erview CO, Sequestration Science &
Technology in the U.S.

B. Peter McGralil
Pacific Northwest National Laboratory
Richland, Washington USA

NARUC Summer Meeting
Austin, Texas
July 25, 2005
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Carbon, Billion of Tons
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Commitment to Stabilization

Requires Closing -

'WO “Technology Gaps”

|

Carbon Emissions - “Business-As-Usual”

Technology Gap

s 1990 Technology

s Pathway to Stabilization

s Business As Usual Technology | / l
[ i ""‘I..-

2010 2030

“Stabilization”
Technology Gap

20510 2070 200910



How Big Is a Gigaton?
Assuming Today’s Technology

Today'’s Actions that Provide
Technology 1 Gigaton/year of Mitigation Major Issues

Coal Plants Replace 1,000 conventional 500-MW plants | Technical, Social, & Economic
with “zero-emission” power plants Viability

Geologic Install 3,500 Sleipners, at 1 Mt of CO,, per Technical, Social, & Economic

Sequestration year! Viability

Nuclear Build 500 1 GW plants Economics, Safety, Non-
(in lieu of unsequestered coal) proliferation,

Efficiency Deploy 1 billion cars at 40 mpg instead of 20 | Distributed opportunity that is
mpg hard to capture

Wind Install 750 x current U.S. wind generation Geographic Limitations, Storage
(in lieu of unsequestered coal)

Solar PV Install 4,500 x current U.S. solar generation | Geographic Limitations, Storage
(in lieu of unsequestered coal)

Biomass fuels from Convert an area >7.5X the size of lowa’s Land-Use Changes

plantations farmland to biomass

Storage in new forest | Convert an area >30X the size of lowa’s Land-Use Changes
farmland to biomass
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Billion Short Tons
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Coal Consumption will Increase
Worldwide and in the U.S.

Coal Share of Energy Consumption
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Source: EIA 2004
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atural Gas Imports Projected to Grow

Natural Gas Production, Consumption, and
Imports, 1970 - 2025 (trillion cubic feet)

35
History Projections

| Net Imports
2 Consumption .

¥
20 ¢
MNutural Gas Met Imparts, 2001 and 2028
{trillion cubic feel)

15 |
10 |

R

L ST =

O : : . .
1970 1975 15B0 1985 1890 1535 2000 2005 2090 2015 2020 2025
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Decarbonization: Evolution of the Ratio of Hydrogen (H)
to Carbon (C) in the World Primary Fuel Mix

ecarbonization of the Energy System

102 F T \ \ \ ] H
H/C | 1
i 1 H+C
L Hydrogen |
3 Economy/ -
—~
10t - — 14090
. =~ Nonfossil | 1
+ —~ Hydrogen | -
[ Methane: HIC =4 - ¥Y1,s80
r . Methane Economy -
OIHIC=2 N
q00 L..CoalHIC =1 e -4 0,50
r 1935 (midpoint of process) 1
I At = 300 years (length of process) |
10-1 L. .Wp.qc.j:. H/C.?.Q.].' ......................................................................... - 0.09
10-2 I I | I I | I I | I L | L | | | | | |
1800 1850 1900 1950 2000 2050 2100
Year
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Slipstraam

ydrogen Production from Coal with
Integrated CO, Capture

Gas-Polishing &
Gas  Moisturization  Fuel Cell

— —
]
Combusior
Orale
r 4_- Genarator
M, o
Combustor culates Air |
Steam
— Gas Turbine |
STM Gas
Ciygan \ Exhausi
Liggur - e, Gas
Saparatorn “"m.. -".'*_’.-
Slag g
Agubous e Stack
: E'iﬂuml:
Steam Genarator

To Disposal
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Costs for Carbon Capture

Reference Date | ACOE
IEA Greenhouse Gas R&D 0
Programme LeEl A
45% —————————————————————————————————
p & IGCC Plant
SFA Pacific 1998 31% %‘ 0% | Chemical Solvent Separation |
3
MIT 2000 34% T 3506 | o
©
Parsons Energy Inc. 2000 25% g 30% O s,
04/,
c
IEA Greenhouse Gas R&D 0 o 25% r O
Programme A2 e § .
G 20% -
PSA 279% = NN
15%
TSA 306% 1997 1998 1999 2000 2001 2002 2003 2004
Cryogenic AT% Date
Gas Separation Membrane 143%
Gas Absorption Membrane 58%
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» Membranes
Catalytic

lon transport
Facilitated transport
Polymeric

Ceramic
Nanocomposites

» Clathrates

» Carbon nanotubes/carbon-
carbon composites

e Electrical swing adsorption

» Ordered mesoporous
oxides/aerogels

Batiellie
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New Capture Technologies
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CO, Phase Behavior
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Geologic Sequestration Options

Depleted Ol nru
Gas Reservoirs,

CO2 Trapping Mechanisms

» Physical trapping

» Hydrodynamic trapping
» Solubility trapping

» Mineral trapping
Different geologies have differing

primary and secondary trapping
mechanisms

11



GIS Database of CO, Sources and
Potential Geologic Storage Reservoirs

2005 Battelle Memaaal Insitute
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Early “Value-Added” Markets

» EOR Market served mostly by natural

Industrial Technology Base
sources now

= == CO, Sequestration
' 2 Technologies e 30 Mt/yr total, 7Mt/yr man-made
Enhanced | 4 _ _
Oil - e Average delivered price $10-12/t
g e A I
Recovery |L—==|fs7s, : e Current Cost from existing power
plants $40-60/t
Underground * Capture
o  Processing
« Distribution
Storage Injection
Field
Natural CO Sources for EOR in The USA
.COZ | Dakota Coal 2
FleldS Gasification 74 Number of CO,-EOR Projects >
Natural CO, Source
7] industrial CO, Source
LaBarge = CO, Pipeline
Gas Plant ’k. . O==* Proposed CO, Pipeline
7 Commercial CO,-EOR Fields
McElImo Dome [ =
Sheep Mountain ;
Bravo Dome
Jackson
Dome
LY
Batielie
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Brine Saturated
Sandstone

..ll 'I.'.' I EII:-I

Injection

Supercritical CO,

Buoyancy-driven
Convection Zone

Forced Convection

Batielle

Isposal of CO, in Sedimentary Rock Formations
Conceptual Model for CO, Injection

» Lower density of

scCO, as
compared with
brine causes the
Injected CO,, to
float as a pbubble
restrained by a low
permeability
caprock

» Area of review

around well 1s
determined by
Injection rate and
reservoir properties

» Mineral trappin

| tre ? IS
not a significan
pProcess
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Layered Basalt Flows
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» Assume only 10 flows (3%)
suitable for injection, thickness
of only 10 m, 15% porosity,
1400 psi average pressure

> ~100 GtCO, storage capacity
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-ray Microtomographic Imaging of
Vesicles in Basalt Flow Top
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1800

Supercritical CO, Pressure Cell

1600 g &

1400
1200
1000 ¢
800

CO, Pressure, psi

200

Calcite Precipitation
600 [Confirmed by XRD

400

FCoars
T=~100°C

7Rocky Coulee Basalt
e grain (0.85 to 2.0 mm)

0

Batiene
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Lirkn

100 150

Time, days

250

xperiments with Columbia River Basalt

Long-term experiments showing transition from
calcite to ankerite, Ca(Fe, Mg, Mn)(CQO,),
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Industry Experience Relevant to
Geologic Sequestration

» Natural gas storage

» Deep injection of liquid and hazardous wastes
» Enhanced oll recovery

» Coal-bed methane

Batiellie
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Natural Gas Storage Is Widely Practiced

o

|! * ?‘f e
L
=3 » 450 projects
* 90 years
. experience
: e 35 states

¢ 139 MMT
stored annually

19
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Carbon Sequestration Projects

Batielle

anl o Il B
‘l'i'u' I iI.IFI.Itl."FS |':| |r||:|.u'.'..11.|rr|'|

LEBEHS
ST o Oy
LY
XL FUET
Hhim kT oelagn

U.S. DOE Portfolio of CCS Projects

Carbon Sequestration
FY 2005 Budget Total = 546 Million
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egional Carbon Partnerships Phase Il
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basalt formations
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-utureGen: A $1B Presidential Initiative

» Nominal 275 MWe Plant
e =1 MMT CO, generated per year
e >50% net efficiency

» Coal Gasification

e H, production

= Onsite electrical generation
Gas turbine
Fuel cells
Hybrids

= Petrochemical feedstock

= Transportation grade fuel

e CO, Capture (90% target)
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Backup Slides
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CO, Leakage Pathways

&
CO, Injection System
Well Head
Shab=enail
4
o : .-j
A
= Seismic 'ty
. Induced A
T = ¥ |
=" - _" ‘Path Bt o S
2ia :-':ﬁ'-".'::}.:.ra' Sedls
Poorly Sealed o
Degraded Well
"
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Role of Carbon Sequestration in
Atmospheric CO, Stabilization

Carbon Emissions

50 — —- _ 4
s 1990 Technology | ¢ I.;'f

Business As Usual Technology | “Stabilization”
I, | Technology Gap

v
S ——— Advanced Biomass
- / Soil Sequestration

«— H, + Fossil Power
w/Sequestration

Carbon, Billion of Tons

1990 2010 2030 2050 2070 2090
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Iness-As-Usual Gap
traordinary Improvement is Built into BAU

«
L4
L
L4
L4
L4
L4
L4

. . “Business-As-Usual”
Carbon Emissions

Technology Gap

50

45 s 1990 Technology Energy Efficiency &
g Business As Usual Technology O Reduced Demand
L2 40 s Pathway to Stabilization O H 59|ar
s 35 <«— Wind
o <«— Advanced Nuclear
s 30 <— Advanced Gas
— 25 <«— Advanced Coal
":E_ <— Conventional Biomass
£ 20
£
g 15

10

5

1994 2010 2030 2050 2070 2004
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World Energy Outlook

18000 -

15000 -
12000 -

9000 /
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0

1980 1990 2000 2010 2020 2030
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O Prim. Electricity mmWood and wastes

Battelle
FLIER ES .'_lf Irewwaticnn 27



Batielle

anl o Il B
‘l'i'u' I iI.IFI.Itl."FS |':| |r|||.|n'..11.|rr|1

ortfolio of Sequestration Field Projects
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Fuel Cell

CO2 Capture

CO2 Capture + syngas

Carbon Sequestration

Cold Fusion
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State of Science?

Web of Science

2003

4311

171

81

389

798

2005

7152

301

145

1087

851

Information Bridge

2003

1239

80

47

297

37

2005

1459

133

72

462

39

Google

2003 2005

468000 4,060,000

1100 21500

137 772

110,000 372,000

504,000 2,370,000
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