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The Alstom Group:
a Worldwide Leader in Power Generation ALSTOM
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Project

Overview ALSTOM

Project Goals and Objectives

® Chemical Looping Program:

>Develop and commercialize chemical looping process to
meet the goals for existing or new coal-fired power plants.

® Prototype Project:

>Design (BP1), build, and test (BP2) a 3 MWth Prototype to
demonstrate Chemical Looping (40hr auto-thermal operation).

» Obtain engineering and operating information necessary to
design and build a reliable follow-on demonstration plant.
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Alstom’s Chemical Looping Development ALSTOM

Targets:

® Over 90% CO, capture from coal
® Less than $20/ton avoided cost of CO, capture

¢ Capital cost 20% < conventional steam plant (w/o CO,
capture)

® Applicable to retrofit and new coal-fired power plants
® Retrofit < 20% increase in COE

® Beat steam power and IGCC performance and
economics, world-wide

® Medium-Btu gas or hydrogen without oxygen plant
¢ Economical H, production at low cost
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Chemical Looping Prototype
Schedule As Planned

ALSTOM

5.0 Solids Transport Testing

6.0 Engineering Support

7.0 Analytical Support

Phase IVA DOE Schedule I

. 06 April 2010 .
:‘ Phase IVA _ E _ Phase IVA : ;E
Task : Br T BP2 "e
1.0 Project Management : 7 e
and Reporting . I
2.0 Prototype Engineering 2 3 . -
3.0 Prototype Procurement . . !
and Installation - (I
4.0 Prototype Operation : 1 =
Shakedown : —
Cold Flow : _— .
Hot Flow, Non-Reacting - e | 5
Autothermal I

Jul-Sep* Oct-Dec Jan-Mar Apr-Jun Jul-Sep Oct-Dec Jan-Mar Apr-Jun

2008 2009 2010
Alstom FY 08-09 FY 09-10 FY 10-11
NOF FEVY NR-NA DOF EY N9-10
Milestones:

1. Complete Preliminary Engineering

2. Deliver Updated Technical and Cost
Information to NETL (for BP1
Decision)

3. Start Installation

Phase IVA Is on Schedule

2011 CO2 Capture Technology Meeting , August 22 — 26, 2011 - -P 6

Jul - Sep | Oct- Dec Jan-Mar Apr-Jun Jul- Sep

N o o bk

2011
FY 11-12
DOE FY 10-11

Start Shakedown
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Deliver Interim Report

Deliver Final Report
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Project Overview — Funding 2008 to 2011 ALSTOM

Total Budget Period 1& 2
DOE Funding

$6,895,624

Alstom Funding

$1,723,906
Total Budget

$8,619,530

Participants:
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Alstom’s Limestone Chemical Looping Concept
Evolution

ALSTOM

Alstom Entrained Gasification
Technology (1974 — 1981)

Alstom Fluidized bed
Technology (1978 - )

Alstom - Chemical Looping Process H
Development Steps

v

Alstom’s Limestone Based
Chemical Looping Technology
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Alstom’s Limestone Chemical Looping Concept ALSTOM

* In Alstom’s process, calcium Calciner

compounds from limestone are used

co,

as the reactant Caco, .
 Coal is indirectly combusted or / N
gasified by hot oxygen carrying 71 / W o
reactant caco, £ o P
; . t" s
* The Reactant is not consumed and is / / Sg.id;‘ s
alternately reduced (oxygen [ // R
removgd) and o>_<|d|zed (oxygen o Depleted Air
replenished) as it cycles between Ash,
CaSoO,
reactors Reducer
* The Reactant also carries heat where A | Oxidizer
Coal, Steam to
needed Steam Power Cycle

Main Reactions:

Air Reactor (Oxidizer)

Fuel Reactor (Reducer)

CaS + 20, -> CaS0, + Heat 2 Cye + CaSO, + Heat-> CaS + 2 CO,

8 H;,, + CaSO, + Heat -> CaS + 4H,0
Alstom’s Limestone-based CLC Process

2011 COZ Capture Technology Meeting , August 22 — 26, 2011 - -P 9

© ALSTOM 2010. All rights reserved. Information contained in this document is indicative only. No representation or warranty is given or should be relied on that it is complete or correct or will apply to any
particular project. This will depend on the technical and commercial circumstances. It is provided without liability and is subject to change without notice. Reproduction, use or disclosure to third parties, without
express written authority, is strictly prohibited.



Chemical Looping Process:
Options and Applications ALSTOM

CO2 N2

Applications

E—DSteam
Reducer oxidizer « CO, Capture — PC Retrofit

so> oAl g - CO, Capture — CFB Retrofit
‘o Disposa « CO, Capture-Ready Power Plant
Option 1 - Combustion with CO, Capture » Advanced Steam Cycles with CO, capture
,—’ — « IGCC with Down-Stream CO, Capture
Reducer Oxidizer  Industrial Syngas production
xlbs — o 4l<_;A:: . « Coal-to-Liquid Fuels

to Disposal

Option 2 - Syngas with no CO, Capture

» CO, Capture — PC Retrofit

« CO, Capture — CFB Retrofit

e CO, Capture-Ready PC/CFB Power Plant

H2 N2

- e « Advanced Steam Cycles with CO, capture
S > o « IGCC with CO, Capture

Ash, CaS0O4

t0 Disposal * Fuel Cell Cycles with CO, Capture
o * Industrial Hydrogen with CO,

Calciner

Option 3 - Hydrogen with CO, Capture

Flexible technology with low cost
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Chemical Looping Overview

Retrofit Options

ALSTOM

Pulverized Coal Power Plant - Retrofit Concepts

H -
é N E Steam Eé(isting
: H fati team
: CO2-free = EX'SB“”.IQ — Turbine '—@mrator
: Boiler fuel = C Boiler Feed Water Power
E Reducer Oxidizer (H2) E Block
i Steam Air = —_—
: CaSO4 CaS Ash, CaSO4 : e Fluegas
: . to Disposal =
H Calciner =
: — ¥ co2 = | Existing _ Coal
: z Coal <¢— Limestone
e itassassssssssssssssssssssssssssssssssssssssssssssssssd LDUVEriZer (Caco3)
Concept1l - Chemical Looping CO2-free-Fuel; Minimum Boiler Modification
- N2 to Existing :
= coz Stack =
= ¢ : Steam Existing
= > = Steam
= = Turbine ! Generator
: Reducer Oxidizer :  Feed Water Power
= Steam bir : Block
: cas :
= Caso4 Ash,Caso4 =
= to Disposal =
: : Existing Coal
: ¢ - Coal <— Limestone
h hissEssssEsssssssssEssssssssssssssssssssss=ss Pulverizer (CaCO3)

Concept 2 — Chemical Looping Oxidizer Replaces/Modifies Boiler

Retrofit Options at < 20% Increase in COE with CO, Capture
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Alstom — DOE Chemical Looping Development Plan ALSTOM

MASTER SCHEDULE
PHASE|  FACILITY TASKS YEAR | »2001 2002 2003>2004>2005>200onoﬁzuoa>zoog>201q>2011>201;>2013>2014>2015 2016>2017>201§>2019
TEST i i | [ [ [ [ [ i | i | | | [ [ [ [
STUDIES/BENCH Reactivity tests 4——: | . | | . i i | | | | | | | | i
i ;_: REEEEEEIIEEREEEE
I PDU TEST Ca$-CaSO, '!—i : : | compieTen : :
TEST WS w e o — | PN ——
! Pou CaCO, -->Ca0 T P e e R Decision Point N N D T
EpC =T R
Il PILOT | | | : : : . . : | . . . ;
TEST | | | | i e — i | | | | | i | | |
Oxdizer/Reducer Chem ‘ ‘ ‘ . . . . . | \ j w w w . . I i
cec LD e Y e
IV | PROTOTYPE : : : : : : : ! ! : : | CURRENT ! : :
TEST | —
PRILIM. NGINEERING | | : | : : : : : : :..‘._ : : : : : |
OPERATION/TEST I ' ' ' ' ‘ I . J—I— ' |
VI | COMMERCIAL EPC : : : : : : : : : : : : FUTURE L —;—-;—
EEEEEEEEE R
Phases O, I, Il and Ill Completed Prior to October 2008. Phase IV Began October 2008 —

First Coal Fire June 2011 —Autothermal Scheduled for September/October 2011
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Chemical Looping Program
Drop Tube Furnace System (DTFS) 1997 — 2003 ALSTOM

PRIMARY STREAM

PREHEATING FURHACE

7////////% <— CARRIER GAS

7

7///////% FUEL FEEDER s A::T:;:ULMP

e
‘|‘ SECONDARY GAS _// S

FLOW — 24| DRIVE
STRAIGHTENERS

TESTFURMACE

%

WATER-COOLED SAMPLING
PROBE

TO SUCTION PUMP | TO GAS ANALY SIS/
DATA ACQUISITION

SYSTEMS:
N + WO
502
+ CO2

+ CO

FILTER HOUSING ——

Schematic of Drop Tube Furnace System-1 (DTFS-1)
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Chemical Looping Program
4 Inch Fluidized Bed Reactor System (1999 — 2003) ALSTOM

Small bubbling bed test facility

mﬂ:'ji% " Used fon Reducer Kinetics
%’g - ﬁgm © Fuel & Limestone Characterization 1000 mlcron
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V\E& Obsenation Port BN Heating Element
& . * Fuel fragmentation (FAD)
N 40
Fuel/ Sarbent SorewFeeder \§ Insulation .
§§ * Fuel reactivity
| B
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~
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iy
0 T T T .
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Temp (degF)
Work was completed in 2003 and was used
together with DTFS data to determine Kinetic
Rate Data

® Batch Tests Yield Reaction Rates Over a Wide
Range of Temps and Compositions

® Basis for Equipment Sizing for Plant Cost and
Economic Studies

® Basis for Chemical Looping Process
Development Unit Design
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Chemical Looping Program
Process Development Unit (PDU) 2004 -2008 ALSTOM

Chemical Looping Process Development Unit
(PDU)

- Designed and Built by Alstom for about $1M

. * 2 Year Test Program - $4M — 80% funded by US-
DOE

SA Loop

* Allows Testing of Individual Loops and Processes
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Chemical Looping Program
Summary of Kinetics Studies

ALSTOM

Chemical Looping Reaction Kinetics Studies

Test Equipment DTES 4 Inch FBR | ChemLoop PDU
Particle size {micron) 50 1000 < 1200 Fuels Tested
Reactions Studies

1 Carbon Gasification {via CO2) X 4 X (2) 1. Pitt 8 Char

2 Carbon Gasification {via CaS04) X (2) X (1,3) [ 2. PRB Char

3 Devolatilization X 4) X (1,2) " 3. Wood Charcoal

4 CasS Oxidation X 4 " 4. 15 worldwide coals & chars
[ 5. Gypsum

5 CaS5(4 Reduction X (9) X (6) [ 6. CFB Ash
[ 7. Reduced CFB ash

6 Ca0 COZ2 Capture X9 X (8) X (B) [ 8. Chemstone Limestone
" 9. Marblewhite Limestone

7 WGS X X

8 WGS (w/ Cal) X (6) X (6)

9 CaS Oxidation X {6.,7) X {3) X AT)

Extensive Kinetic Studies Performed To Size The Prototype
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Chemical Looping Program
Chemical Looping Kinetics

ALSTOM

1.E+08

Chemical Looping - Kinetics Summary

2000 degF 1400 degF

1.E+07 -

v

\
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=

m

+
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w
|

1.E+02 -
1.E+01

k(wgs) (%/sec-ata”2)

k's (%/sec-ata), except

1.E+00

1.E-01

8 9 10
1/Temp (degK * 1074)

—&— Pitt 8 Carbon Gasification

—1— Charcoal Gasification

CaSO, Reduction (FBHE ash)

CaSO, Reduction (FBHE ash w/ SA

—%— CO,, Capture (FBHE ash)

—@— CO, Capture (FBHE ash w/ SA)

—— Water Gas Shift (FBHE ash)

—a— \Water Gas Shift (FBHE ash w/ SA)

CasS Oxidation

Extensive Kinetic Studies Performed To Size The Prototype
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Chemical Looping
Cold Flow Model (CFM) ALSTOM

Chemical Looping

15 Ft CFM (0.75" Riser) § PDU-Loop vs CL-15-Loop

1 PDT 2206 61~76
2 PDT 2207 46~61
3 PDT 2208 21~46
4 PDT 2209 16~31
S PDT 2210 sealpot
6 FDT 1214 f eed~pickup |/
7 PDT 1212 sugar scoo
8 POT 1215 low el bow
9 PDT 2203 vertical

2 4 8 8 10 12 10FPDT2204top el bow

11PDT2205cy c~drain

B
40 Ft CFM (4" Riser)

Frecsure drop, "wg
'6 homd s 3

o

Sectionin loop
‘ ——Cold loop avg —®—HOT loop avg

Laser Solids Velocity Probe

» Goals for the CFM:
» Distribute, Transport, and Control Solids Flow
» Scale-up
» Training, Operating, and Trouble Shooting
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ALSTOM'’s Chemical Looping
40ft Cold Flow Model (CFM) ALSTOM

Reducer SPCV

Pressurizing
Column SPCV

Oxidizer Riser
Cactus

Pressurizing
Column from
Oxidizer to Reduce fess

Reducer Inlet Air

Reducer Riser Wﬁ 3
Reducer Dipleg ’ig:
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ALSTOM'’s Chemical Looping - CFM

4 Hours Steady Operation — Pressure Balance

ALSTOM

load
]
P37
P36
I _

ps— [ ] [
\

P38

[ P43
P42
T32 F3é3 e | Butterfly
T Valve
=

480 in

G36 [P

" AN PS5
Pa2— 643\ .
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load cell
P2 P21 P23

Butterfly
Valve

P13

P14

P15
P16

Pressure along Loop ["wg]

200

180

160

140

120

100

80

60

40

Loop Pressure for 4 Hours Steady Run (17 JAN 2011 10:00 to 14:55)

TR, TO/F1,T2/F38,T39/F40,T41/F31,T32/G
| __ 5208, 2955/41.9,55.1/21.4,14.0/0,0/65.3

4 Hours of steady Operation

© ALSTOM 2010. All rights reserved. Information contained in this document is indicative only. No representation or warranty is given or should be relied on that it is complete or correct or will apply to any
particular project. This will depend on the technical and commercial circumstances. It is provided without liability and is subject to change without notice. Reproduction, use or disclosure to third parties, without

express written authority, is strictly prohibited.



ALSTOM’s Chemical Looping - CFM
4 Hours Steady Operation ALSTOM

2011-01-17 10:26:40

load cell
CJ

PO PO pp P21 P23

200

Butterfly:

Valve S =
—

paog/

P43

Butterfly
Valve

P42
T32F31
G3

P4 § P13 o
® =
=
= o
o 92 -
= —
=
o
L
Pa— 2
[=%
o _|
L
P33
4 P ——
past t—o—w—-—::ﬂr—.—.-uf i
pgl—XOxider o —

TO

TAL F40

Loop3.wmv

Solids flow and pressures around the loop remain steady during operation.
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Chemical Looping - CFM
Summary ALSTOM

® CFM validated the Prototype’s solids transport concept

® Multi-loop CFM operation was demonstrated:

>start-up and shutdown
> control stability of the system

® Data used to verify the scale-up method
® CFM used for the training of operators for the prototype unit

® CFM will be used to trouble shoot Prototype solids transport

2011 CO2 Capture Technology Meeting , August 22 — 26, 2011 - - P 24

© ALSTOM 2010. All rights reserved. Information contained in this document is indicative only. No representation or warranty is given or should be relied on that it is complete or correct or will apply to any

particular project. This will depend on the technical and commercial circumstances. It is provided without liability and is subject to change without notice. Reproduction, use or disclosure to third parties, without
express written authority, is strictly prohibited.



Phase IVA - Chemical Looping Prototype ALSTOM

Chemical Looping 3 MWt Prototype Concept

® Up to 1000 Ib/hr coal flow
® 1stIntegrated Operation
® 1st Autothermal Operation

Prototype:

® Location — Alstom Power, Windsor, CT.

® All Equipment Necessary for Viable Demo
Design

® Design, Construction, Operation,
Maintenance, Modification by Alstom
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Chemical Looping Prototype
Component Construction ALSTOM

Secondary Cyclone \{-FI _

Primary Cyclone

MTE — Mew Refractory Lining

Upper Seal Pot
Diplegs

Reducer Spool Pieces

Lower Seal Pot
Wain Seal Pot

Reducer Cactus

Fluidizing Section

The Prototype was
integrated into the
existing Multi-use
Test Facility (MTF)
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Chemical Looping Prototype
Components Installed

Product Gas Condenser/Chiller
Removes water from the product gas
and protects Recycle Gas Compressors

\\

ALSTOM

Recycle Gas Compressor supplies
fluidizing gas for the SPCV’s
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Prototype Startup

Main Control Room Operating station Control System Programming Station

Prototype startup in progress
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Prototype Progress To Date
ALSTOM

The Prototype project has made significant progress toward
achieving fully integrated operation.

« Controlled solids recirculation in the cold flow model and the prototype.

» Online heat-up of the process by external electric heaters, external
natural gas burners and direct injection of natural gas into the reactors.

* Coal firing at relatively low reactor temperatures with low tar formation.
* Coal firing at design temperature with no evidence of tar formation.

* Coal and sorbent feeding online.

* SAHE operation.

e Hot restart after main fuel trip.

* Production of CO, (Option 1) and Syngas (Option 2).

e Combustion reactions with chemical looping reactions.

Chemical looping reactions were achieved on June 11, 2011
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CaOx - Chemical Looping Prototype Results ALSTOM

Reducer Performance
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 Point “A” - 360 Ib/hr of coal and 1900 Ib/hr of air for solids transport were flowing to the reducer
 Point “A” to Point “B” - CO,, concentration is about 35% vol.

 Point “C” - The recycle intake was switched from air to recycled product gas. The CO, slowly
rises as N, is washed out of the system

Chemical looping reactions were achieved on June 11, 2011
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Agenda ALSTOM

Topic 1 General Project & Technology Background

Topic 2 Phase O to Il Activities

Topic 3 Phase IV Activities and Status

Topic 4 Next Steps
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Alstom — DOE Chemical Looping Development Plan ALSTOM

MASTER SCHEDULE

PHASE FACILITY TASKS YEAR 2001 2002 2003> 2004> 2005> ZDOQ 2007> 2003> 2009> 201D> 201‘> 2012> 2013> 2019 2015> 2016> 2017> 201$> 2019
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Next Steps — Demonstration and Commercial Projects
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Chemical Looping
Path Forward ALSTOM

® Phase IV A

> Auto-Thermal 40 hour Coal Operation
> Optimization Test

® PhaselV B

> Options: Syngas, H,
Add and test Calciner
® PhaseV

> Demonstration Plant
® Phase VI

> Commercial Plant
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Alstom - Chemical Looping Process
Development Steps ALSTOM

-~ Y  2017-2023

T —

-

-

— _ - -
- 2014-2016

Commercial
Scale

>100 MWe
Demonstration |

10 - 50 MWe

Prototype
1& 3MWth

Pilot Plant
10-100 kWth

Bench Tests |
Drop-Tube/TGA

Small & Large
Cold-Flow-Model
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Any Questions?

www.alstom.corr

Thanks to DOE-NETL!

ALSTOM
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