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What We’ll Talk About

» Scope of CO, problem
* Why the problem is challenging
— Energy
— Scale
« What EPRI is doing
— Approach and status
— External collaborations and internal effort
« Conclude
— Future roadmap
— Closing comments
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Old Discussion: Global Warming by CO,
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L. Introduction : Observations of Langley on
Atmaspherical Absorption,

GREAT deal has been written on the influsnce of
L& the absorption of the atmosphers upon the climate,
yndall £ in particolar las pointed out the enormous im-
portanes of this question, o him it was chiefly the dinrnal
andd annual variations of the temperaturs tat were lossened by
this cirenmstance,  Another side of the question, that has long
abteieted the attention of F:I]}':—il}.ihl*—, = this: Is the mean

temperatine of ile cronnd (o oany way infusneed By e

iny R - 1 - WL T~ . -
presence of heat-absoriing gases inthe atmosphere > Fourjer]

maintained that the atmosphere nets like the vlass of a hot-
bouse, because it lets throngh the light rays of tha son but
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Earth’s Atmosphere is Thin...

. 35,786 km
Goo V™™ 20,200 km

ography: 480-980 km

phot
Atmosphere mass ~ 2 m of earth at mean density

999997 % < 100

Equatorial Radius = 6378 km
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Global Carbon Cycle

s Fluzzes, in GHICyr
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U.S. Electricity Generation

Global Emissions Non-Hydro
— Renewables Other
« 33+ Gt CO,/year Conventiona 5 49, 0.3%
Hydro
7.0%

U.S. Emissions
* 6.0 Gt CO, Nuclear

« ~20% of global CO, 19.4%
Coal Without

CCS )
49.0%

4,065 TWh Generated

U.S. Electric Utility

- 24Gtco,

. 41% of U.S. CO,
. 33% of U.S. GHGs

Natural Gas

- - 12 20-0% A
TWh = Terawatt-hour = 10'2 Watt-hour Other Fossil
Gt = Gigatonne = 10° tonne = 105 kg 2.0%
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U.S. Installed Capacity

Coal Plants 7.2%

« 20.7 tCO,/day/MWe

* Cheap Nuclear; 105.6;

9.8%

Natural Gas

1075.5 GWe Capacity

Non-Hydro  oiner; 20 .5;
Renewables; 1 9%
Conventional 26.5; 2.5%
Hydro; 77.4;

Coal Without
CCS; 335.8;
31.2%

« 12 CO, emissions

* More expensive

Natural Gas;
442.9; 41.2%

Other Fossil;
66.9; 6.2%

© 2008 Electric Power Research Institute, Inc. All rights reserved.

ELECTRIC POWER

=il

RESEARCH IMSTITUTE



Reducing CO, Emissions
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U.S. Electric Sector CO, Emissions

500

0

1990

EIA Base Case 2009

Technology

Efficiency

.

EIA AEO Base Case

Load Growth ~ +0.95%/yr

EPRI Prism Target

~400 TWh Additional Reduction

T&D Efficiency

None

20% Reduction in T&D Losses by 2030

Renewables

60 GWe by 2030

135 GWe by 2030

Nuclear

12.5 GWe New Build by 2030

No Retirements; 64 GWe New Build by 2030

technologies

Fossil 40% New Coal, +3% Efficiency for 75 GWe Existing Fleet
Efficiency 54% New NGCCs by 2030 49% New Coal; 70% New NGCCs by 2030
ces None 90% Capture for All New Coal + NGCC After 2020
Retrofits for 60 GWe Existing Fleet
Electric None PHEVs by 2010; 40% New Vehicle Share by 2025
Transportation 3x Current Non-Road Use by 2030
Electro- None Replace ~4.5% Direct Fossil Use by 2030

1995

2000
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I CO, Capture in Coal Power Systems

Postcombustion
(PC)

Coal

- Power & Heat

Air

Precombustion
(1GCC) Air/O, Steam
oy 1 | \Je: =
= Gasification g: (T pression

Dehydration

Oxyfuel Combustion

Air

Coal
q

Power & Heat
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I Pulverized Coal with CO, Capture “Today”

CO, to use or
Fresh Water Reduce Reduce Reduce Seqzuestration

Sulfur

Fly Ash Gypsum/Waste

Flue Gas
to Stack

CO2to Cleanup
and Co pressmn

Cleane
Flue Gas to
Atmusphere

F 3 [etaly}
Ahsorher Strippar

 Pre-condition Flue Gas (Clean) aiae
* Absorb and Strip CO,
» Mostly amine/ammonia chemistry today

Flue Gas
fram Plant

Needs Space, Integration & Energy

=EP2l
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C 02 Stripper
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l Thermodynamic Minimum Parasitic Load for
Capturing CO, at 40°C from PC Plants

5.0% . |
- 1| <=1x (<~3.5%) Impossible 7%C0, in gas
2 i (o]
o 1] >1x-3x (3.5-10%) Hard I 10%
S 4.5% , .
(@) 1| 3x-5x (10-15%) Medium 11%
E 1| 5x-10x (15-35%) Easy —12%
E 4.0% i —13%
2 . —14%
°\° |
oy 3.5% - —15%
) ]
o] i 16%
S il (o]
9 3.0% - 17%
2 f 18%
@ i o
8 2.5% - —19%
& , I —20%
& : 20.7 t CO,/day/MWe

2.0% ‘ ! -

80% 85% 90% 95% 100%

% CO2 Captured

If all capture energy comes from net power output, then
thermodynamic minimum parasitic load is ~3.5% to capture 90% CO,
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Minimum Energy for CO, Capture

* Need a thermodynamic minimum of about 3.5% of
energy from power plant to capture 90% CO,

— Minimum energy is equivalent to 0.165 GJ/t CO,
— Does not include compression
— Assumes all energy comes from net electrical output
— 40°C flue gas
— 20.7 t CO,/day/MWe
« Minimum energy for capturing 385 ppm CO, from air
— 0.524 GJ/t CO, (100% capture)
— 0.465 GJ/t CO2 (near 0% capture)
— About 3x the minimum energy from flue gas
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I Increase in Power Costs with “Today’s
Technology”

Power plant performance and cost parameters Pulverized coal Natural gas Integrated coal
power plant combined cycle  gasification combined
power plant cyele power plant

Reference plant without CCS
Cost of electricity (USS/EWh) 0.043-0.052 0.031-0.050 0.041-0.061

Pmﬁr p_laut with capture

IIE?re;'{sei fui] 1E_qm£em_eul:_[‘?;}_ _________ '_Eig 1 11-22 14-25
CO, captured (kg/kWh) 0.82-0.97 0.36-041 0.67-0.94
CO, avoided (kg/kWh) 0.62-0.70 0.30-0.32 0.58-0.73
% CO, avoided 81-88 83-38 81-91

Power plant with eapture and geological storage”
Cost of electricity (USS/EWh) 0.063-0.099 0.043-0.077 0.055-0.091
Costof CCS (USS&WH)  — 0019-0047 0.012-0.029 0.010-0.032

IE iEZ‘l'E!_HSE_il‘lfl'ST_DfﬂEEEiEiI_}-‘ L _1331 _ : 37-85 21-78

Mitigation cost  (USS/tCO, avoided) 30-71 38-91 14-53
(USS/HC avoided) 110-260 140-330 51-200

CCS: ~30% rise in fuel requirement and ~65% rise in cost of electricity
Source: IPCC, CCS El:lal
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CCS Costs with Today’s Technology

CCS system components Cost range

\Capture from a coal- or gas-fired ~ 15-75 US$/tCO, net captured |
e |
Capture from hydrogen and 5-55 US3$/tCO, net captured
ammonia production or gas

processing

Capture from other industrial sources  23-115 USStCO, net captured

R
! Transportation 1-8 US$ACO, transported |
1
: I
|
! Geological storage* 0.5-8 USSHCO, net injected |
1
| Geological storage: monitoring and ~ 0.1-0.3 USStCO, mjected !
| venification I
_________________________________________ 1
Ocean storage 5-30 US51CO, net injected
Mineral carbonation 50-100 USHtCO, net nuneralized

Capture is ~70-80% of the cost of CCS
Source: IPCC, CCS El:lal ;lrLrLE::Igllljr:.grn
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Post-Combustion CCS Goals

* Old Goal

— 10% parasitic load

— 20% cost of electricity increase
* New Goal

— 35% cost of electricity increase (including capture,
compression, transportation, injection, MMV...)

— Widely deployed by 2020
« “Current” technologies
— ~25-30% parasitic load
— ~60-90% rise in cost of electricity
— None commercial on post-combustion coal for power
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Largest 10 US Power Plant CO, Emitters

Plant Company Parent Location a2 Wyr GUe

1 Scherer Georgia Power Southern Cormpany Juliette, GA 24.1 356
2 Bowen Georgia Power Southern Conrpany Catersiillee GA 201 350
3 Miler Alabama Power Southern Conpary Quinton, AL 199 282
4 Martinlake Luminant Energy Future Hbldings  Tatum TX 19.1 238
5 Ghbson Duke Energyindiana  Duke Energy Ovensuille, IN 18.7 3HA
6 WAPaish NRGTexas NRG Energy Thonpsons, TX 187 270
7 Navajo Sdit River Prgject Page, AZ 185 241
8 Gavin Chio Power Arercian Bectric Poner  Chesire, OH 17.9 260
9 Monroe Detrait Edison DIE Energy Nonroe, M 17.6 328
10 Calstrip PPL Montana PPL Comp Cadistrip, MT 174 227
AVERACE 19.2 289

Sources: EPA, IEA
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Current US Annual CO, Utilization

Gaseous Consumption = 30.9 million metric tons

18%

Urea
4%
1% BNaCO3
77% CaCO3
Qil & Gas

Mainly EOR

Liquid/Solid Consumption = 7.1 million metric tons

B Food

Beverage

5% 55%

Oil & Gas

Other

Mainly Food

~40Mt use vs. 2.4 Bt emissions from utility and 6Bt from US
All of EOR in US is ~24Mt, about that from one large power plant

Source: Howard Herzog / MIT Laboratory for Energy and the Environment
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Challenges for CO, Capture — Scale

US Production, Estimated 2008 Global Production, Estimated 2008
GWe at GWe at
Mt/yr Gmollyr  90% capture Mt/yr Gmol/yr 90% capture
1 Sulfuric Acid 37.7 384.7 25 199.9 1826.1 11.8
2 Nitrogen 31.7 1130.4 7.3 139.6 4465.2 28.9
3 Ethylene 244 761.5 4.9 112.6 3151.9 20.4
4 Oxygen 22.7 808.6 52 100.0 3193.8 20.7
5 Lime 19.0 338.1 2.2 283.0 4521.8 29.3
6 Polyethylene(HDPE, LDPE, LLDPE, etc.) 16.5 516.7 3.3 60.0 1680.1 10.9
7 Propylene 14.9 345 .4 2.2 53.0 1102.1 71
8 Ammonla, Synthetic Anhydrous 13.6 797.9 5.2 153.9 8097.1 52.4
9 Chlorine 11.7 165.3 1.1 61.2 772.9 5.0
10 Phosphoric Acid 111 113.6 0.7 22.0 201.2 1.3
45 Acetic Acid 2.2 37.4 0.2 8.0 1194 0.8
46 Propylene Oxide 2.1 36.0 0.2 6.3 97.4 0.6
47 Phenolic Resins 2.1 20.8 0.1 6.8 61.0 0.4
48 Calcium Carbonate (Precipitated) 2.0 19.7 0.1 13.0 116.4 0.8
49 Butadiene (1.3) 1.9 35.5 0.2 10.3 170.0 1.1
50 Nylon Resins & Fibers 1.9 7.5 8.2
TOTAL /409\ 8467 [ 55 2,41 47,020 304
Coal-fired Capacity @ W
CO2 from Electricity 2,400 54,545 9,600 218,182
CO2 from All Sources 6,000 136,364 33,00 750,000

A + CO, - ACO,
Limited supplies of A & limited sales of ACO,
Must regenerate A or produce A with CO, constraints

Source: American Chemistry Council and Public Websites ==
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Challenges for CO, Capture

* Broad Challenges
— Energy penalties

— Capture large amounts of CO, (multiples of chemical
iIndustry)

 Additional Constraints
— Limited water availability (cooling)
— Limited land availability
— Tolerate other flue gas constituents
— Existing balance of plant
— Features that limit to only certain regions
— Once-through capture processes
— Saleable products

1 ELECTRIC POWER
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I What We’ll Talk About

» Scope of CO, problem
* Why the problem is challenging
— Energy
— Scale
« What EPRI is doing
— Approach and status
— External collaborations and internal effort
« Conclude
— Future roadmap
— Closing comments



I Integrated CO, Storage Demonstrations and Accelerated
Postcombustion Capture Development at EPRI

r

Find Improved CO, )
Capture Processes .

\

Proactively mine universities, conferences;
announce interest

Develop conceptual system design

Evaluate & select for industry support

Scale-Up (0.25-5 MW) Verify operability, energy
(follow-on initiative) consumption, CO, capture rates

- Storage uncertainty = RISK;
need long-term demo, start now

« Use advanced capture processes
as become available

» Leverage DOE, others

© 2008 Electric Power Research Institute, Inc. All rights reserved.

Capture and Storage Demo
(~20 MW)

} » Site 1 with current capture technology

- Sites 2-5 with advanced capture
technology from screening project

ELECTRIC POWER
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Summary of Effort

N
* |dentify, vet, and appropriately accelerate promising post-

combustion CO, capture process globally.
« Examined 110+ post-comb CO, capture processes so far

* No proven breakthrough technologies yet (~10% parasitic)

* Additional constraints: water, land, ...

« Synthesis chemists, process -
developers, and power plant Maerial Scentiss
personnel are not working
synergistically

Chemical Process
Engineers

Breakthroughs

Power Plant
Personnel

« Breakthroughs will require
collaboration

l ELECTRIC POWER
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State of Capture Development

Absorbent Adsorbent Membrane
(solvents) (solid)
Commercial Usage High Moderate Low/Niche
in CPI*
Operational High High, but complex Low to moderate
Confidence
Energy Penalty No <18% to 25% ~14% to 20% ~12%-15%
Compression
Source of Energy Solvent Regen Sorbent Regen Vacuum on
Penalty thermal thermal/vac permeate
Trends New chemistry, New chemistry, New membrane,
thermal integrat. process config process config

*Chemical Process Industries SRR | s rove

RESEARCH IMSTITUTE
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I Capture Technologies: TRL Ranking

« Majority of processes are absorption based

* Most are at TRL 2 -4 (preliminary design to laboratory
validation)

m Mineralization & Bio
= Membrane
W Adsorption
I W Absorption
um i BN —
1 2 3 4 5 6 7

Technology Readiness Levels

:':El ELECTRIC POWER
—
RESEARCH IMSTITUTE
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Timescale for Capture Process Development

TRL 9 e IS
TRL 8 [ [ |
TRL 7 | |
TRL6 | |
e 1l | | Concept to Commercialization
10-15 years on aggressive,
] well-funded schedule
TRL4 | [ ]
TRL3 [ ]
] M Design
TRL2 |] M Construction
7 Operations
TRL1 ||

T T T T T T T T T T T T T T
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year
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CO, to Carbon or Fuels

 “Convert” CO, to carbon
— C+0, > CO, AH ~ -393.5 kd/mol
— About 1/3 AH converted to electricity in power plant (-131 kd/mol)

— The same AH (393.5 kd/mol) energy input is needed to reverse
reaction and make carbon, i.e., minimum 3x power plant output

— Practically, need far more than 3x power plant output
» “Convert” CO, to fuels
— l|dentical issue as with carbon
— All fuels are combusted to produce CO, and H,O to generate AH

— Reversing reaction will consume far more energy than available
from combusting fossil fuels

« If such usable energy is available, then it may likely be better to use
that energy to make electricity instead, and avoid generating CO,
from fossil fuel combustion in the first place.

ELECTRIC POWER
RESEARCH IMSTITUTE
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Sun as Energy Source for CO, Conversion

« Organisms use sun as energy source to convert CO, to
fuels

* Process is slow and with poor use of sun’s incident
energy for purposes of CO, capture

 Fastest algae capture ~24 g C/m?/day (~1.5x of switch
grass)

« About 45 mi? for 500 MWe coal-fired power plant under
ideal conditions. Amine scrubbing is estimated at 12
acres, already viewed as a “very large” area

 For non-biological processes that use solar energy to
drive CO, conversion, it may likely be better to convert the
solar energy directly to electricity and avoid generating
CO, from fossil fuel combustion in the first place

] ELECTRIC POWER
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Limits on CO, Capture Technologies

« Second law violators
— CO, to fuels need energy source, and energy comes from fuels
— Sometimes do not account for overall total CO, footprint

» Real Estate Moguls

— Biological processes use solar energy for CO, conversion, but
need substantial land (~45 mi? for 500 MWe under ideal case)

— Solar energy like better used to make electricity directly instead of
converting CO, in non-biological processes?

» Massive Material Mismatch (once-through capture)
— Limited use of CO, directly

— Limited global supply of chemicals to
capture CO, or make saleable products

» CO, gold mine # CO, solution
« Control volume = Earth’s atmosphere

l ELECTRIC POWER
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EPRI’s Approach to Bridging the Disconnect

« Experimental Testing

— Collaborations on several novel experimental
approaches and processes

— From early-stage concepts to 25 MWe pilots thus far
* Process Model Development

— Develop process models for CO, capture processes
applied to power plants

— Conduct parametric studies to quantify desired
separating material properties

— Share results with chemists and material scientists to
develop new separation chemistries

] ELECTRIC POWER
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. A Roadmap for Post-combustion
Capture and Storage

NOW ENDGAME

“Small” demos Complete larger scale g:;;;nglrict:;lal
(1.7MW Ammonia, capture demos ccs

etc.)

Bench-scale — post-

combustion capture Start larger scale
demos — capture & Start multiple full
storage scale demos

Needs: Multiple large-scale CAPTURE & STORAGE demos
Timing: 2020 endgame =» start today, parallel paths

Realistic? A challenge — technical, policy, funding

Source: DOE-NETL Carbon Sequestration R&D Roadmap
Modified to add Chilled Ammonia example St
RESEARCH IMSTITUTE
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Closing Comments

« Encourage and even demand innovation, but recognize
that a commercial solution is needed very soon

At the same time, allow creativity and flexibility because
approaches that are not practical today may turn out to be
synergistic with another one tomorrow

* Increase understanding not only in one’s own research
area, but also understand the challenges and issues of
other key players in the entire solution chain

* Collaborative work, not just horizontally across disciplines,
but more importantly vertically across application levels is
critical to developing breakthrough technologies

] ELECTRIC POWER
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I What We’ll Talk About

» Scope of CO, problem
» Why the problem is challenging
— Energy
— Scale
 What EPRI is doing
— Approach and status
— External collaborations and internal effort
» Conclude
— Future roadmap
— Closing comments

| Questions?
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