2000 4000 6000 8000
Hour

» Co-locating CAES with wind enables downsizing transmission
* But - Co-located CAES has lower arbitrage revenue than CAES sited at load
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Trade-offs in collocating CAES with wind

1000 125
- CAES Discharge
= CAES Charge
s 800 /"\ —— Electricity Price ($/MWh) 100
Load-sited CAES Dispatch | § « i . £
* nNo transmission constraints 5 \ /J \/\ \ 2
« dispatch determined by hourly electricity g 0 \,\J N v//\u ‘v/_\\ 0 &
prices g \\/ S
® 200 25 Q
'-'54 w
0 T T T T T 0
l 12 24 1 36 48 }O U4
-200 -25
Hour
1000 125
- CAES Discharge
. . . = CAES Charge
Wind-sited CAES Dispatch | g =oj__tmouw |
 transmission constraints for CAES and § 600 \VA | A s E
LRV
- dispatch is determined by hourly electricity | § 4o \/\J ' \_\//\\/ *v/_\\ 50 §
prices and transmission capacity ) oo W e 2
% 0 Ir il I o
' ' ' ' 1
112 24 36 48 60 R
-200 -25
Hour
ER@152006



Optimum Mix of CAES* and Transmission

100%
95%
90%
85%
80%
75%
70%
65%
60%
55%

% of Wind Plant Rating

MidweSt (870 km trans.)

Transmission
Rating (% of | | |
Wind Farm)

% of Wind Plant Rating

0 100 200 300 400 500 600 700 800 900 1000 11001200 1300
Transmission Cost ($/MW-km)

50%

+ Co-locating CAES with wind resources
becomes economic if:

« Transmission costs > $400/MW-km
. New transmission is unavailable

* Historical transmission costs suggest that _~»
several projects could be economic today

*Assuming $750/kW CAES w/ 20hrs storage, 0.72 energy ratio, 4,200 BTU/kWh
Denholm and Sioshansi, Energy Policy, 37, 3149-3158, 2009

100%
95%
90%
85%
80%
75%
70%
65%
60%
55%
50%

ERC OT (700 km trans.)

Transmission
Rating (% of
Wind Farm)
[

0 100 200 300 400 500 600 700 800 900 1000110012001300

Transmission Cost ($/MW-km)

Historical Transmission Costs ($2008)

1800 —/~—

4 A \

1600 —
—_ e AC aHVDC
£
; 1400 —
s ||
& 1200 L
0
S o
1000
- [ ]

@ A
[«
O 800 * :
5 . .
& 600 _"° m 4
E e s °
§ 400 s m vy .
= 4 A
Ag A
200 .
0 T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
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Regional Energy Deployment System (ReEDS)

United States - Annual Average Wind Speed at 80 m

*  Multi-regional, multi-time period model of
generation, capacity, and transmission
infrastructure expansion in the U.S. electric sector
through 2050

* Linear program optimizes capacity expansion and
dispatch every 2 years for 20 year investment

period i L%~ PR,

- Extensive GIS databases used to account for - pn e 22
geographic diversity of renewable energy | | S e AWSToowin 412
technologies

. g - High RE Scenario

- Statistical treatment of resource variability 1600 9 = Storage

(including correlations) — planning reserves, Offshore Wind

Onshore Wind

forecasting error reserves, surplus

Distributed PV

* Used in the 20% Wind Study :z;":,y PV
Hydropower
® Geothermal

Ded. Biomass

= Cofire Bio
Gas & Oil

= Cofire Coal

= Coal

2010
2014
2018
2022
2026
2030
2034
2038
2042
2046
Do
~:
z
c
5]
]
D




CAES deployment in a high renewable energy scenario

CAES technical potential in ReEDS?

Domal Salt Bedded Salt

(~23 GW, $900/kW#) (~37 GW, $1,050/kW+)

/9

kg

Aquifer

~57 GW, $1,200/kW#)

* Does not include hard rock or abandoned
mines

* Work in progress — we need to
incorporate the latest estimates of
technical potential and CAES costs

TOak Ridge regional assessment of CAES technical potential
iBlack and Veatch, 2010




CAES deployment in a high RE scenario

2050 CAES deployment

Ble

W o - 47 GW CAES deployed by 2050
B ‘-»/—»-/e{‘//' * Largely deployed in Texas (lower cost)
_k X
CAES (GW) v -
| B % \ O Cumulative B Annual CAES ® Annual PHS O Annual Battery
= ..,J'\Q " \’%Q‘p'\ S° - 80
__ 70
S
© 60
2
* CAES deployment peaks twice § >0
» 2025-2040: corresponds to © 40
increasing wind penetration 2 30
+ 2044-2050: corresponds to E
increasing PV penetration 3%
* 1 - 4 GW/year installation rate during 10 | IIII “
peak periods LT T | P | A . II

29 [0.1B$iyr| 1 5B$iyr| 3 1 B$/yr S 1 7 B$/yr 8
oo o o o o
AN N N N N

(0]

NN
Annual Installed Capacity (GW/yr)

=

\ Mean Annual Capit@{1@vestment




CAES in a high penetration RE scenario

ERCOT dispatch from GridVIEW

Evening discharge to
meet load after PV &
wind generation fall off

50

40

Curtailment
Wind
PV

. CSP
Hydropower

mm GasCT + oil
GasCC

_ mmm Coal
Biopower
Nuclear

= =<CAES

e— | 0ad

Power (GW)

/

. \
Morning PV, / ! A A
. ] 4
charging 2 ' \ ) i} AN
. ' T ‘ T ' T )/
with PV & - 1oo:ob May-1172:00 May-120000 May-1# 12:00 May-1300:k0 May43 12:00 N
. ’ \ / v L/
wind s \ y
gy v ) v
..’

-10

* 70 GW peak load in ERCOT
* 60 GW variable renewables ( 25 GW wind, 28 GW PV, 8 GW CSP)

* 14 GW Bulk storage (all CAES)
» 35 GW conventional capacity (12 GW CCs, 8 GW CTs, 5 GW Nuclear, 9 GW Coal) 220



Conclusions

» Historical CAES arbitrage revenues about $35-85/kW-yr

« Dispatching for reserves increases revenue by about $25/kW-yr
« CAES net revenues are driven by location, interannual variability,
dispatch method, expander size; less strongly driven by

compressor size, moderate improvements in device efficiency

» Co-locating CAES with wind becomes economic for transmission
costs above $400-500/MW-km

* CAES economically deployed in high RE scenarios at a few
GW/yr to enable wind and PV integration
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Questions?




Sensitivity of CAES net revenues to the perfect foresight assumption

I Co-optimized CAES

[ Arbitrage Only CAES

Relative Net Revenue (%)

0 5 10 15 20
Dispatch Time Lag [(days)

Central Region NYISO, mean frﬂ§002-2009



CAES in a high penetration RE scenario (ERCOT)

60
Curtailment

Wind
PV
B CSP
I Hydropower
B Gas CT + oil
GasCC
= Coal

50

Power (GW)

Biopower

Nuclear
==-CAES
= | 0ad

10

0 T \ | T \N ! T \ T w’ N
/] A V) \ 4
\ N AP A N\ ’” .
WiNG Jul-16 a7 ul17 ris suis 0 Tul1e

00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00

-10

* 70 GW peak load in ERCOT

* 35 GW conventional capacity (12 GW CCs, 8 GW CTs, 5 GW Nuclear, 9 GW Coal)
* 60 GW variable renewables ( 25 GW wind, 28 GW PV, 8 GW CSP)

* 14 GW Bulk storage (all CAES)
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11.

Renewable and Sustainable Energy Research at the Center for Life Cycle Analysis
Vasilis Fthenakis, Columbia University

The Center for Life Cycle Analysis (CLCA) was formed in May 2006 with the mission of guiding
technology and energy policy decisions with data-based, well balanced and transparent descriptions
of the environmental profiles of energy systems.

The CLCA research on renewable and sustainable energy systems includes the following topics: 1)
Thin-Film PV Life Cycle Analysis; 2) High-Concentration PV LCA; 3) Nano-material PV LCA; 4)
Building Integrated PV LCA; 5) PV and CSP LCA Harmonization; 6) Solar, Nuclear and Fossil-fuel
Cycles Comparative LCA; 7) Power Industry Supply Chain Hybrid LCA; 8) Minimizing Large PV Plant
Conflicts with Wild-Life; 9) PV Recycling Technologies; 10) PV Recycling Cost Optimization; 11)
Modeling the Synergy of PV and Wind; 12) Modeling PV-CAES Plants; 13) GIS-based Models of
Wind and Solar Plant Sites; 14) Effects of Clouds in Large Scale PV Production; 15) Modeling Large
Scale Storage for Solar and Wind Power.
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Centter for Life Cycle Analysis

Renewable and Sustainable Energy Research
at CLCA

Vasilis Fthenakis

Director, Center for Life Cycle Analysis (CLCA), Columbia University
and
PV Environmental Research Center, Brookhaven National Laboratory

email: vmf5@columbia.edu
web: www.clca.columbia.edu
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The Mission

m [he mission of the Center for Life Cycle Analysis
(LCA) Is to guide technology and energy policy
decisions with data-based, well balanced and
transparent descriptions of the environmental
profiles of energy systems.
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CLCA Current Research Topics

m Resource Sustainability
 Materials, Water, Land

m Life Cycle Analysis (LCA)
* Thin film PV
« High concentration PV
 Nano-material PV
* Building integrated PV
« PV and CSP harmonization

m PV Recycling

* Develop separation technologies
* Infrastructure cost optimization modeling

N
N
(o)



Publications & Presentations 2006-2010

22 Peer-Review Journal Articles

20 Conference Proceedings Articles

8 Invited Keynote Presentations

25 Other Conference, Workshop, Symposia Presentations
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Recognition by the Scientific Community

TECHNOLOGY LEADERS: THE SCIAM 50
@ Trends Shaping Tomorrow's Co mputers Medicine, Materials an d More

nnnnnnn i

‘ Greener Green Energy: Today's
AMERICAN = RhR
DTGt J.U.UJ U!J.IJ A GRAND PLAN FOR faal='9Ye ore

Spiipaieseesrgvet

SOLAR EN
'%%%CU%Q

By 2050 it could free the U.S. from

—JJ} J ".jJJ ; . foreign oil and slash greenhouse
. emissions. Here's how...
PHOTOVOI.T '-~ -

" Tiny Devices
Reclaim Wasted Energy

For Tech Insiders O n

' :ambumg e B Cncer Dru How free is Solar Energy?
Why Large-Scale Afforostation \F - ';';" Tg;:fs‘” N
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Science News
February 6, 2008

— - e New photovoltaics change costs
Ehe New JJork Eimes

Photovoltaic Cells Are Still Very Green, Comparative
Test Shows February 26, 2008

‘ Dark Side of Solar Cells Brightens Newsday., june 2010
SCIENTIFIC A life cycle analysis proves that solar cells y ’

I
AMERICAN i Barons, sep,go10



Impacts on Policy Making

m Expert Workshops
* German Ministry Environment (BMU)

* French Ministry of Energy, Ecology, Land
Management

m WEEE and RoHS Directives

m Bureau Land Management-DOE
Environmental Impact Statements

N



CLCA Proposed Research Topics

m Power Industry Supply-Chain LCA

m Utility RE Power Plant Assessments
 Environmental /Wild Life /Land Use
 Effects of clouds on PV
* Modeling PV-Wind integration
* Modeling of CAES

* GIS-based optimization of wind and
solar site selection

N
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12.

GIS-based tools for optimizing site selection for wind and solar power plants

Rob van Haaren, Vasilis Fthenakis, Columbia University
Site selection is enabled via GIS-based tools and detailed simulations are based on hourly
performance and load data for specific regions. The architecture of these models and some
preliminary results of applying those in NYS will be presented.
Rob van Haaren finished his BS at the University of Technology in Eindhoven, the Netherlands. After this, he came to
Columbia University to pursue his MS in Earth Resources Engineering and wrote his thesis on Life-Cycle Analysis of
different composting methods. Van Haaren is now a PhD student at the same department, working under the supervision
of Professor Fthenakis at the Center for Life-Cycle Analysis on Energy Storage in the electricity grid. In this research, his
aim is to quantify the costs and environmental impact benefits from energy storage methods under high penetration of
renewable electricity generation on the grid.
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e RENEWAbles

Rob van Haaren
PhD Student, Earth & Environmental Engineering, Columbia University

Advisor: Prof. V. Fthenakis

CAES 2010 Conference and Workshop, Columbia University, NYC, October 20, 2010

email: rv2216@columbia.edu
web: www.clca.columbia.edu



Outline

-GIS & Sustainable Energy Research
-Modeling spatial Rate of Return (ROR)
-Architecture of Model

-Results for NYS

-Further Research
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GIS-enabled Site Selection for Wind Turbine
S

m Geographic Information Systems (GIS) provide:
* Flexibility in user input
» Fast processing of spatial data
* Visual, self-explanatory output (map)

m Useful during general site selection, as well as
detailed wind farm planning

* Optimization of local expected profit

* |Insight in environmental impacts (migratory birds, bats,
other species)

N
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Example of Exclusion Stage
Amsterdam, NY

Optimization Stag Optimization Stage Land clearing costs 0051 2

Amsterdam, NY

Amsterc SO — K ometers

+ Cost of feeder line
+ Cost of roads




WY, b

~.so = |Architecture of GIS

3 A

£4 25 £5 £ £ £ A A BB )
L A A A A A A A A A 4 4

Generated output

20 25 £ £ AL AL A E
FPPPEPPEe
. ‘ it JOF

Input datasets

Inputs can be used to interpret results of the
exclusion stage.

v k v A~ 0) & v v| BZ U A~y O~

I

| Model input interface

Model explorer
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—Example: New York State

State New York

Slope <10% Baban, S. et
al., 2001

Distance to towns >0.5km Baban, S. et
al., 2001

Distance to cities >2km Baban, S. et
al., 2001

Distance to Indian reservations | >1km Own
evaluation

Distance to water bodies >0.4km Baban, S. et
al., 2001

Distance to roads >0.5km Department of
Environmental
Management,
Rhode Island,
2009

Do not allow wind farm in the For example: ‘National Park, 'Air Force Base’, etc. own

following federal lands: evaluation

Forecasted revenue per MWh: | $40/MWh Wiser et al.,
2009

Capital cost/kW $1,580/kW Wiser et al.,
2009
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= i
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\;\\

R ¢

AR . 7
i
L= Bl 5=
5, o =Y \ B
\
{ 71/
*

Buffalo area

State Wind Energy Site Selection

Maine

Vermont

Hampshireg

Pennsylvania

Legend

@ Known Wind Farm location
| |InfeasibleSites
NPVofProject
2010 Dollars
[ 5,060,656 - 0
= 1- 11,315,137
[ 11.315,138- 17,070,242
[ 17.070,243 - 22 801,467
[ 22.801,468 - 29,272,974
Il 20,272,975 - 37 511,609

N 0 30 60 120 180 240
B N Kilometers
W E
NPV > $0 Potential:
s 101 GWp (4AMW/km?)

Map generated in ArcMap with main inputs from USGS, AWS Truewind,
GTOPO and FEMA. By: Rab van Haaren, Center for Life-Cycle
Analysis, Columbia University. Contact: w2216@ columbia.edu
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Model Verificat

m Verify model using:
m Existing wind farms in NYS

Maple Ridge

Noble Bliss

Noble Clinton
Noble Altona

Dutch Hill Cohocton
Noble Chateaugay
Noble Wethersfield

NPV class | #wind farms

1 (worst)
2

3
4
3}
6
/
8
9

(best)

oS -~ WD O~ O O o

(tiny area)
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—Conclusions__________________
m General site selection possible based on multiple

GIS data sources

m Optimization with economic analysis allows
accumulation of multiple criteria

m Model results were verified with existing wind farms
N NYS



_Further Research

- Grid congestion modeling
- Include pricing as data layer
- Environmental Impact Assessment (bats, birds)

gg\f\M/‘/z c f@ Lﬁf A 1 ) email: rv2216@columbia.edu
@mt@r NEIVSIS web: www.clca.columbia.edu
3 CLCA% 9 AR Cycle Analysis
N—— = s Earth & Environ al
aah Engineering Depéftment




13. Modeling co-optimization of wind and solar penetration and integration with CAES
systems

Thomas Nikolakakis, Vasilis Fthenakis, Columbia University

Studies at the Center for Life Cycle Analysis focus on assessing the environmental impacts of solar
systems and compare those with the life-cycle impacts of conventional fuel cycles in various
renewable energy penetration scenarios. In conjunction, we develop models that enable accurate
determinations of the technically and economically feasible degrees of penetration of solar and wind
power generation for satisfying initially peak and subsequently base load demands.
Thomas Nikolakakis is currently a PhD student in the department of Earth and Environmental Engineering and a Junior
researcher in the Center of Life Cycle Analysis at Columbia University. He obtained his M.S degree at Columbia
University and his BS in Environmental Engineering from the Technical University of Crete, Chania, Greece, where he
graduated first in the Class of 2007. In his undergraduate thesis he studied the fate and transport of copper compounds in

the ground. His current research interests include: Modeling of performance of Solar and Wind energy systems; Large
scale energy storage in the form of CAES; Life Cycle Analysis.
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Center for LLiffe Cycle Analysis
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Modeling co-optimization of wind and solar and
integration with CAES systems

Thomas Nikolakakis
Doctorate Student, Earth & Environmental Engineering,
Columbia University

Advisor: Prof. V. Fthenakis
CAES 2010 Conference and Workshop, Columbia University, NYC, October 20, 2010

email: tn2204 @columbia.edu
web: www.clca.columbia.edu



NYCA Zones

B A (Wesl) [] G (Hudson Valley)
[l B (Genesee) B H {Millwood)

B ¢ (Ceniral) B | (Dunwoodie)

[] D (North) B (New York City)
M E (Mohawk Valley) [l K (Long Island)
B F(Capital)

Source: NYISO 246
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m WHAT IF WE INSTALL WIND TURBINES
INSTEAD OF PV?

N
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m WHAT IF WE INSTALL BOTH WIND
TURBINES AND PV?
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QUESTIONS TO BE ANSWERED

m [s it PV, wind or their integration that reduces
the daily and annual peaks the most?

m [s it PV, wind or their integration that achieves

the highest annual energy penetration in the
NY grid?

m Among all different PV-Wind combinations
which one gives the best annual penetration
with the least excess energy?

N
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Data collection
Solar Data—=> National Solar Radiation Database

LoadData2NYISO

NYCA Zones
B A (Wesh) [] G (Hudson Valley)
B B {Genesee) @  H (Millwood)
B ¢ (Cenlral) B | (Dunwoodie)
[] D (North) B J (New York City)
B E (Mohawk Valley) I K (Long Island)
B F(Capital)

1. Bufallo Int AP(West )
2. Rochester (Genese)

3-4 Syracuse Hanc Int-BINGHAMTON (Cenrl)
5. Adirondack Regnl(North)

6 Massena Airport (Mohawk Valley)

7 . MONTICELLO(Hudson Vallley)

8. Stewart field (Milwood)

9 POUGHKEEPSIE DUTCHES (Milwood)

10 White plains westchester( Dunwoodie)
11 Islip long.island (Long island)
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MATLAB

Output
Hourly PV performance
(MWh/MW)

zontal solar data)

Energy received by
a tilted surface

N
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Wind Data Collection
m By Associated Weather Services (AWS Truewind)

m 67 sites of 10min modeled wind data converted to
hourly data to match my Matlab code

= \Wind output was converted to MWh/MW assuming
homogenous distribution of wind farms at the
locations that the wind resource is large enough

N
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Optimization Model Structure /| MATLAB

Step 1: Define your flexibility level and the maximum
amount of energy that you are allowed to reject over
the year

Let’s assume that we have a scenario of a 70% flexible
system and we are allowed to reject 5% of energy over
the year

N
(o))
o
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Optimization Model Structure /| MATLAB

Step 2: Start looping two variables, PV capacity and
wind capacity; calculate the hourly output of each
possible combination and keep those combinations
that reject annually 5% of total energy

N
N
o
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Optimization Model Structure /| MATLAB

LAST STEP:

(combinationl,penetrationl)
(combination2, penetration2)

(combination,.,,penetration,.,)
(combination,,penetration,)

Locate the synergy of PV and wind that gives the
maximum penetration in the NY grid

27
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70% flexibility scenario
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Wind installed capacity (MW)

PV and Wind

% penetration

PEEE B

=]

= Wind-70% flexibility
= = = PA-T0% flexibility
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PV and Wind
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to dump only 5% of annual energy.
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NY State Loading Zones

EEEEE

NYCA Zones
A (West) [] G (Hudson Valley)
B (Genesee) B H {Millwood)
G (Central) B | (Dunwoodie)
D (North) B (New York City)
E (Mohawk Valley) [ K (Long Island)
F (Capital)

N
N
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file- West Zone

100

50

0 1000 2000 3000 4000 5000 6000 7000 8000

Hours

We need a 450 MW CAES to satisfy the peak load 282
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Exhaust

200 Ib/
° < 455F Expander
14.7 psia 267 MW
oA 1210 Ib/s 897 E
Ir
455F Fuel Bl:rnerl
14.7 psia 489 MMBTU/hr LHV (optional)
1010 Ib/s 21.3 Ib/s Fuel Fuel 0 Ib/s
Motor
Compressor 897 F

Air 158 MW
—>

80 F 170 F
4.7 psia Exhaust Recuperator
616 Ib/s

Intercoolers 174 MW gross 9502 LHV BTU/kwh

102 F .
1200 psia Compressed Air
606 Ib/s 80 F
900 psia
1210 Ib/s

Source: ‘Gas turbine world’, vol 30, No. 2
Patented by Dr. Nakhamkin
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Modeling the Compression Part

Air

A BOF
14.7 psia
616 Ib/s

Compressor Motor
158 MW

Intercoolers

102 F
1200 psia
606 Ib/s

40



Compressor type and assumptions

*Compressors (50 MW) *Expanders (110 MW)

*Exhaust
Stack

(Source: Energy storage
and power LLC)

G l = |
sl

* Intercoolers
*Aftercooler

PV electricity

» * Pressure =650 Recuperator

psi™

xD
xi

*Heat Rate-4100 Btu/kWh
*Energy Ratio 0.81 KWh in/Qut

*Underground Storage
Assumptions ey stoage Cavern:

+Salt Cavern Air Storage:
*Distance to Surface = 1500 ft
* Volume = 22MCF 10

1) The compressors are of similar type as in the MciIntosh plant
(4 compression stages with intercooling)

2) The working capacity of the cavern is within the 900-1500psi
(1200psi average pressure)

N
oo
()]
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Wike 1 = (y/y — )PV [[:Pg /P,)0 ”f’}'—l]

X [((Z, + Z,) /(2Z,)] /Efficiency

Based on calculations
Maximum power of one compressor: 73MW (at 118 kg/sec and 1500psi)
Average power of one compressor: 52.5 MW (at 93 kg/sec and 1200psi)
Minimum power of one compressor: 35.5MW (at 68 kg/sec and 900psi)

Final
Initial Pressure Total Work
Stages Pressure (psi) (psi) T1(K) | T2(K) | Z1 Z2 ui(m3/kg) | (kJoule/kg)
Compression
LP Stage 1 14.7 41 295 453 1 1.001 0.830 126.061
Intercooling Stage 1 41 41 453 305
Compression
IP Stage 2.1 41 131 305 421 [10.999| 1.001 0.310 150.573.
Intercooling Stage 2.1 131 131 421 305
Compression
IP Stage 2.2 131 332 305 |413.15/0.997| 1.004 0.096 116.486
Intercooling Stage 2.2 332 332 413.15| 405 0
Compression
HP Stage3 332 1500 305 470 [0.992| 1.026 0.038 207.892
Aftercooling Stage3 1500 1500 470 312
Total work

(kJ/kg)=601.011
(kWh/kg)=0.167



Example:

-The instant load is 300 MW
] r PV and Win m

300MW go directly.
to the grid

LExcess

. .....-....-.....n.....-..- Ahsssssnansnnnins cnsnsnnnnes esssssnassnansanees
. .
. .
. .
.

CAES
150 MW go to i« Electridiy
compressors to storagd

» We are always trying to satisfy the load first

*The compressors operate only when there is excess electricity 287



Example:

-The instant load is 300 MW
- ] m our PV and Win m

100MW go directly.
to the grid

4
OMW Qo to  “eiccsicisy
compressors 7"
300 MW are produced at

the expansion stage

» We are always trying to satisfy the load first
*The compressors operate only whep there is excess electricity 288



Exhaust
200 lb's -

(3)

Modeling the Expansion Part

GT Air
455 F
14.7 psia

174 MW gross

Fuel
489 MMBTUW/ hr LHV(

r 1010 Ib/s 4 21.3 Ib{s Fuel 2)“"
1110 F

| ﬁ—’ 1
®) %

9502 LHV BT W kowh

! / Expander
455 F

147 psia 267 MW
1210 lbfs AOT7T F

Bumer

",. (optional)

Fuel 0 Ib/s
897 F

—» 170 F

Recuperator

>

pressed Air
80 F

900 psia

1210 Ib's

Assumptions
1. Every moment, 40% of the total output is produced at the gas turbine

and 60% at the expanders
2. The temperature remains constant at both ends of each mechanical part
(expander, recuperator, gas turbine); we regulate the output by throttling
the air coming out of the cavern

(1)
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Optimization / MATLAB

m Optimize a system that does not deplete the
cavern throughout the year

m Parameters to be optimized:
1. PV capacity

2. Wind capacity

3. Cavern volume

4. Number of compressors

N
o
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CAES components

m Optimization based on a 1,000,000 m3 cavern

m Other components are:
650 MW PV
220 MW Wind

3 compressors

N
-
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System performance over the year-

Cavern pressure

105

100

9 A

-

Atm

5 -
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Pressure in the cavern over the year
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2000

000
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Conclusions

«Solar and wind together can achieve much higher
penetration than solar alone or wind alone in NYS

More detailed load flow analysis with GIS is needed to
Include congestion issues

CAES modeling in progress. Modeling small time
scales is needed to capture CAES ramping potential

wHAA email:

. L tn2204@columbia.edu
; CLCA% f@if Lﬂf@ @@H@ aly51s | web: www.clca.columbia.edu
. e

Y e -“ ———— ¥ Earth & Environrféital
e 5% o R T ma o ety [ wossa~t Enaineering Department
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System performance over the year-
Cavern pressure

Fuel consumption
L | | |

Kg/sec of fuel

] 1000 2000 3000 4000 5000 G000 1000 000 4000

hours
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energy excess
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NY state Ioad
Loop 1 JuIy 26th 2005

Gradually increase wind

} ZERR
_

RN
15000 N~ ___—
X1 MW PV+2Y MW Wind
70% grid flexibility limit
’ 1 6 11 16 a1 300
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NY state Ioad
Loop 1 /\\ﬂuly 26t 2005

5% rejected energy .~ BINGO!! A
/

X1 MW PV+3Y MW Wind

70% grid flexibility limit

In that example 3Y=Y1
Store in memory (X1,Y1, penetratlonl) and go

1

for the second loop 18 n

hours
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the hourly output

NY state load
Loop 2 JuIy 26t 2005
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NY state load
Loop 2 /,,,_\uly 26th 2005
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MW produced at the gas turbine

15'] T T T | ]
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14.

Multi-functional Application of Co-located Wind Power and Adiabatic CAES

Daniel Wolf, Annedore KanngieBer, Christian Dotsch, Fraunhofer Institut fir
Umwelt-, Sicherheits- und Energietechnik UMSICHT

Roland Span, Ruhr-Universitat Bochum, Lehrstuhl fiir Thermodynamik

CAES plants are custom made installations that can be adapted to a certain degree to their intended
application. For adiabatic CAES plants these degrees of freedom are represented by the heat
storage concept and dimensioning as well as by the turbo machinery’s general arrangement and part
load performance. The presentation gives a detailed analysis of an application of A-CAES plant co-
located with a wind farm on a 110 kV grid. It entails determination of the optimal size of a wind farm
and A-CAES plant for given project boundary conditions, and the operational regime of an optimized
system. A Generic Optimization Model for Energy Storage (GOMES®), a high resolution optimization
model has been developed and applied. It was also examined how a multifunctional storage
operation can be realized comprising direct wind energy storage as well as spot market and tertiary
reserve market participation simultaneously. It is shown that such a multifunctional operation
improves the profitability of CAES plants compared to singular operation at only one market.

Daniel Wolf is a research associate at the Fraunhofer Institute UMSICHT in the department Energy-Efficiency-

Technologies. He studied mechanical and process engineering at the Technische Universitat Darmstadt, Politécnica de

Madrid and Technische Universitat Berlin. in 2005 he worked as a junior researcher with Prof. Tsatsaronis at the Institute

for Energy Engineering at the Technische Universitat Berlin on energy systems modeling and optimization. In 2007 he
joined the Fraunhofer Institute UMSICHT where his work focuses on thermal design and optimization of CAES.
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MULTIFUNCTIONAL APPLICATION OF
ADIABATIC COMPRESSED AIR ENERGY STORAGE
CO-LOCATED WITH WIND POWER

“Integrating Wind-Solar-CAES”

2"d Compressed Air Energy Storage (CAES) Conference & Workshop
CLCA, Columbia University

Oktober 20, 2010

Daniel Wolf
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D-CAES plant configuration

Huntorf, Germany (1978)

m 60 MW_ /320 MW

comp exp
- power ratio: 0.2

;:'g e 7 o 8hcomp / 2hexp
g - charging period ratio: 4

e

Fig.: E.ON Energie

Mcintosh, USA (1991)

® 50 MW /110 MW

comp exp

- power ratio: 0.45

®m 38h / 24h

comp exp

- charging period ratio: 1.5

- Questions:
® Optimal A-CAES plant configuration in view of intermittent RES integration?
M Expected A-CAES operational regime?

\
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Reference energy system

Wind Farm:
m 350 MW

Grid:
® 260 MW
/ 380 kV 110 kv
( ) A-CAES:
I I " 70 MW o0,
( ) = 2?2 MW,
B ?? hdischarge

zl,iAdEeS—?Norkshop, Columbia University, October 2010 % Fraunhgﬁgr
© Fraunhofer UMSICHT

UMSICHT



GOMES, - objective function and boundary conditions

A-CAES parameters

Constant cycle efficiency
Stand-by storage losses
Ramp-rate

Start-up time (cold start)
Part load ability
Start-up cost

Variable operation cost

0.68
0.5%/day
300 MW/h
15 min

> 50%P__.
15 € MW
2 €/MWh

365 96

revenue:

® Revenue from the A-CAES operator point of
view

INCome:
® Income of the A-CAES operation
cost:

B Short term marginal cost of A-CAES operation

revenue=»_ > lincome,, —cost,, | - max!

T=1 t=1

\
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Optimal A-CAES plant configuration

NPV

40 :
50
60 9
70 storage volume
inst. turbine power 80 10 [h]

[MW]

Optimal A-CAES plant

configuration

given an installed
compressor power of 70 MW

Turbine: 40 MW
Storage volume: 7h

Power ratio: 1.75
Charging period ratio: 0.84

70/40/7-A-CAES

configuration taken as
reference to further
analyze operational
regime

\
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Wind farm output and spot market prices

1 350

—— Wind farm, right axis [MW] hvm vaf\ AAA/\“ 300

v —mp € 110 kV transmission
restriction: 260 MW

200

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

: 150
fi 100
50
| o Wind farm output

Five-day period within the year 2007

| 175
150

125

100

+ 75

50

25

| | | ‘o Spot market price
0 24 48  time [h] 72 96 120

—— Spot market, right axis [E/MWh]
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A-CAES operation

80
70
60
50
40
30
20
10

0

400
350
300
250
200
150
100

50

Il Compressor, left axis [MW]

—— Wind farm, right axis [MW]

Turbine, left axis [MW]

1 350

| 300

SOC, left axis [MWh]
—— Spot market, right axis [€/MWh]

250
777777777777777777777 - 200
77777777 150
" 100

50

175
150
125
100
75
50
25

24 48

time [h] 72 96 120

Optimal A-CAES
operation based on
multifunctional
application comprising:

Storage of surplus wind
power

Spot market trading

Provision of tertiary
reserve power

\
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A-CAES operation

80 mm Compressor, left axis [MW] Turbine, left axis [MW)] 350
—— Wind farm, right axis [MW]

70 I 300

60 250

50 r---}--------------Q{-------- R

200
0 h---V-----yur--0 M0 B
150

30

20 100

10 e R S0

0 0
50
0 B Supply neg.res. MW
o Supply pos. res. [MW] -
30 || -1 —— Provisionneg.res. [MW] | f}
| Provision pos.res.[MW] | ||
20 77777 J 77777777777 T | o 7| B ‘T 777777777777777777777777777
10 | | . S N
| | | | |
0 L ! ! L

400 SOC, left axis [MWh] 175
350 — Spot market, right axis [€/MWh] 150
300 F------ - 125
250 p-------- oo 100
200 ---- N {------- s
150 -- -SSR | - - - - -

100 50
50 25
0 0
0 24 48 time [h] 72 96 120

Optimal A-CAES
operation based on
multifunctional
application comprising:

Storage of surplus wind
power

Spot market trading

Provision of tertiary
reserve power
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Overview on characteristic operational values

days per year

350

300 r

250

N
o
o

=
a
o

100

50

Full load hours total

Avg. stand-by period
between compression

Number of compressor
start-ups per year

Multifunction
application
(WPS/SM/RM)

3402 h

8.9h

732

m WPS/SM/RM
WPS/SM

III WPS
L b o
o 1 2 3 4

5 6 7 8 9 10

compressor start-ups per day

application

Dual Singular
application
(WPS/SM) (WPS)
3421 h 286 h
11.1 h 23.0 h
597 123

WPS: Wind Power Storage
SM: Spot Market
RM: Reserve Market

N
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Distribution of load points

0.6

0.5

o o o
N w BN

share of operating hours

o
[

35

m WPS/SM/RM
» WPS/SM
WPS

49 56

63

compressor power [MW]

v

v

II AN AN |
42

70

20

24 28 32 36
turbine power [MW]

A

40

Minimal and full load
are dominating
operational regime

WPS: Wind Power Storage
SM: Spot Market
RM: Reserve Market
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Income streams for different application modes

1400
1200 General observations:
- .
© 1000 RM part|C|pat|_on
2 decreases SM income
O —
3= 800 B Neither RM nor SM
3 = participation diminish
% 600 WPS income
400
200
0
WPS/SM/RM WPS/SM WPS
Rel. annual WPS: Wind Power Storage
revenue: 100% 54% 10% SM: Spot Market
RM: Reserve Market
Slide 14 —
CAEQS—Workshop, Columbia University, October 2010 % Fraunhgfgr

© Fraunhofer UMSICHT UMSICHT







Conclusion

B A-CAES differs significantly from D-CAES in terms of energy economics

B Rules of thumb for optimal A-CAES plant configuration
co-located with a wind farm:

Power ratios greater than 1

this study: 1.75 - Huntorf: 0.2; McIntosh: 0.45
Charging period ratios smaller than 1
this study: 0.84 - Huntorf: 4; McIntosh: 1.5

B Multifunctional application most profitable

B Multifunctional application leads to
high part load shares and

more frequent plant starts

\
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Assumed A-CAES investment cost

100 e
» Storage specific costs

3 o0 | Decrease linearly with increasing storage size
£ Comprise solution mined salt cavern (CAS)

3 g w0 | and packed bed thermal storage (TES)

2 ®, 1/3 > CAS; 2/3 > TES

D

73 70 |

) —— A-CAES

g

7 60

0 100 200 300 400 500 600 700 800 900 1000 1100
installed storage capacity [MWNh]

650 g
PCS specific costs
§ 600
é Compressor and turbine accounted separately
g g 550 | Decrease linearly with increasing installed power
;.é ¥,
‘o
2 500 |
§ —— A-CAES
450

0 20 40 60 80 100 120 140 160 180 200

installed power of compressor plus turbine [MW]
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15.

Firming and Shaping Wind Power: Comparison of CAES and Conventional Natural

Gas Power Plants within the National Energy Independence Plan

James Mason, Cristina Archer, Bill Bailey, NEIP

The National Energy Independence Plan, NEIP, recognizes that America has about a decade before
fossil fuels, starting with oil, become serially unaffordable. Working within this ten-year constraint, the
NEIP’s interactive models illustrate conversion of U.S. energy sources to lowest cost renewable
electricity using wind in the Midwest and PV in the Southwest. Wind and solar intermittency is
resolved by coupling wind and PV plants to compressed air energy storage *(CAES) power plants.
Electricity is distributed to local markets nationwide via a national HVDC grid, flat-priced at about
current levels. A recent DOE study of wind power supplying 20 % of the nation’s electricity states
that energy storage power plants are not needed. Instead, the DOE study uses conventional natural
gas power plants to address wind’s intermittency. This approach will increase U.S. natural gas
consumption by 17% at a 20% wind penetration level and will likely create natural gas supply/demand
problems in the long-term. In contrast, coupled wind-CAES plants consume 75% less natural gas.
Moreover, less than 300 GW of wind capacity coupled to CAES plants can provide DOE’s projected
need for 100 GW of new base load power plants by 2030.

James Mason is Director of the American Solar Action Plan in Farmingdale, New York. He received a Ph.D. in economic
sociology from Cornell University in 1996 and a Master’s in environmental sociology from the University of New Orleans in
1991. Mason has published numerous peer-reviewed energy and environmental studies.

Cristina L. Archer is an assistant professor of energy, meteorology, and environmental science in the Department of
Geological and Environmental Science of California State University Chico, as well as a consulting assistant professor in
the Department of Civil and Environmental Engineering at Stanford University. Her research interests include wind power,
meteorology, air quality, climate change, and numerical modeling. She received her Ph.D. in Civil and Environmental
Engineering from Stanford University in 2004.

Bill Bailey is a graduate of West Point with 22 years’ service as an Army Officer. His active military experience included
traditional Infantry assignments, two tours in Viet Nam, national level intelligence, and academe. Since 1980 he has held
positions in academe, business, and in historic structures’ real estate development. He currently heads Fiscal Associates,
a quantitative market analytic firm. Since early 2008, concerned about the national security implications of fossil fuel use,
he has been involved with a group of scientists, engineers, and businessmen in the development of the NEIP, the
National Energy Independence Plan.
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Firming and Shaping Wind Power:
Comparison of CAES and Conventional Natural Gas Power Plants
within the National Energy Independence Plan

Presented By

James Mason, American Solar Action Plan and Hydrogen Research Institute
Cristina Archer, California State University Chico
Bill Bailey, Co-Author of National Energy Independence Plan (NEIP)

2nd CAES Conference and Workshop
Sponsored by New York State Energy Research and Development Agency (NYSERDA)
Hosted by the Center for Life Cycle Analysis, Columbia University
Columbia University, New York, New York, 20-21 October 2010
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National Energy Independence Plan
(NEIP)

Two Threats:

—Serial Unaffordability of Fossil Fuels within a Decade
(Path A—Eliminate 28 Q-Btu of oil imports in 10 years);

—Climate Change before mid-century
(Path B—Eliminate 86% of fossil fuel use before 2050).
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NEIP Design around CAES/HVDC

* Synergy
* Models reflect price to energy user
* Self-funding: Electricity sales payoff debt

* Infrastructure-centric: CAES/HVDC essential

* Savings are enormous: ~$1 Trillion per year
(most of savings from energy domestication)

31



Sample Choices

Included:

—EXxisting technology

—Light vehicle conversion, 13.4 Q-Btu of 28 Q-Btu
—80% to 100% renewable energy penetration
—Wind and solar with lowest retail electricity price

Not included:

—“30% Wind by 2030” NREL Studies
—Wind classes below 4.5
—Distributed energy

—Offshore wind

—PHEV Storage

w
w
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Macro View: CAES/HVDC

CAES/HVDC infrastructure permits:

— Eliminate need to import oil within ten years;
— True energy independence;
— Savings of about $1 trillion per year.

Not possible without CAES.

Can CAES be “too expensive”?

www.NEIPlan.org

33



Research Question

Can the added capital costs of CAES be justified
for firming variable wind electricity?

Conclusion

The added capital costs of CAES can be
justified due to lower operating costs (fuel)
when the price of natural gas is >$14/MMBtu.

Source: Mason and Archer, Wind CAES Study

www.solarplan.org
334



Power Supply Duration Curves
Base Load Wind with NGCC Plant Model
400 MW Load Capacity Electricity Supply — Net Local Grid
(400 MW Wind Plant; 340 MW NGCC Plant)

450000
400000 - —
350000
300000 -
250000
200000
150000
100000

50000 \
0

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
% Hours of Year

==NGCC Electricity To Local Grid Total Electricity to Local Grid
—=Reserve CT Electricity to Local Grid =——Wind Electricity to Local Grid

60% NGCC Electricity

39% Wind Electricity

Electricity Supplied to Local Grid (kWh)



Electricity Supply to Local Grid (kW)

Power Supply Duration Curves
Base Load Wind with CAES CT
400 MW of Load Capacity Electricity Supply - Net to Local Grid
(1035 MW Wind Plant, 340 MW CAES Plant, 350 Hrs Air Storage )

450000
400000
350000
300000
250000
200000
150000
100000

50000

0 | | | | |
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Percentage Hours of Year
Total Electricity to Local Grid =—CAES to Local Grid =—Wind to Lo%%IGGrid

78% Wind Electricity

22% CAES Electricity




Fuel Consumption Rate
(Btu/kWh of Electricity Produced)

Wind-CAES - low fuel consumption rate

10,000
9,000
8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000

0

- 8,613

Wind with  Wind with NGCC NGCC with
NGCC CAES without CCS CCS

Source: Mason and Archer, Wind CAES Study, Work in Progress 337
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More wind = more natural gas

NREL Western and Eastern Wind Integration
and Transmission Studies Project for 2030:

— 30% wind penetration (300 GW of capacity);
— Fewer new coal power plants (baseload);
— More new natural gas power plants (30 GW).

Is a 25% increase in US natural gas production
in 20 years possible?
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Growth of U.S. natural gas production is slow
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Monthly Shale Gas Well Production (Mcf)

Is Shale Gas the Solution?
Shale Gas Well Production Profile

Source: Arkansas Oil and Gas Commission
Fayetteville Shale Gas Formation
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Declining natural gas well production
U.S. 1989-2008
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Increasing number of NG wells drilled
U.S. 1990-2008
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Well Costs (Thousand Dollars per Well)

Increasing cost of drilling NG wells U.S.

1990-2008
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Need for pipelines slows shale gas

Figure 11. Major Pipeline Projects Came Online in 2009
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Natural Gas Price ($/MMBtu)

High volatility of natural gas price
for power plants

200% Increase

50% Decline




l NATURAL GAS IN NORTH AMERICA — SUPPLY AND DEMAND

Imported liquefied
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http://www.theoildrum.com/files/Gas_Forecast.png

Liquid NG plants for importing NG

Figure 8. Utilization of LNG Delivery Capacity Was About 11 Percent

Lake
Charles

Freeport
H CAmeron

Lh

=ahing GUIT Gatewneay
Faz=

/__/f \

ME Gateway

Q Cove Point

Izland

-y ] H EI
P fr
£
_'1!#"”_":'__#
5 Canaport
[Canada)

Delivern Capacity

[F M cEAd]

4,
& -

B Utilization in 2009

Qo0
Qoo
400

w
oy
(o]




US natural gas supply in 2030 (NEIP)

* Conventional natural gas production declines 2020-2030;

* Shale gas reserves are plentiful, but ...

* .... cannot be ramped up to offset decline in conventional
natural gas production;

* High natural gas price volatility in 2030 (like oil today).

Implications:

* Upward pressure on natural gas prices will nullify the
economic benefits of amortized natural gas power
plants;

* Use of natural gas for electricity will cause rise of
home/business space and water heating costs;

* National standard of living will decrease.
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Conclusions

CAES can effectively be utilized to firm
increases in wind and solar (PV) penetration;

CAES can mitigate negative economic
consequences of increasing natural gas
consumption to support electricity generation
from wind and solar (PV).
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16.

Unconventional Gas: A Bridge to the Future?
Alfred Cavallo, Energy Consultant

In the late 1980s low natural gas prices made renewable energy extremely unattractive economically;
storage technologies such as CAES were virtually forgotten. Some portrayed this in a positive sense,
claiming that natural gas would be “a bridge to the future”, facilitating a smooth transition to
renewable energy systems and technologies. However, nothing of the sort happened. Today,
advances in drilling and rock fracturing technologies have allowed a large increase in unconventional
natural gas production from low permeability organic-rich shale deposits; a vast new resource
appears to be accessible. Once again, natural gas prices are low and once again natural gas is
being termed a “bridging fuel” and a “game changer”. US proven gas reserves are now 250 Tcf, the
highest they have been in 35 years, and US proven plus potential resources are now given as about
2,000 Tcf, or a 100 year supply at current production rates. However, while gas supplies appear to
be abundant, natural gas prices are decoupled from supply over the intermediate and long term and
are set by petroleum prices; typically the oil to gas price ratio on a per unit energy basis is about 1.5.
Economic development in China and the Far East continues, with sales of automobiles rising rapidly;
petroleum demand is expected to be supply constrained by the end of this decade. Crude oil prices
will need to increase to bring supply in line with demand (to at least $150/barrel); this indicates natural
gas prices around $17/million Btu (+ 25%). Petroleum and natural gas price setting mechanisms will
be reviewed and strategies proposed to deal with the current temporary low natural gas price
environment.
Dr. Alfred Cavallo did his graduate studies at the University of Wisconsin in plasma physics, and worked for the Max
Planck Institute, the French Atomic Energy Commission, and the Princeton Plasma Physics Laboratory in the
experimental fusion program. He then moved to the Center for Energy and Environmental Studies at Princeton University,
and developed the concept of transforming intermittent wind energy to a reliable power source that is technically and

economically competitive with current generators. He has also done research on aerosols and radon risk assessment for
the US Department of Energy. His current interests are resource constraints and energy policy.
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Unconventional Gas:
A Bridge to the Future?

Alfred Cavallo, Ph.D., Energy Consultant
Presented at
CAES Workshop: Integrating Wind-Solar CAES
Columbia University
October 20-21, 2010
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Challenge to
Wind/Solar/CAES

Natural Gas Prices Have
Collapsed

* How to meet the payroll
* When to expect turnaround



HISTORY

1991
Natural Gas (NG) spot prices <$2/mmBtu
“Bridge to the (renewable energy) Future”
R/P = 60 years
Future belongs to (conventional) NG
Renewables/storage nearly died in the US

Are We There Again??

If so, find the nearest watering hole...., returnin
20 years
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World Liquids Production Qutiook
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Straws in Wind: China, India

China: World’s largest automobile market
GM: largest market

+10.9% China Oil Demand 01-08 2010 vs
2009; 8.51 Mb/d average (Platts Report 09-21-2010)

China: Net Importer of coal
(5% consumption, $100/tn, >$3-S5/MBtu)

China: Electricity Demand: +11.5% (2010)
India: 3.1 Mb/d, overtakes Japan
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World Energy Outlook

* China: 1.3 billion people, 13 billion barrels of
oil/year (bpy) required for European standards
(current: 3.3 billion bpy)

 World : 6.5 billion people: 65 billion bpy.

— Current extraction: 31 billion barrels/year

* OPEC to raise oil prices so demand and supply
in balance (S150-5200/b)
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WHEN?
(can you survive until
this happens??)



WHAT DO OIL COMPANIES THINK?

 “We believe that world [oil] demand will be
constrained by supply by the end of this
decade and we want to be in a position to take
maximum advantage of this situation....”

Patrick de la Chevardiere, CFO Total S.A.

Interview, Don Stowers, Ed., OGFJ, April 2010, p17

Discussion of recent JV with Chesapeake for Barnett shale gas
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Enter, Stage Right

*Shale Gas,
“a bridging fuel”



HOW MUCH GAS IS THERE?

Example: EIA 1999 Proven+Undiscovered NG
Resources: 1281 Tcf (R/P=60 years)

By 2005, production was declining, and
increased imports from Canada and then LNG
were proposed to cover the shortfall.

There is a large new resource available
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Operating Profile canmizo

Net Shale Acreage Summary

Niobrar:
Shale

Fort Worth Barnett 52:000: JSrrre—
Marcellus Shale 111,290 >

Marfa Basin 58,000

Fayetteville Shale 26,000 N
New Albany Shale 28,000

Eagleford Shale 17,000 -

Niobrara Shale 58,000

arfa
Basin

Shale

Barnett/
Woodford

Barnett Shale
FT. sin

Eagleford
Shale

Fayetteville

P RN . U.K. North Sea

O
.Cmp Hill
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. Areas with Carrizo production
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Barnett Shale (Texas) Lateral Wells

Source: Carrizo Oil and Gas, Inc.

Downspacing & Stacked Laterals

Continue monitoring industry
results from sub-500 ft. spacing

Carrizo 250 ft. stagger stack
performance encouraging

Have drilled 3 additional
downspace wells at UTA;
completion in progress __ OVERBURDEN

A e @
> 2o,

Re-Fracs

Carrizo Tier 1 horizontal re-frac
results: incremental reserves 600

—

Mmcfe; F&D cost of $0.70/Mcfe  [RESSRSERES




Horizontal Shale Gas Wells
10,000-12,000" depth, 6500’ length

Source: Carrizo Qil and Gas Inc

< 400 acre lease; 2,500
acre “Halo”

< 22 wells drilled in
initial development
plan

A

22 wells capable of
producing 70 Mmcfd
gross (50 Mmcfd net)

A

8 final wells
currently cleaning up

< Producing wells are
highest rate CRZO
Barnett wells drilled

to date
< Infrastructure
supports rapid
expansion
Producing New s Drilled —=== Downspace
well Producers well well
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Enabling Technologies

Horizontal (lateral) drilling
10-20 stages of fracturing (fracking) per well
Better fracturing fluids (“slickwater”)

Many other techniques and technologies

— 3 dimensional seismic surveys

— MWD, LWD (Measure, Logging While Drilling,...)
— Petrophysical studies

— Stimulation analysis

Now 15-35% recovery vs 2% ten years ago
(OGJ, 27 Sept 2010, p22)
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Barnett (Texas) Shale Gas Economics
Source: Carrizo Oil and Gas, Inc.

LR €56 LG (AP Shale Gas Well Performance

Allin Well Only * 60% decline first year

Land (45 ac@$8k) 0.4MM

e 1 Bcf extracted in two years

3-D Seismic 0.03MM 0.03MM
Total Well Cost $3Mm $3M 3,000 _
4,500 == Actual for first 47 wells
' < Type curve: 4 Bofe gross

Net Reserves 3 Bcf 3 Bcf 4,000 3 Bete net
F&D Cost $1.14/Mcf $1.0/Mcf
IRR: $8 NYMEX 65% 79%

S6 NYMEX 36% 46%

S4 NYMEX 13% 17%
Undiscounted Payback I | | \ | | |

[‘] INNR TR TR AN T AR NN AR NN R AN E R AN NN AN R TAAn|
B8 LI 2.3 years 1.9 years 0 B0 120 180 240 300 360 420 480
Days
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F&D and Cash Operating Costs canxizo

£8.00 4781 5785

FRESEYE SR ESFERBEIIER

Source: KeyBanc
EEEN 000 Cash Costs = C——2009 FAD w2009 Avg Ful Cyce Cash Costs  =ssse2000 Avg. Cash Costs (ex. FAD) Capital Markets

¥ v el R as e




Natural Gas Hedge Positions
Carrizo Oil and Gas, Inc

Natural Gas Hedging Volume DETIY Effective Price %of 2009 Q4
Contracts (MMCcf) Volume (S/MMBtu) Production
(Mcfed)

1 Q Swaps and Collars 6,210 69 6.10 65

2 Q Swaps and Collars 5,773 63 5.52 61

3 Q Swaps and Collars 5060 55 5.75 54

4 Q Swaps and Collars 4876 53 5.94 52
2010 21,879 60 5.83 58
2011 11,765 32 6.32 31
2012 7,963 22 6.52 21
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What to expect: Business Darwinism

Deep Pockets will win

Weak firms (unhedged, and/or primarily gas)
must produce to pay salaries, fulfill lease
terms, forced into bankruptcy or merger

Large firms control extraction rates (off-the-
record understanding)

Prices INCREASED to levels acceptable to
producers (decoupled from production costs)

371



US Natural Gas Market Structure

* Top 9 Companies: 43% of US natural gas market
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Merger and Acquisition Activity, 2010

* Exxon+ XTO (S1/mcfe)

* First half 2010 M&A ($21 Billion) = 2009+2008
M&A (50.60/mcfe — FIRE SALE)

e “..gas weighted independents with a weak
palance sheet and/or hedging position are

peginning to look increasingly vulnerable to
arger players.”

Wood Mackenzie, September 2010
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Joint Ventures, Other

 Statoil (Norway), Talisman (Canada) buy Eagle
Ford Shale in $1.3B JV deal (10-11-2010);
S4/mcfe breakeven

* CNOOC (China) pays $1.1B cash, S1.1B drill
carry to enter Eagle Ford Shale with
Chesapeake

* Chesapeake sells Barnett shale assets to
Barclays for $1.15 billion (VVP, volumetric
production payment)
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How will this evolve?

* |Intermediate Term (5-10 years): OPEC will
increase oil prices ($150-5200/b).

e Short term gas: 2010-2011: desperation M&A
activity: late 2012, spot prices increase to
historic norms (Oil/Gas Price ratio = 1.5)

* BUT merchant plants are also hedging so that
low electricity prices may continue to put
pressure on renewable energy and CAES
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IHIBEWARE!!!

* Highly fluid, volatile situation

* Cannot take chances: low gas/electricity prices
could last through 2012 or even beyond

e Minimize risk
e INSURE PROJECTS ARE PROFITABLE

— compression costs known and locked in

— Offload risk as much as possible
financial engineering as important as conventional
engineering
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17.

Potential Risks Associated with Underground CAES
S.J. Bauer, T.W. Pfeifle, Sandia National Laboratories

Presently, salt caverns represent the only proven underground storage used for CAES, but not in a
mode where renewable energy sources are supported. Reservoirs, both depleted natural gas and
aquifers represent other potential underground storage vessels for CAES, however, neither has yet to
be demonstrated as a functional/operational storage media for compressed air.

Renewable support using CAES implies that the storage “container”, may experience small irregular
pressure cycling, subjecting the storage media to repeated stress changes. These repetitive stress
changes could degrade the mechanical integrity of salt (cavern storage), as well as sedimentary rock
(reservoir storage). Also, air (containing O,), may affect the composition and function of the microbial
community in subsurface storage (aquifer) reservoirs. The impact will be strongest in reducing
environments, particularly if the formation contains pyrite and little carbonate mineral mass. This
impact has the potential to negatively affect groundwater quality and the long-term efficiency of the
CAES facility. Furthermore, air introduced into a depleted natural gas reservoir presents a situation
where ignition/explosion potential in a depleted natural gas reservoir may exist.

We will present the results of initial studies that begin to address these potential underground risks to
CAES: experimental deformation of salt in cyclic loading, assessment of biologic growth potential in
an aquifer resulting from air cycling, and assessment of ignition/explosion potential in a depleted
reservoir from air cycling associated with CAES.

Stephen Bauer of Sandia National Laboratories manages the Geomechanics Lab, where pressures of 150ksi,
temperatures of a few hundred degrees C, fluid flow through capabilities, and a 10 order of magnitude strain rate range
are used to simulate many in situ earthen conditions. Steve has worked on lab and field testing as well as analyses
projects addressing underground storage of natural gas, hydrogen, crude oil, air, and radioactive waste in hard rock, salt
and reservoirs (sedimentary rock).

17
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Potential Underground Risks Associated with CAES @

Geomechanics Research Department

ooratories
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Matt Kirk, Mark Grubelich, Steve Webb, Scott Broom.e |

~ Sandia National Laboratories is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for
the United States Department of Energy’s National Nuclear Security Administration under Contract DE-AC04-94AL85000. 3_7§auer-CAES
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Background Facts

Geomechanics Research Department

1- CAES in geologic media has been proposed to help “firm” renewable
energy sources (wind and solar) by providing a means to store energy
when excess energy was available, and to provide an energy source
during non-productive renewable energy time periods. Such a storage
media may experience hourly (perhaps small) pressure swings.

2- Salt caverns represent the only proven underground storage used
for CAES, but not in a mode where renewable energy sources are
supported.

3- Reservoirs, both depleted natural gas and aquifers represent other
potential underground storage vessels for CAES, however, neither has
yet to be demonstrated as a functional/operational storage media for

CAES.
380auer-CAES
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Some Risks We Studied

Geomechanics Research Department

1-Air (containing O,), may affect the composition and function of
the microbial community in subsurface storage (aquifer)
reservoirs.

2- Air introduced into a depleted natural gas reservoir presents a
situation where ignition/explosion potential may exist.

3- The combination of intrinsic rock properties (porosity and
permeability) important to fluid flow and well field construction
(number, diameter, spacing of boreholes) are used to determine
needed air mass flow rates: Facility CoStS are a direct result of
this marriage.

4-Repetitive stress changes could degrade the mechanical
integrity of salt (cavern storage), as well as sedimentary rock

(reservoir storage). 38Rauer-CAES
3



Specific Problems Studied

Geomechanics Research Department

1-Potential Microbial and Chemical Impact of
CAES in a Sandstone, M. Kirk

2-Assessment of Ignition/Explosion Potential in a
Depleted Hydrocarbon Reservoir from Air Cycling
Associated with CAES, M. Grubelich

3-Flow Analysis Parametric Study: S. Webb

4-Material Degradation (T-M-C-H effects) Due to
Cyclic Loading, SJ Bauer and ST Broome

38RBauer-CAES
4



m)

Geomechanics Research Department

Potential Microbial and Chemical Impact of
CAES in a Sandstone

Matthew Kirk
Geochemistry Department

388auer-CAES
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Compressed Air Energy Storage @
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Groundwater Microbiology

Example: Middendorf coastal plain aquifer, South Carolina
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ConcIﬁsmns Potentlal Mlcroblal and
Chemlcal Impact of CAES ina Sandstone

- Sandstone evaluated in a reducing
B environment
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Considerations for Explosion Potential for
CAES in a Depleted Natural Gas Reservoir @

Geomechanics Research Department

Mark Grubelich




Fuel, Oxygen & Ignition Source

Geomechanics Research Department

Detonation, reaction
proceeds at supersonic
speeds (shock wave).

10’s to 100’s of ft/sec reaction rates.
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Results & Conclusions: Mitigation & Safety @

Geomechanics Research Department

Purge reservoir before use

Low pressure air cycling below UFL to remove gas
(~90 psi)

In-situ gas monitor

Never draw down air below the LFL (370 psi)

Insure no surface breach if ignition occurs (sufficient
overburden)

Monitor NG content entering surface equipmen
Further study required e T i
= Buoyancy issues, etc. e {,{_,ﬂ.__ 5, %




CAES Borehole Study: Steve Webb

Geomechanics Research Department

= Objective
* Look at Flow in Individual Boreholes
= Simple 2-d Models
= Estimate Number of Boreholes and CAES Footprint

«  Assumptions
» Representative Borehole/Formation Geometry
* Include Two-Phase Behavior
= Capillary Pressure and Relative Permeability
= Bubble Formation
= Air Injection and Withdrawal — 10 Weekly Cycles

90



Study geometry views

Geomechanics Research Department
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CAES Borehole Schematic
(from Smith and Wiles, 1979)

m)

Wellbore

/

: Porous Media
Formation Reservoir
Radius
Varies
\\-..,____
Y
Representative
Borehole/Formation

Geometry 91




Conclusions @

Geomechanics Research Department

»  Permeability Variation Much More Important
then Porosity Variation

« Procedure Can Quantify Differences Between
Various Sets of Formation Parameters

= Borehole Spacing, Number of Boreholes
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Background : Variable Resource @

Geomechanics Research Department

Material Degradation (T-M-C-H effects)
Due to Cyclic Loading
SJ Bauer and ST Broome

000 000bo00B000P000ooos000Poodbooobo00ho0dooobo0 oo A IR S

.........
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r-J
r-J
—

16 18 =20 22 o Z 4 6 § 10 12 14 16 13 &0 22 o 2 4 6 & 10 12 14 16

Hourly fluctuations in wind speed could translate to frequent
pressurization/depressurizations of salt caverns

398auer-CAES
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Geomechanics Research Department

Heat
shrink

Test assembly

jacket

Radial
LVDT’s

m)

AE pin
location

Sample end
caps

394auer-CAES
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Concluding Comments @

Preliminary cyclic tests completed on salt
Change in volume strain observed
Young’'s Modulus changes.observed
Acoustic emissions detected

Cracks observed in thick sections
Results consistent with previous weork

Implication that cyclic loading caused
cracking at low differential stresses .



Summary/Conclusions

1- Sandstone in a reducing environment could effect
biologic and mineralogic changes that could lead to
changes in porosity and permeability

2-Recommendations given for mitigation of potential
use of a natural gas reservoir for CAES

3= Permeability variation much more important than
porosity variation; procedure can help determine
borehole spacing, number of boreholes (CO$T)

4-Salt strength observed to degrade in cyclic
loading

39Bauer-CAES
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Publications
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Geomechanics Research Department

1- “Potential Effects of Compressed Air Energy Storage on
Microbiology, Geochemistry, and Hydraulic Properties of Porous
Aquifer Reservoirs”, Kirk, Altman, and Bauer, SAND2010-4721

“Potential Subsurface Environmental Impact of Compressed Air
Energy Storage in Porous Bedrock Aquifers” Env. Sci. & Tech.
(in Prep, Kirk et al)

2-"Considerations for Explosion Potential for CAES in a
Depleted Natural Gas Reservoir®, M. Grubelich

3- “Borehole and Formation Analyses in Reservoirs to Support
CAES Development” , S. Webb

4- “Experimental Deformation of Salt in Cyclic Loading”, S. Bauer
and S. Broome, Solution Mining Research Institute April 2010
SAND2010-1805

39&auer-CAES
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Questions?
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Potential Microbial and Chemical Impact of
CAES in a Sandstone

Matthew Kirk
Geochemistry Department

398auer-CAES
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Compressed Air Energy Storage @
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Succar and Williams (2008) Princeton University 408aer-CAES
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Groundwater Microbiology

Example: Middendorf coastal plain aquifer, South Carolina

=

.'f"-': l";"l-':",n::.'..'r
w 0,-bearing recharge E

Aquifer

surficial

Floridan
PR, Tertiary sand
OXIdiZing ' -}'.Tri:'::-:"'::.;:'.:i .-lJ = - :
RN Black Creek
02 —_— COZ' H20I - g :": .-"*,:__-' :‘1 ‘_r:.': L
NO,” —— NH,*, N, " '-":‘:-"-":-: LT Middendorf
Mn(lV) —1—= Mn(ll) PO :
:il ‘r - h: - 1.‘- - L ' s Cape Fear
Fe(lll) —— Fe(ll) Al Tt TR
SO,> —— S(II) R
CO, — (H,
Reducing 408 ayer-CAES
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Metabolic energy available for Fe(ll) and Mn(ll)
oxidation in the Mt. Simon

Geomechanics R kJ/mol reductant Formation*
-80 -60 -40 -20 0

St. Peter

Jordan

O Fe(ll) oxidation

B Mn(ll) oxidation Eau Claire

Dresbach

Mt. Simon

Precambrian

Threshold for microbial metabolism —+

Schink (1997) Microbiol and Molec Bio Rev “not scaled to depth 408auer-CAES
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Effect of Pyrite Oxidation on Groundwater Composition @

Geomechanics Research Department

7 | I N R B N 1 | N S N R R S R S
@
: 110 pyrtecaicie | |2 °F
. 10 pyrite:caicite | % no calcite
S 7
- * 11 18
Q- 3 1:1 pyrite:calcite _ﬁ 5
ki
2T no calcite —g 3
1 11 |2
O 1
| | | | | | | | |
02 0.4 06 0.8 1.0 02 0.4 06 0.8 1.0
Pyrite reacted (cm?) Pyrite reacted (cm?)
Geochemist’s Workbench reaction path model assuming 0.2 fO,
* no calcite: pyrite + 3.75 O, + 3.5 H,0 = Fe(OH), + 2 SO,> + 4 H*
- with calcite: pyrite + 2 calcite + 3.75 O, + 1.5 H,0> Fe(OH); + 2 SO, + 2 Ca?* + 2 CO,

408auer-CAES
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Effect of Pyrite Oxidation on Porosity

Geomechanics Research Department

Mineral volume

7 T T T 1 —

5 | |1:10 pyrite:calcite Gypsum
no calcite

Fe(OH), -

Jarosite

Mineral volume change (cm?)

02 0.4 06 0.8 1.0
Pyrite reacted (cm?)




ConclUsions
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Considerations for Detonation Potential for
CAES in a Depleted Natural Gas Reservoir @

Geomechanics Research Department

Mark Grubelich
Geothermal Energy
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Fuel, Oxygen & Ignition Source

Geomechanics Research Department

Detonation, reaction
proceeds at supersonic
speeds (shock wave).

10’s to 100’s of ft/sec reaction rates.

N
o
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Why worry? ()

Geomechanics Research Department

« The pressure rise ratio for a confined
deflagrating (unvented) fuel air mixture is ~9:1

The peak pressure ratio for a detonating fuel
air mixture is ~ 18:1

Both events could be severe: (rough calculation
in progress)




Autoignition Temperatures in Air
Alkane Hydrocarbon Family

Important Points

1000 CIH' CiHe 21‘5‘6 0; I_
| N
Geomechanics Research Department E i x\%
n ‘g 600 \
Depleted gas reservoir =
 What does depleted mean? T
« At atmospheric pressure? e gt T g i A e

What is the residual natural gas composition?
- Why is this important?

— Heavy hydrocarbons change the ignition window and decrease
the ignition temperature

Natural gas composmon Table 6. — Limits of flammability of combustible

vapors in air and oxygen at 25° C and 1 atm’

Component Typical Analy5|s Range
(mole %) (mole %)
Flammability limits, vol pct
Methane 95.2 87.0 - 96.0
S . 15 o4 Combustible Air Oxygen
Propane 0.2 0.1-1.5 L25 U25 L25 U25
iso - Butane 0.03 0.01 - 0.3 HYDHOCARBONS
normal - Butane 0.03 0.01-0.3 Methane ..................... 5.0 15.0 5.0 61
Ethane ...................... 3.0 12.4 3.0 66
iso - Pentane 0.01 trace - 0.14 Propane ..................... 2.1 9.5 2.3 55
) nButane ..................... 1.8 8.4 1.8 49
normal - Pentane 0.01 trace - 0.04 n-Hexane . . ... ... . . oottt 12 74 1o 252
| Hexanes plus 0.01 trace - 0.06 n-Heptane .. .................. 1.1 6.7 9 247
| Nitrogen 13 0.7 - 5.6 Acetylene .................... 25 | 100 <25 100
— Ethylene ..................... 2.7 36 29 80
Carbon Dioxide 0.7 0.1-1.0 Propylene . ................... 2.4 11 2.1 53
Oxygen 0.02 0.01 - 0.1 a-Buterne ................... 1.6 10 41 01 .8 58
0z Cyclopropane ................. 2.4 104~ 25 60
race .02
| [ydrogen : M — Benzene ..................... 213 | 279 | <13 | NA




Ignition Window

Geomechanics Research Department

= Lower Flammablllty Limit (aka Lower Explosive Limit, LFL or LEL)
= Below the LFL the mixture of fuel and air lacks sufficient fuel to react
= Above the LFL deflagration or detonation possible

= Upper Flam mablllty Limit (aka Upper Explosive Limit, UFL or UEL)
= Above the UFL the mixture of fuel and air lacks sufficient air to react.
= Below the UFL deflagration or detonation possible

= ~Ignition possible between 90 and 370 psi
= Assuming well mixed conditions and starting at 1atmosphere NG
= ~Below 90 psi too rich and above 370 psi too lean

= Example: Flight 800 center tank explosion
= Lean on the ground & rich at cruise altitude
= Above the LFL and below the UFL during climb
= |Ignition source present
= Boom!




Ignition Sources 0.3 mJ=0.0002 ft-lb= “not much” @

Geomechanics Research Department

« Adiabatic compression
Piezo-electric discharge J__!
Static discharge

Lightening strike —t
Frictional heating T

Adiabatic Compression of Air

ture (°F)

Temp

600

<
400 /
200

00 500 600
Pressure (psi,)



Mitigation & Safety ()

Geomechanics Research Department

Purge reservoir before use

Low pressure air cycling below UFL to remove gas (~90
psi)

In-situ gas monitor

Never draw down air below the LFL (370 psi)

Insure no surface breach if ignition occurs (sufficient
overburden)

Monitor NG content enterlng surface equ| . men
Further study required S i

= Buoyancy issues, etc.
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CAES Borehole Study

Geomechanics Research Department

Stephen W. Webb

Sandia
//%AV"A!F‘J'Z% Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, a i National .
National Nuclear Socury Administration for the United States Department of Energy’s National Nuclear Security Administration Laboratories

under contract DE-AC04-94AL85000.



Objectives & Assumptions

Geomechanics Research Department

= Objective
* Look at Flow in Individual Boreholes
= Simple 2-d Models
= Estimate Number of Boreholes and CAES Footprint

«  Assumptions
» Representative Borehole/Formation Geometry

* |nclude Two-Phase Behavior
= Capillary Pressure and Relative Permeability
= Bubble Formation
= AirInjection and Withdrawal — 10 Weekly Cycles

N
EY
9]



Study geometry views
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=7 SURFACE

~— | ://_—x

OVERBURDEN l l l l

CAFICK

POROUS LAYER
.BOTTOM ROCK #60.

RACIAL FLOW INTO
SURROUNDING CYLINDRICAL REGION

CAES Borehole Schematic (from Smith and Wiles, 1979)
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CAES Borehole Study

Geomechanics Research Department

L Wellbore

© Porous Media
Reservoir

Formation Radius Varies

Representative Borehole/Formation Geometry

417



Study Parameters

Geomechanics Research Department

Formation Height — 100 ft high
Depth — 2000 ft
Borehole Diameter — 7 inches
Partial Completion
Permeability — 100 mD to 2000 mD (500 mD Nominal)
Porosity — 0.1 to 0.3 (0.2 Nominal)
Formation Radius - Varies
BasedonP_ .. and P_. Values
Mass Flows
See Cycle
Two-Phase Characteristic Curves
Leverett J-Function Scaling

max min

NN
-
oo



Air Pressure Considerations
R R O RO EAAAE>RAA©RwH==™»™

Geomechanics Research Department

P

Turbine Inlet Pressure = 45 bar (4.5 MPa)
Pressure Drop to Surface = ~5 bar (0.5 MPa)
Minimum Borehole Pressure = 5.0 Bar

Pmax

0.6 x Lithostatic = 8.4 MPa
Maximum Borehole Pressure = 8.4 MPa

N
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Pressure Cycling Model @

Geomechanics Research Department

CAES Cycle
— Based on Smith and Liles (1979)
— 10% Mass Cycled Per Week
— 40% Air Added on the Weekend

— Mass Rates Based on Available Mass
» Function of Formation Radius, Porosity, Gas Saturation

1

n Typical Cycle

—WD

T—
:

Rate (kg/s)

o O A N O NSO ® O

L] L LJ L

1 1
[EEEE
N O

Time (Days)




Borehole pressure @

Geomechanics Research Department

Typical Cycle Results for Borehole Pressure
— After Formation of Bubble

7.50

7.00

(MPa)
5
e

mﬂl “mr T MﬂﬂfML e i

6.00

5.50 A

5.00

Time (Days)




Procedure for Given Permeability and Porosity
s——————————————————————————————————————————

Geomechanics Research Department

= Formation Radius Increase

= Mass Rates Increase — Larger
Available Mass in Formation

= P_.. Increases
= P_. Decreases

= Optimum Formation Radius and Mass
Flow Rate When P,.., and/or P_., Met

max

max



CAES Borehole Study

Geomechanics Research Department

Typical Results (k = 500 mD, ¢ = 0.2)
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Permeability Variation ()
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Porosity Variation
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Permeability/Porosity vs. Power
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Using Typical Turbine Parameters

Based on lowa CAES Power Density (~5 MW/m3)
Scaled by Formation Pressure (Succar, 2008)

m)
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Number of Boreholes vs Permeability & Porosity @
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Number of Boreholes per 100 MW
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Conclusions

Geomechanics Research Department

Permeability Variation Much More Important
then Porosity Variation

Procedure Can Quantify Differences Between
Various Sets of Formation Parameters

= Borehole Spacing, Number of Boreholes

Borehole Arrays Will Be Investigated in the
Future



Background :
Experimental Deformation of Salt in Cyclic Loading
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SJ Bauer and ST Broome

Compressed air energy storage

oo ooaboooboooPoodbooosoooPoodbooadoodbooddoooboodbood | Hooom

........

speed (KmAh
r-J
r-J
—

16 18 =20 22 o Z 4 6 § 10 12 14 16 13 &0 22 o 2 4 6 & 10 12 14 16

Hourly fluctuations in wind speed could translate to frequent
in pressurization/depressurizations of salt caverns

42850er-CAES
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Background : Variable Resource @
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Compressed air energy storage

000 000bo00B000P000ooos000Poodbooobo00ho0dooobo0 oo A IR S

........

speed (KmAh
r-J
r-J
—

16 18 =20 22 o Z 4 6 § 10 12 14 16 13 &0 22 o 2 4 6 & 10 12 14 16

Hourly fluctuations in wind speed could translate
to frequent in pressurization/depressurizations
of underground formations

4303uer-CAES
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Dilatant behavior of salt determined from quasi-static
tests and stress states for this study @
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2000 | -
F ()" = 027 / :
1800 | : / : :
i \ L it »\ """
1600 i L _‘-\ . Empirical curve fit
[ et : 03 = 3000psi
1400 | o u ; o1 = 5550psi
I . Ao = 2550psi
1200 | —
(A [ /
‘~ 1000 | . :
3 : 7 . 60% maximum load
800 - © T 03=13000psi
[ . ) o1 = 4530 psi
I . 50% maximum load / : High Ao =1530 P_Si
600 " o3 = 3000 psi i Low Ao =765 psi
- o1 = 4275 psi :
400 [ High Ao = 1275 psi
/ Low Ao = 638 psi
200 /
0 1
0 5000 10000 15000 20000 25000
11
43auer-CAES
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Heat
shrink

Test assembly

jacket

Radial
LVDT’s

m)

AE pin
location

Sample end
caps

432auer-CAES
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Acoustic Emissions System @

Geomechanics Research Department

- Sample rates up to 25 MHz

- Typically acquire 3000
samples/event

- Tailor a discriminator to
only sample events of a
given criteria

= 60 dB amplifier

= Location of events is
possible with many pins

. .
. .
k3
+

> Lee e ¥ 4
. . i . |
£ A .
-20 10 0 10 20 - \’2/10 0 05 1 0 002 004 006
Y (mm) g4

438auer-CAES
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Differential stress versus axial strain, Test 3. @
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Test3 —=A53
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Test data
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Differential stress, axial and volume strain versus time, Test 3.

Test3
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Differential stress versus volume strain, Test 3 @
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Concludlng Comments @

A& Q(’:‘

Preliminary cycllc tasts completed on domal
salt ‘ S

Test methods developed some improvements
needed

Change in volume strain observed
Young’s Modulus changes observed
Acoustic Emissions detected

Cracks observed in thlck sectlans {,pot y
quantified) o

Results consistent W|th plév,l,q’d; \ﬁerk S f' /

Implication that cyclic loading caused craek,l
at low differential stresses m\w



Summary/Conclusions/Risk
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Supporting Publications
s——————————————————————————————————————————
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1-“Potential Effects of Compressed Air Energy Storage on
Microbiology, Geochemistry, and Hydraulic Properties of Porous
Aquifer Reservoirs”, SAND2010-4721 M. Kirk, S. Altman, and S. Bauer

2-“Potential subsurface environmental impact of compressed air

energy storage in porous bedrock aquifers” J. Env. Sci. & Tech.
(in Prep, Kirk et al)

3-"Considerations for Detonation Potential for CAES in a
Depleted Natural Gas Reservoir” White paper; M. Grubelich

4- “Borehole and Formation Analyses in Reservoirs to Support
CAES Development” SAND report, S.Webb

5- “Experimental Deformation of Salt in Cyclic Loading”:
SAND2010-1805 SJ Bauer & ST Broome , Solution Mining
Research Institute 4/2010
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Questions?



18. On the Use of Large-scale Multi-physics Modeling to Address Potential Vulnerabilities
Associated with Air/Gas Mixtures in CAES

Nick Simos, Brookhaven National Laboratory

We present an overview of modeling for addressing the CAES vulnerability in natural gas/air systems
and discuss the results of complex simulations of extreme scenarios in CAES systems. By relying on
advanced capabilities in analyzing large-scale complex systems which involve gas mixtures enclosed
in a multitude or rock formations and the ability to simulate explosion- and/or detonation-type events
through the use of multi-physics formulation, the resilience of the overall CAES system to intense but
extremely rare events will be assessed. In particular, through a detailed representation of the air/gas
mixture volume and the surrounding rock in the finite element space and the use of arbitrary
Lagrangian-Eulerian formulation which enables the mechanics at their interface different scenarios
are analyzed to assess the consequences on the cavern walls. Given the great variability in rock
properties that exist between different sites of CAES systems, the rock failure potential as a function
of the type is assessed. Realistic scenarios which do not involve the potential combustion or even
explosion within the gas/air mixture such as the sudden drop of pressure in the reservoir as a result of
uncontrolled or unplanned release, which will constitute a dynamic event, are also being evaluated.
Dr. Simos joined the Nuclear Energy Department at Brookhaven National Laboratory in 1989 and promoted to scientist in
1993 studying seismic safety of nuclear installations. In 1996 he moved to Los Alamos and the accelerator for tritium
production. In 1999 he joined the Spallation Neutron Source project in charge of beam collimation. He is a member of the
Neutrino Factory collaboration and the Long Baseline Neutrino Experiment leading the experimental effort on high-power

accelerator targets. He has been principal investigator on vulnerability of critical infrastructure for DHS. He currently holds
a joint appointment with the Photon Science Directorate.

18
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On the Use of Large-scale Multi-physics Modeling to Address
Potential Vulnerabilities Associated with Air/Gas Mixtures in CAES

N. Simos, Ph.D., P.E

Nuclear Science Dept. & Photon Science Directorate
Brookhaven National Laboratory

2nd CAES Workshop, Columbia U. BROD EBAVEN

Brookhaven Science Associates Oct. 20-21 NATIO NS BORATORY



MOTIVATION

Use of depleted natural gas reservoirs in CAES (aquifers or caverns)

Air/gas mixtures and potential consequences
Flammability/explosion =» above ground or within air bubble

Desire to operate at higher pressures than “discovery pressure”
Rapid withdrawal = consequences on host rock

While large-scale events with serious consequences are highly unlikely, it is
desired to address the complex problem and deduce operational limitations

Goal is to formulate a process based on state of the art of multi-physics
simulations of realistic/anticipated scenarios that will be able to establish

operating thresholds for site-specific field conditions and desired operating
parameters in CAES

2nd CAES Workshop, Columbia U. BROD EBAVEN

Brookhaven Science Associates Oct. 20-21 NATIONSHSFER BORATORY



What's at Issue

Concerns identified in past CAES-related scoping studies:

Surface explosion in gas/air mixtures (particularly in 1st full air bubble injection)

explosion in air-bubble very remote
(what do we know from other types of storage)

Sudden depressurization and the initiation of transient in the host rock
possibly aiding gas/air mixing

Higher operating CAES pressures to make CAES more economical

desire to operate beyond the original host rock pressures
(above coupled with need to be closer to population centers)

2nd CAES Workshop, Columbia U. BROD EBAVEN

Brookhaven Science Associates Oct. 20-21 NATIO NS BORATORY
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What can go wrong?

Inadequate site characterization,

Higher operating pressures than rock has
experienced,

creep underestimation,

presence of anomalous zones

2nd CAES Workshop, Columbia U. BRO EAUEN

Brookhaven Science Associates Oct. 20-21 NATION BORATORY



Use of Multi-Physics/ALE Formulation Vulnerability Assessment

Need to solve the problem at the appropriate scale

Multitude of physics/constitutive relations

host salt bed (non-linear, creep)
porous, saturated strata/permeability and fluid flow

Fluid (gas) and rock interaction (pressure boundary interface, fluid flow
across interface)

Combustion/explosion of air/gas mixtures (surface and/or air bubble) and shock
generation

Dynamic response of the host rock due to events leading to rapid depressurization

To address these interconnected issues the multi-physics, non-linear code LS-DYNA
and its Arbitrary Lagrangian-Eulerian (ALE) formulation is used

2nd CAES Workshop, Columbia U. BROD EBAVEN

Brookhaven Science Associates Oct. 20-21 NATIONSHFIABORATORY



Vulnerability Studies - Background

Past studies involving vulnerability of infrastructure
* WIPP Facility and the study of long term creep in salt formation
« DHS/NATO/US NRC studies on installations, dams and other critical infrastructure

TUNNEL_EXPLOSION_ANALYSIS
Time = )

2nd CAES Workshop, Columbia U. BRO ‘ .“ﬁ"

Brookhaven Science Associates Oct. 20-21 NATION BORATORY



Applying Multi-Physics/ALE Formulation to CAES

Large Scale 3-D Model that captures

Behavior of salt
Behavior of rock (which can fracture)
Treatment of gases (equation of state, flow, and coupling with the multi rock layers)

Fluid (gas) and rock interaction
Injection and flow of compressed air into aquifer strata (or rock fluid displacement)

Darcy’s Law and fluid flow in porous medium ¢ _ “®(gp_ p5e,) -1
g=Darcy discharge flux, p=porosity, v=pore velocity ¢

Biot’s dynamic equations of induced waves in porous media

Theory of propagation of elastic waves in fluid-saturated porous solid.

Low-frequency (1) and high-frequency (2) range. s | O7ay

Urye | 01y
L 2
dz dy

= gily + Qfﬂ.’z Jz Dy = g&-y + Qf@y

. dpy P
Wy - ﬂ_y: gf’uy-l- ?gf'wy+zwy

pr = —aM (exg +eyy) — M (19‘{0;.; + %)

dz dy

On-going work to formulate a 3-D porous material model based on a 2-D Biot
equations formulation for porous media

2nd CAES Workshop, Columbia U. BROD EBAVEN

Brookhaven Science Associates Oct. 20-21 NATIO NS BORATORY



CAES Working Model 1

1km x 1km surface space
Cavern Width = 400m
Cavern Height = 130 m

Porous/saturated r

2nd CAES Workshop, Columbia U. Bnomkﬁﬁu

Brookhaven Science Associates Oct. 20-21 NATION ORATORY




CAES Vulnerability Working Model 2

access shaft

2nd CAES Workshop, Columbia U. BRO HlﬁEN

Brookhaven Science Associates Oct. 20-21 NATION BORATORY



Initial Rock Stress — Site at Equilibrium with Cavern Pressure

CAES Stabilized Sress State in Rock
Time = 200
Contours of Pressure max=0.00563274 GPa

CAES Stabilized Sress State in Rock

vonMises at T=0 ms

2nd CAES Workshop, Columbia U.
Brookhaven Science Associates Oct. 20-21
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Vulnerability Assessment — Formulated Problems

Surface Explosions of Air/Gas Mixtures and Implications on Safety Valves
(valve breach leading to uncontrolled de-pressurization)

Explosions within the air bubble (even though remote possibility) and potential
of surrounding rock failure and surface subsidence

Impact of rapid depressurization with interfaces of low/high pressures at depth
and at the surface

Air injection process (not an obvious vulnerability problem)

- aquifer (flow and pressure accumulation within the porous rock at depth
- cavern

Presented are example cases (not reflecting an actual CAES
configuration) used to explore the potential of the ALE formulation in
addressing vulnerability scenarios associated with CAES

2nd CAES Workshop, Columbia U. BROD EBAVEN

Brookhaven Science Associates Oct. 20-21 NATI O NS BORATORY



Rapid Depressurization (withdrawal) Scenario

i.  high/low pressure interface at depth
ii. Interface at top

2nd CAES Workshop, Columbia U. BROD EBAVEN

Brookhaven Science Associates Oct. 20-21 NATIO NSRS BORATORY



High/low pressure interface at depth: Studies for
up to 110 bar compressed air pressure in cavern

CAES Depressurization (valve at depth)
0

Time =

0.35

o o
o o ¥ e
(3] N (3] ()

o
-

Pressure (GPa) (E-03)

Brookhaven Science Associates

CAES Depressurization - Supply Pipe Pressure

CAES Storage (depressurization) Fringe Levels
Time= 99.994 7.4860+01

’ . 7.237e+01
Contours of Resultant Velocity 6.9876+01
min=0, at node# 210668 6.737e+01
max=74.861, at node# 46373 6.488e+01
Vector of Total-velocity 6.238e+01
min=0, at node# 210668 5.989e+01
max=74.861, at node# 46373 5.739e+01

5.490e+01
5.240e+01

Fringe Levels
1.685e+02

CAES Depressurization (valve at depth)
Time= 1020
Vector of Tg

0.05

A A A 1Y
A —— _A bottom
/’ B mid-height
_C top
/ D ambient
r 5
| B
L B
L
B /C-//
I /\r"c_a D D D
B \c D Il 1 1
0 0.5 1 15 2 25 3
ms (E+3)
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12 Depressurization (radial distance in salt layer)

?ﬁfs De‘;;;nessurizalinn (valve at depth) radial Location
1 ﬂ _A 26007

) B 25677
& ] _C 25215
= 0.8 D 24687
& I
Sl 1 A
g "I
] | h RN ;
& 0.4 4| gp ! il A
I
Soalll Wl

CAES Depressurization (valve at depth)

Time = 1710 0 I

ms (E+3)

1 Depressurization - Stress Transients - 3rd layer

Radial Location

08 | I .'3. _A 41329
g7 \l‘ I B 40009
LA ARAASE
. = {1 D 35521
Snapshots of ejected cavern Fos m‘f,‘t:’\, L/*\' y /ﬂlw /\é\ AN
: RN T A T RNV AT
air to atmosphere 2 Ol W% v B
£o4d I
&
.g HI
02 If
i
CAES Depressurization (valve at depth)
Time= 2505 0- :
0 0.5 1 1.5 2 25 3
ms (E+3)
AES Depressurization (valve at depth) - Near Supply Pipe
location (vert)
5 _A 26007
g B 29109
u _C 41327
= D 84789
15 D -
. . / ) D D 0
Von Mises stress in rock {( 2 D
2 1
7]
Q
>
% 05 AN W NI N
i \’/\ s.‘/th\Jﬁ\\_MA\\i ,_/'\A.._B/\—_J‘
0 f 1 1
0 0.5 1 1.5 2 25 3
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Rapid Depressurization Scenario (Safety at ground level) — o= s imneeledme —
Eﬁis Depuressurizalion (safety at top) 80 [ D P ﬁTbottom
Cz2
’réT 60 D z_eject
E 40 I ¢ /’_C//A
% 20 / /
g 0—B¢C A A B//A”/
-20 7 . .
0 05 1 1.5 2
ms (E+3)

0.6 CAES Depressurization (top valve) - Pressure drop in pipe

A

CAES Depressurization (safe
Timo= 57

Time= 99999 G- 0.5

<

A_,_\\
_A bottom

Number of elements cracked=60 Number of elements cracked=73

\ _B mid-height
f_C top

\ D_ambient

Pressure (GP:
o

¢ 2 [

‘s

0.25

0.5

ms (E+3)

CAES Depressurization (top valve) - Pressure at Eject Region

o
[}

9.407e+01
8.979e+01
8.552e+01

_CAES De ization (10bar)
8.124e+01

120

o
o
o

7.697e+01
7.269e+01
6.841e+01
6.414e+01

ASm

3
8

e
o

5.9860+01 |
5.559e+01
5.131e+01 |
4.703e+01
4.276e+01

@
3

;ﬁlll|ll|lll:“hfﬁ

60

Pressure (GPa) (E-03)

g
o
&

3.848e+01
3.421e+01
2.993e+01
2.566e+01

40

Y Wl G
Eject Vel (mmims)

=55
¥
|
|

2.138e+01

20

1.710e+01

0
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8.552e+00
4.276e+00
0.000e+00

05 15
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Rapid Depressurization Scenario (Safety at ground level)

Effective stress
evolution in rock
strata due to
depressurization
and the formation
of cracks in rock

4 CAES Depressurization (top valve) - Layer 1

3 CAES Depressurization (safety at top) - Variation with z

2]
3 2 0 D B :(1) 25 & A L1
D c B2
D13 2 \ r/l\ N Cc1L3

(GPa) (E-03)

A I T TR AR
wAvevAVAVAAVA AV TIND bil TV WA A
VS D

N
L w=

=

D

-
.
L=
>

w
1]

2
<
%
i

Effective Stress (GPa) (E-03)

W
06 05 1 15 2 1 ‘ 1.5 ‘ 2
s (E+3) ms (E+3)
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Rapid Depressurization Scenario (Safety at ground level)

120 CAES Depressurization (10bar)

140 CAES Depressurization (55 bar)
100 / A 5m ol s
Bom C m
/ C5m I/ -~ Bom
CBEm
80 100 5
£ & I e E 80
= E
= = 60
O 40 =
p— : Al
| "] 2 a2 /
® I / 7 //é—-—-—-'""_
/ 0 A/
0 ] / L L L I /
0 20 40 80 80 100 120 140 o _e-T a ————/B’ . . . .
ms 0 20 40 60 80 100 120 140

CAES Depressurization (safety at top) CAES DEPRESSUREATIONESURERCE
Time = 470 Time= 140
Number of elements cracked=511

Number of elements cracked=58
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Explosion Scenarios
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AiriGas Micture Explosion at Depth
= 33988

Air/Gas Micture Explosion at Depth
Time= 42074

ed in the air-gas mixture

Air/Gas Micture Explosion at Depth
Time= 6699

AirlGas Micture Explosion at Depth

Stress waves and spalling

0.8
0.6
04

0.2

Effective Stress (v-m) (E-03)

2nd CAES Worksnop, Loumpia u.
Oct. 20-

Brookhaven Science Associates

avern wall (initiation of roof collapse

Air/Gas Micture Explosion at Depth
Times 58989

Air/Gas Micture Explosion at Depth
Time = 8680

Air/Gas Micture Explosion at Depth

] subsidence)

Air/lGas Micture Explosion at Depth

_A_Layer1

Stress pulse in salt layer

| .

A A A

0 1 2 3 4 5 6

ms (E+3)
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Explosion of air/gas mixture above ground (near supply pipe)

Surface Explosion
Timo=  41.81

Surface Explosion

Surface Explosion
Time = 41.81

Depending on mixture breaching
of the steel pipe can occur

2nd CAES Workshop, Columbia U. BROD EUEN

Brookhaven Science Associates Oct. 20-21 NATION BORATORY



Pressurization Scenario (injection)

2nd CAES Workshop, Columbia U. BROD EUEN

Brookhaven Science Associates Oct. 20-21 NATION BORATORY



Injection into cavern (treatable problem = fluid flow and pressurization = rock loading)

Injection into porous rock (aquifer) and its numerical treatment Start of injection
an ongoing effort SR——

CAES Air Injection (cavern)

Air Injection at Ground Surface

Air Injection at Ground Surface

CAES Air Injection at Ground Surface

Air Injection at Ground Surface

Air Injection at Ground Surface

D T R N R S R S U RO PR PO IO A B"“ME"
Brookhaven Science Associates Oct. 20-21 NATIO BORATORY



Use of ALE formulation to verify a NAVY implosion test
Study shows that the simulated complex processes can predict the test

PMT IMPLOSION SIMULATION - 1MM PMT WALL
Time= 0194

re Implosion -Prediction Using BNL Implosion Model

re Implosion -Prediction Using BNL Implosion Model

Y(X
0.03 Navy Experiment Simulation - Azimuthal Pressure Variation
i 26.8 MPa
0.025 —— ‘ R P
0.02—— ;:::2::: ety A

— _ag ‘est4, Sensor 1 266 MPa. ‘ ‘

& i It /

90_01 5 S — . 10 ":’3 ‘\

= = % s -

ﬁ -;\h:;:rcn!l:l,psc

E 0.01 - cu.c 01 02 03 04 05 06 07 08 09 10

& ] fﬂ

[y .....,__—-““““M
0.005 e Aot
Relevant study: i
Large, deep underground cavern 0 : : : :
filled with water and thousands of 0 01 0.2 0.3 0.4 0.5 0.6
phototubes ms
The issue is implosion and domino
effect (it happened)
2nd CAES Workshop, Columbia U.
P, BRD RAEN

Brookhaven Science Associates OCt. 20-21 NATIO N BORATORY



Summary

= A simulation process of the complex processes that may take place
in an CAES vulnerability related scenario has been formulated

= Process is based on multi-physics, highly non-linear, Lagrangian-
Eulerian formulation which has been proven in recent studies to
accurately predict large scale events

= A number of postulated scenarios in CAES have been tested in the
simulation space for proof-of-principle

= Complex processes of flow in porous rock linked to CAES are being
developed to enhance the current capabilities

= Realistic scenarios on actual CAES systems and vulnerability based
on site-specific rock parameters and operating pressures will be
analyzed in the near future to assess operating limits.

2nd CAES Workshop, Columbia U. BROD EBAVEN

Brookhaven Science Associates Oct. 20-21 NATIO NS BORATORY
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Use of Carbon Dioxide as a Cushion Gas for CAES
Curtis M. Oldenburg, Lehua Pan, Lawrence Berkeley National Laboratory

We are investigating the advantages of using carbon dioxide (CO,) as the cushion gas for
CAES. Carbon dioxide compresses non-linearly and acts like a super-cushion when the reservoir is
operated around the critical pressure and near the critical temperature. This behavior allows the
storage of more air (working gas) for a given reservoir size. Furthermore, an operator could receive
payments for sequestering CO, under the various cap-and-trade or carbon tax policies under
consideration that are aimed at lowering CO, emissions from fossil-fuel power plants and other
industrial facilities. To provide the foundation for future studies of the use of CO, as a cushion gas,
we have modeled the coupled hydrologic and two-phase flow aspects of standard aquifer CAES
including coupled reservoir and wellbore flow. We simulated the initial fill with air of a two-
dimensional radial CAES reservoir to create the working and cushion gas bubble. Subsequently we
modeled the physical processes in the reservoir and wellbore of the operation of the system using the
same operational parameters as an existing cavern system. Results to date show the reservoir-
wellbore system limits deliverability unless relatively large-diameter wells are used. Liquid saturation
changes very little during production and injection cycles, but there is slow bleed-off of pressure as
the bubble expands against the infinite aquifer over time
Curt is a Staff Scientist and Geologic Carbon Sequestration Program Lead in the Earth Sciences Division at Lawrence
Berkeley National Laboratory. His area of expertise is numerical model development and applications for coupled
subsurface flow and transport processes. He has worked at LBNL for 20 years in the areas of geothermal reservoir
modeling, and vadose zone hydrology. For the last ten years, Curt has worked in three main areas of geologic CO,

storage, (1) CO; injection for enhanced gas recovery, (2) near-surface leakage and seepage processes, and (3) CO,
leakage risk assessment.
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Use of CO, as a Cushion Gas for
Compressed Air Energy Storage

Curtis M. Oldenburg
Lehua Pan

Earth Sciences Division
LBNL

October 20, 2010

2"d Compressed Air Energy Storage
Conference and Workshop
Columbia University
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BEREKECLEY LAam

TERRESTRIAL
CARBON

Source: Margaret Torn (LBNL)
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_m Carbon Capture and Storage (CCS)

BEREKECLEY LAam

(From IPCC Special Report on CO, Capture and Storage)

compression unit  transpo injection

'—:Tt_

T
WSS ~ CO, source ‘ﬁt w
(eg. power plant) iSS
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Cushion and Working Gas

HERKCLEY Lam

* Production of air from the reservoir relies on presence of a
cushion gas (gas that is not produced, but whose pressurization
drives working gas out of reservoir).

Compressed Air

- ' .

cushion Air -""‘ Air |
gas workin‘g ’working cushion
gas
gas a5 sand
sand shale /
Oldenburg, C.M., Energy&Fuels, 17(1), 240-246, 2003. 4
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Enhancement of CAES Using CO,

« CO, around its critical pressure behaves like a super-cushion
Oldenburg, C.M., Energy&Fuels, 17(1), 240-246, 2003.

100

10

=g

C0O,asagas

1.4

—— < Ground level

\ A 0.32

<« Critical depth
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Depth (km)

CO,asa
supercritical fluid

A 0.28
) 4

CO2CRC

200

Density of CO, (kg/m?)

400

A 0.27
L 4

o 0.27

800 1000

Source: The Australian Cooperative Research Centre for Greenhouse
Gas Technologies (CO2CRC)

Density (kg m*)
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N Aquifers # Caverns

HERKCLEY Lam

* Pore space (porosity)

* Permeability

 Two-phase flow

« Capillary forces (wetting phase, non-wetting phase)
* Relative permeability

20md perm cuttoff corresponds to St. Peter lllinois Basin

13.0% porosity
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Simulation of Aquifer-CAES

.lll
L}
recceerc|

HERKCLEY Lam

Wellbore: diameter 0.5334 m (217);

length 675 m (650 m in depth + 25 into aquifer);
Aquifer: thickness 50 m and radii 10 km
Numerical grid: axisymmetric 1840 cells
650 m  Boundary conditions: constant pressure and temperature
at the cells 9085 m away from wellbore;

! closed l
well V/’
- water

50 m N
closed T

10 km

& »
<« »

1 km 1
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rereee] The TOUGH Codes
/\I\

« TOUGH: Transport Of Unsaturated Groundwater and Heat

multidimensional g 1D, 2D, 3D
multiphase g liquid, gas, NAPL
multicomponent g water, air, VOC, radionuclides

nonisothermal j§ heat
flow and transport § multiphase Darcy law
fractured-porous media g dual-¢, dual-k, MINC, ECM

EOS: Accurate description of thermophysical properties

http://esd.lbl.gov/ITOUGH2/
http://esdtools.lbl.gov/gaseos/ L
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’"\l \ Simulation of Aquifer-CAES

recceerc|

(modeled after the Huntorf caverns)

Simulation: TOUGH2 with Drift-Flux Model for wellbore flow = T2Well*
Initial fill: 54 kg/s for 15 days (total of 30 times working gas by mass)
Production: 3 hours at 208.5 kg/s (half of total rate for two caverns)
Recharge: 12 hours at 54 kg/s (half of total rate for two caverns)

Initial condition: hydrostatic pressure and natural geothermal gradient
(25°C/km)

Boundary conditions: constant pressure and temperature at the cells 9085 m
away from wellbore; wellhead is prescribed injection (air) rate with enthalpy
of 0.13005E+06 J/kg or production (mass) rate.

Schedule:

During initial filling stage: continue injection of 54 kg/s air

During production/recharge cycle: 4.5 hrs shut-in, 3 hrs production, 4.5 hrs
shut-in,

12 hrs recharge per each day *Pan, L., C.M. Oldenburg, Y.-S. Wu, and K.
Pruess, Wellbore flow model for carbon dioxide
and brine, Energy Procedia, GHGT9 conference,
Nov. 16-20, 2008, Washington DC. LBNL-1416E. 13
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Time =0 (7) hours (minutes)

Distance from Well Center (m) 432



Time = 0 (7) hours {minutes)

Elevation (m)

20 40 60 80 100

Distance from Well Center (m) 483
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1.2E+07

Pressure (during production & recharge cycles)

Wellhead

Pressure (Pa)

| ====- Wellbottom
AE+06d - - - - 100m away
1 500m away
1 1km away
2E+06\500 1 1 1 1 400 1 1 1 1 500 1 1 1 1 6 0

Time (hrs)

Working mass 1/30

3 hrs Production at 208.5 kg/s

12 hrs Recharge at 54 kg/s
Recharge surplus per cycle 8.1e4 kg
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reeee Conclusions

HERKCLEY Lam

Climate change motivates CCS and increased use of
renewables.

Renewables need energy storage (e.g., CAES) to meet
baseload requirements.

CCS can potentially be coupled with CAES.
Price on carbon would subsidize CAES project.

CAES could benefit by super-cushion properties of CO..

Initial simulations of coupled wellbore-aquifer CAES
support the concept.
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