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Strategies for Stabilizing CO, Emissions by Mid-Century

Potential Wedge #6 - CO,

1 GT Cly wedges Capture and Storage (CCS)
from coal baseload power

generation

How to achieve a 17%
reduction in CO,
emissions by 20207

Continued Potential Wedge #5 - Use Gas
fossil fuel emissions , to replace coal baseload power

Potential Wedge #9 - Use
Nuclear to replace coal
baseload power
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Pacala and Socolow (2004)
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Fossil fuel emissions (GtC/y)

To contribute to stabilization of atmospheric greenhouse gas, each wedge must
operate at a scale of ~ 1 GT Cly



U.S. Electric Sector
CO; Emissions (million metric tons)
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Coal/Nuclear/CCS Scenario

EIA Base Case 2007
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Technology
Efficiency

EIA 2007 Reference
Load Growth ~ +1.5%l/yr

Load Growth ~ +1.1%lyr

Renewables

30 GWe by 2030

70 GWe by 2030

. Nuclear Generation

12.5 GWe by 2030

64 GWe by 2030

Advanced Coal Generation

No Existing Plant Upgrades

40% New Plant Efficiency
by 2020-2030

150 GWe Plant Upgrades

46% New Plant Efficiency
by 2020; 49% in 2030

CCS

None

Widely Deployed After 2020

PHEV

None

10% of New Vehicle Sales by 2017;
+2%{yr Thereafter

DER

< 0.1% of Base Load in 2030

5% of Base Load in 2030

1995 2000

2005 2010

2015 2020 2025

~0.1 GT
“\Carbon

Y
Coal

J

2030

Source: EPRI, The Power to Reduce CO, Emissions, 2007



CO, Capture and Storage

Overview of Geological Storage Options e— Droduced oil or gas

1 Depleted oil and gas reservoirs -~ Injected CO,
2 Use of CO, in enhanced oil and gas recovery %i 5 Sﬁﬁg Stored CO,
3 Deep saline formations — (a) offshore (b) onshore

4 Use of CO, in enhanced coal bed methane recovery
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Fundamental SC|ent|f|c Questlons

Water-Rock Interactions? g
Cap Rock Integrity? -
Capillary Trapping/CO, Solubility? =
Solid State Alternatives? =

e
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———IPCC (200

If CO, Sequestration is going to contribute to stabilization of atmospheric
greenhouse gas, it must operate at a scale of ~ 1 GT Cly



CO, Capture and Storage
A . ™

——— Produced oil or gas

Injected CO,
Smierg Stored CO,

Overview of Geological Storage Options
1 Depleted oil and gas reservoirs

2 Use of CO, in enhanced oil and gas recovery

3 Deep saline formations — (a) offshore (b) onshore

4 Use of CO, in enhanced coal bed methane recovery

Capacity |

e

If CO, Sequestration is going to contribute to stabilization of atmospheric
greenhouse gas, it must operate at a scale of ~ 1 GT Cly



Mass of CO, in CCS = Oil Production

Interstate Pipelines [

Intrastate Pipelines [

urces: EIA, US Matural Gas Pipeline Nework




Why Not Just Do It?

» 1996 to present
=1 Mt CO, injection/yr
= Seismic monitoring

X 3500 I &

Utsira Formation o

Sleipner T : v
Sleipner | e
Adcense b

%m*/

Utsira formation

Sleipner East
- Production and injection wells

1 GT Cly wedges

12
10
Stabilization
8 triangle

4 Cpntlnued

Fossil fuel emissions (GtCly)

: Pacala and Socolow (2004)
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Capacity and Cost?

AEP Mountaineer Project: New Haven, WV

NY Times Sept. 21, 2009

Current Plans to Inject 100 ktons/y for 2-5 years




AEP Mountaineer Project: New Haven, WV

183 Coal burning
plants in Ohio
River Valley
(emitting 700
Megatons of

n— CO,l/year)
A E P M O u ntal n e e r Large Cohg?’?)isner Sources ﬁﬂjéb\fw:ﬂrz—iﬂ
CO, Emissions ~7 100+t GO YAl
O Cement :
Mton/year limited to " Eiylere
© Gas processin
~ 35 kton/year per ;Eé:;’fgii;l g
Injection zone - 200 e Retreris
Injection zones s 000
. @ 2,000 - 10,000
required! ©10000-20000

Lucier and Zoback (2008)



Cost

= Energy penalty: 10 to 30%
= Cost

= $50 to $100/tonne CO, for the nt" plant

= Significantly more for the 15t plants ($150 to
$250/tonne CO.,)

» Cost of electricity generation: 50 to 100%
Increase

= Uncertain reliability

Courtesy Sally Benson



Revisiting Overly Optimistic World Wide

CaEacitx Estimates

Reservoir Type

Lower Estimate of
Global Storage
Capacity (GtCO,)

Upper Estimate of
Global Storage
Capacity (GtCO,)

Oil and gas fields 675 900
Coal seams (ECBM) 3-15 200
Saline aquifers 1000 ~ 10,000

N T—

~IPCC, 2005



50 New Nuclear Power Plants by 20307

Mine Mile Paint
EPR = 1 Unit

Bell Bend
EFR =1 Unit

Calvert Cliffs
EPR - 1 Unit

Horth Anna
ESBWH = 1 Unit
Harris
AP1000 - 2 Units
Hammatt
EPR - 1 Unit

) _ William Lee
Blue Castle i AP1000 - 2 Units
Design / Units - TBA / -3

Comanche Peak |/ | Bellefonte

i USAPWR - 2 Units AP1000 - 2 Units

EPR - 2 Units

Turkey Paint
AP1000 = 2 Units

Ly Cioeta
Vogtle AP1000 2 Unis
Victoria County AP1000 = 2 Units
ESBWR - 2 Units South Texas
ABWR - 2 Units VL.C, Summer
AP1000 - 2 Units
Construction and Dperating License (COL) Status
8 Uncher Muclear Regulatony Revdew (NRC) ' Planried Futune Submittal & MNAC Review Suspended

Licensing Will be a Formidable Task that Will Take Effort and Time




Waste Disposal After Yucca Mountain?




Surface Waste Storage and Other Natural Hazards

m Pearl Harbor
Hi

CarastroprHIC Risk 1N THE UNITED STATES
EARTHQUAKE, HURRICANE, TORNADO AND HAIL
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© 2004 Risk Management Solutions, Inc.




Fuel Switching to Reduce CO, Emissions

Natural Gas Produces Half the CO, per BTU

Current Gas Power Electrical Generation
Capacity 400 GW

Current Average Utilization ~20%
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To Meet CO,, Reduction Targets for 2020,
Need to Increase Utilization of Existing
Plants to ~40%
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(Could Also Replace Oldest and Least
Efficient Coal Plants with Combined-Cycle

Gas Plants) Combined-Cycle Gas Plant




Unconventional Gas Resources

Niobrara

Cody Mowry Gammon

Hilliard- 35 : New Albany
Baxter-_ 4 fs Excello-Mulky

Mancos R

Mancos

Bend

Pierre

Fayetteville

Haynesville/
Bossier

¥ Woodford/
Barnett Caney

Barnett & woodford
Woodford

2009 Estimates of Gas Resources Over 2000 TCF
~100 Years at Current Consumption



Global Potential for Shale Gas
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| World Total:é%, 60 tcf |
: roughly 300 years quply |
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Inexpensive (and stable) Gas Prices

Biopower

e

Geothermal

Nuclear

NGCC (High)

NGCC-CCS (High)

NGCC (Low)
NGCC-CCS (Low) i

s fr—

P

Coal

Coal-CCS

N (14-21)
$6/Million BTU

f.P
-
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Energy Source

Wind (offshore)
Wind (onshore)
Solar PV ]
Solar CSP i

e

1D 20 25 30
2007 Cents per Kilowatt-hour

Levelized Cost of Electricity for New Intermittent Sources

I, (5-18) |
I (4-10) | | _ ¥(14-30)
R S Y .
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(from America’s Energy Future)
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Many Challenges Remain

Optlmlze the Resource
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