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Useful - Pre-combustion - Tanker - Deep saline formations
Products - Oxyfuel combustion - Unmineable coal seams

(Electricity, Fuels, - Ocean
Chemicals, Hydrogen) - Mineralization




What are realistic prospects for large-scale
Implementation of CCS at coal-fired facilities,
and in what time frame?

Are planned demonstration projects sufficient
to begin the widespread development needed?

What are the prospects for technology transfer
to developing countries?

What carbon prices are needed to achieve all
this?




Current status of CCS




Pre- and post-combustion GC@apture technologies are
commercial and widely used in industrial processssp
at several gas-fired and coal-fired power plartspaall
scale (=50 MW); COQcapture efficiencies are typically
85-90%. Oxyfuel capture still in development.

CO, pipelines are a mature technology

Geological sequestration is commercial on a limiass,
mainly for enhanced oil recovery (EOR); severajgurts
now in operation at scale of ~1 Mt CQr

Integration of CQcapture, transport and geological
sequestration has been demonstrated in severdatrradu
applications—but not yet at an electric power pland
not yet in the U.S.




Examples of Post-Combustion
CO, Capture at Coal-Fired Plants

(Source: ABB Lummus)
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Shady Point Power Plant Warrior Run Power Plant
(Panama, Oklahoma, USA) (Cumberland, Maryland, USA)
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Examples of Pre-Combustion
CO, Capture Systems
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Petcoke Gasification to Producg H  Coal Gasification to Produce SNG

(Coffeyville, Kansas, USA) (Beulah, North Dakota, USA)
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Oxy-Combustion Pilot Plant

Vattenfall Schwarze Pumpe Station (Germany)

14 Sept 2008

Source: Vattenfall, 2008
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CQO, Pipelines for Enhanced Oil Recovery

Source: USDOE/Battelle
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Geological Storage of Captured C@th
Enhanced Oll Recovery (EOR)
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Sources: IEAGHG: NRDC: USDOE
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Geological Storage of Captur
CO, In a Deep Saline Formation

Sleipner Project
(Norway)

Source: Statoil
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Geological Storage of Captur
~ CO,In a Deep Saline Formation

In Salah /Krechba(algeria)

Source: BP
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Prospects for largscale
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Barriers to CCS Deploymefit)
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Worldwide
Activity
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Location

CO2 Fate

Project Name Feedstock Size MW Capture Start-up
Process

|Tota| Lacq France Qil 35 Oxy Seq 2008

| Vattenfall Oxyfuel Germany Coal 30/300/1000 Oxy Undecided 2008

| AEP Alstom Mountaineer USA Coal 30 Post Seq 2008

| Callide-A Oxy Fuel Australia Coal 30 Oxy Seq 2009

| GreenGen China Coal 250/800 Pre Seq 2009

| Williston USA Coal 450 Post EOR 2009-15

| NZEC China Coal Undecided || Undecided Seq 2010

| E.ON Killingholme UK Coal 450 Pre Seq 2011

| AEP Alstom Northeastern USA Coal 200 Post EOR 2011

| Sargas Husnes Norway Coal 400 Post EOR 2011

| Scottish& So Ferrybridge UK Coal 500 Post Seq 2011-2012

| Naturkraft Kérstg Norway Gas 420 Post Undecided || 2011-2012

| ZeroGen Australia Coal 100 Pre Seq 2012

| WA Parish USA Coal 125 Post EOR 2012

| Coastal Energy UK Coal/Petcoke 800 Pre EOR 2012

| UAE Project UAE Gas 420 Pre EOR 2012

|Appa|achian Power USA Coal 629 Pre Undecided 2012

| Wallula Energy USA Coal 600-700 Pre Seq 2013

| RWE npower Tilbury UK Coal 1600 Post Seq 2013

| Tenaska USA Coal 600 Post EOR 2014

| BP Rio Tinto Kwinana Australia Coal 500 Pre Seq 2014

| UK CCS project UK Coal 300-400 Post Seq 2014

| Statoil Mongstad Norway Gas 630 CHP Post Seq 2014
0 | RWE Zero CO2 Germany Coal 450 Pre Seq 2015
8 | Monash Energy Australia Coal 60 k bpd Pre Seq 2016
(:. | Powerfuel Hatfield UK Coal 900 Pre EOR Undecided
§ | ZENG Worsham-Steed USA Gas 70 Oxy EOR Undecided
I8} | Polygen Project Canada || Coal/Petcoke 300 Pre Undecided | Undecided
% | ZENG Risavika Norway Gas 50-70 Oxy Undecided | Undecided
(CID) E.ON Karlshamn Sweden Ol 5 Post Undecided | Undecided




DOE/NETL CCS Technology
RDE&D Timeline

Capture Technoloéy Laboratory—Bench-PiIot Scale R&D

o______

Capture Technology L iIrge-Scale Field Testin

e e ae e

Capture Te

e

hnology Full-Scale Demos

_ CCS Commercialization
Carbon Sequestration Phase Il -- Validation

Carbon Sequestration Phase Il -- Deployment

2008 2010 2012 2016 2020 2024
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EPRI Vision for CCS Development

Source: EPRI, 2008
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CURG-EPRI Clean Coal
Technology Roadmap Goals

Source: CURC, 2008

E.S. Rubin, Carnegie Mellon



Technical Potential for CReductions
from the U.S. Utility Sector

Source: EPRI, 2007

3500
* Achieving all targets is very aggressive, but potentially feasible.
3000 -
EIA Base Case 2007
2500 —
2000 -

Load Growth ~ +1.5%/yr Load Growth ~ +1.1%/yr

Technology EIA 2007 Reference
Efficiency

U.S. Electric Sector
CO, Emissions (million metric tons)

1500 B Renewables 30 GWe by 2030 70 GWe by 2030
Nuclear Generation 12.5 GWe by 2030 64 GWe by 2030
No Existing Plant Upgrades 150 GWe Plant Upgrades

1000 Advanced Coal

CCS plays

Generation 40% New Plant Efficiency 46% New Plant Efficiency
by 2020-2030 by 2020; 49% in 2030 the |argest
<o Bces None Widely Deployed After 2020 role
10% of New Vehicle Sales by 2017;

I PHEV None +2%l/yr Thereafter

. DER < 0.1% of Base Load in 2030 5% of Base Load in 2030
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Everyone Agrees: FuBcale CCS
Projects Are Urgently Needed
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Will It Happen?

Plans Gang Aft Agley

Project Location Technology CCS Developers
FutureGen USA 275 MW coal IGCC Pre-/ Aquifer | FG Alliance, DOE
Clean Coal Canada 450 MW lignite PC Oxy-/ Geol. | SaskPower + others
Peterhead UK 475 MW gas IGCC Pre-/ EOR | BP, SSE
Halten Norway 860 MW gas NGCC Post-/ EOR | Statoil, Shell
Carson * USA 500 MW petcoke Pre-/ EOR | BP, Edison Mission

IGCC




What Does a FuiBcale
CCS Project Cost?
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As Best | Can Tell ...
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Recent CCS Funding Commitments
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One Recent U.S. Proposal:
The Boucher Bill (HR 6258)
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What Will Happen, and When ?
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Barriers to CCS Deployme(i2)
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Several nations and regions are
working on CCS regulations

_ Victoria and offshore
Ausl“,t alia

r
Details went on hold with new Gvt. in Nov 2007

UK

The EU




USEPA has developed a draft rule
for CCS under the UIC program

EPA has run a series of workshops
and released a draft rule. Comments
are due in November 2008.

EPA proposal developed under

authorization provided by the
Safe Drinking Water Act
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Some Unresolved Issues

E.S. Rubin, Carnegie Mellon



One of Several Current Efforts:
The "CCSRed Project
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Barriers to CCS Deployme(it)
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Options for Accelerating CCS

(as in Energy Policy Act, USDOE CCTI program, etc.)

(as per Pew Center, EPA ACT committee, Bouchel) bl

(as in Lieberman-Warner bill and others)

(as in California CQstds, NSPS for major pollutants, etc.)
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Recent Cap & Trade Bills
Included Incentives for CCS

Source: Pew Center on Global Climate Change, 2008
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How Rapidly Could CCS be Deployed?
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Prospects for Technology Transfer
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Cost of New Power Plants
with and without CCS

| De

* 2007 costs for bituminous coalgas price $4-7/GJ; 90% capture; aquifer storage
I I I I I I I I I I
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Typical Cost of CQAvoided

(Relative to e8CPC reference plamt/o CCS)

Levelized cost in 2007 US$ per tonne CO, avoided
(based on current technology w/ bituminous coals)

3RZHU 30DQW &\NZVBI)I?SHUFUG\N @’FHDJ}E HG
relative to SCPC plant | 3XOYHUL]JH|G HG &\F
without CCS) 30DQW 3QDQW
Deep aquifer storage ~ $70 tCO, ~ $50 /tCO,
Enhanced oll recovery Cost reduced by ~ $20-30 /tCO
(EOR) storage y ?

Source: Based on IPCC, 2005: Rubin et al, 2007; D2I®7
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Technology
Innovation
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Cap & Trade Is not the Only Option

Capital Cost Reduction for Flue Gas Desulfurization

T 100% @~
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g % y =1.45x 1% o = y =1.28x 19931995
R2=0.79 § L a0, R“=0.75
% g Cost reduction = 11% P Cost reéiuctt)llc_)n = f12/°
per doubling of 8 _per ”05 Ing Of
a E installed capacity; 3 installed capacity
£ 50% reduction §
over 20 years &
10% ; ‘ D 10% ‘
1 10 100 1000 1 10 100
Cumulative World Capacity of Wet FGD Systems (GWe) Cumulative World Capacity of SCR at Coal-Fired Plarts (GWe)

(Based on 90% S@emoval, 500 MW plant, 3.5%S coal) (Based on 80% NGremoval, 500 MW plant, medium S coal)
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