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Alstom Power Inc.
Chemical Looping Development ALSTOM

Overall Objective:

€15/ton of CO, avoided

Over 90% CO, capture

10% lower capital cost than a conventional unit
(without CO2 capture)

Less than 35% increase in COE for CCS
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Basic Chemical Looping Principle

ALSTOM

N,, O, H,0, CO,

Oxide carrier

Air reactor

Fuel reactor

Air Fuel
(C.H,)

No Air Separation Unit (ASU) Required
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Q.
A.

Alstom’s Chemical Looping Concept ALSTOM

Why Chemical Looping?

Carrier Solids have three functions:

To Capture CO2, at Lowest, CAPEX, OPEX 1. Oxygen
and COE 2. Heat
Alstom’s process uses calcium compounds from
limestone which become the reactant and carrier
solids).

3. CO,

CO,

Calciner

The Reactant is not consumed and is alternately
reduced (oxygen removed) and oxidized (oxygen CaCo,
replenished) as it cycles between reactors.

Coal is indirectly combusted or gasified by hot 71 S | Heat
oxygen carrying reactant Cacos /' / ~

/ / gg Itid‘s"x
The Reactant also carries heat where needed. [ /

Product Gas

Reducer

Oxidizer

Coal, Steam to
Steam Power Cycle
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Chemical looping Process:
Options and Applications

ALSTOM

CO2 N2
z—bSteam
Reducer Oxidizer °
Coal
CaCO3 ==l g Air .
Steam
aso4  CaS Ash, CaS04 °
to Disposal

Option 1 - Combustion with CO2 Capture

Syngas

CO,H2 N2

°
Reducer Oxidizer [
Coal
CaCO3 m=pp Air °
Steam
aso4  Cas Ash, CaSO4

to Disposal

Option 2 - Syngas with no CO2 Capture

H2 N2

Red Oxidizer
Coal °
CaCO3 ==y Air
Steam N

CasO4  CaS Ash, CaS04

to Disposal

Calciner co2

Option 3 —Hydrogen with CO2 Capture

Applications

CO2 Capture — PC Retrofit

CO2 Capture — CFB Retrofit
CO2 Capture-Ready Power Plant
Advanced Steam Cycles

ICGG with Down-Stream CO2 Capture
Industrial Syngas
Coal-to-Liquid Fuels

CO2 Capture — PC Retrofit

CO2 Capture — CFB Retrofit

CO2 Capture-Ready PC/CFB Power Plant
Advanced Steam Cycles

IGCC with CO2 Capture

Fuel Cell Cycles

Industrial Hydrogen, CO2

* Lowest Cost CO2 Capture Option

« Competitive with or without CO2 Capture
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Chemical looping Process:
PC Power Plant - Retrofit Concepts ALSTOM

Steam isti
» Existing

it Steam |
E)élthloniér — ] Sream —@nerator

Feed Water | power

AN

CO2 free
Boiler fuel
(HQ)

Reducer Oxidizer Block
Steam ir  —
CaSO4 Cas Ash, CaSO4 / - Fluegas
Calciner_>t0 Disposal
—— " CO2 Existing _ Coal
Coal = [*—Limestone
_________________________________________________________ Pulverizer (CaCo03)

Concept 1 — Chemical Looping — €02 Free Fuel; Minimum Boiler Modification

cO?2 N2 to Existing

: :
E Stack E st v

= = eam Xisting

= - = . » Steam

= = <€4— Turbine Generator
: Reducer Oxidizer Feed Water Power

= Steam Air : Block

: Caso4  CaS ash cso4 :

= to Disposal =

= : Existing ~ Coal

= - Coal | Limestone
e R EE I NN NN EEEEEEEEEEEE N NN N EEEEEEEEEEEEEEEEEEEN Pu|verizer (CaCOS)

Concept 2 — Chemical Looping Oxidizer Replaces / Modifies Boiler
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ALSTOM’s Chemical Looping

Economics for Retrofit Application

ALSTOM

5.0

4.0

3.0

2.0

COE (Euro-cents/kW-hr)

1.0

0.0
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Chemical Looping Development
Phases LI & IV ALSTOM

MASTER SCHEDULE
PHASE|  FACILITY TASKS YEAR >2001>2002>2003}2004>200§>2006>2007> 2003> 2009> 01q>2o11
| | | | | | |
STUDIES/BENCH TEST 4_:_: : i i i : : : :
0 PDU EPC | . — | COMPLETED | | | |
| I | i i i | I | |
| PDU TEST CaS-CaSo0, | | 'H | | |
i | | g i g i Phase |V ,
I PDU TEST WGS H, wi de CO, 1 mmmmma || |Decision Points
CaCoO, -->Cal | | | | | | | "
| | | | i i |
[} PILOT EPC | | | | | "1'— | : | | |
TEST | | | | | | — | ‘ | | ‘
EPC | | | i | | | . | * | | *
V | PROTOTYPE e L LCURRENT |l
Bl B ENET
| | | | | | | |
PHASE|  FACILITY TASKS YEAR >2001 2002>2003>2004>2005>2006 2007>2003> 2009>201q>2011
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Chemical Looping Pilot Plant 65 kWt ALSTOM

Original Reducer
Gas Sampling Port -

tor

New Reducer
Gas Sampling
Port - A

SA Laoop

Designed and built by Alstom

Allows testing of individual loops and processes

[rmpactor

/SQ Eiser
Eeducer

_______r_-—-l

3 year successful test program — Completed

Riser

All chemistry / rates verified

idizer Loop

R i FO - * Phase Il - Pilot Plant

Solids == - Two exhaust fans / stacks
Heater~_ - Automatic solids transport controls

Product
Gas

Coolers & Burner

Filters (5)

Reducer

Sealpot
Control
Valves (2)

Ash
Coolers (6)
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Chemical Looping
Cold Flow Model ALSTOM

4.6 m Model

T 12.2 m Model
2 PDT2207 96~61"

z PDT2208 Zimac”

4 PD 72200 16~21"

5 PDT2210 sealpot

6 PDT1214 feed-pickup
7 PDT1212 sugarscoop
2 PDT1215 low elbow
o9 PD 72208 vertical

10 P TZ204 top elbow
11 PO TZZ05 cyomdrain

Pressure drop, "wg

Section inloop

[——coldioop ava = HOTloop ava

" Cold Flow Model — Flow Stability, Scale-up
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Chemical Looping Pilot Plant 65 kW, ALSTOM

Phase |, II, lll - Accomplishments

All Milestones successfully completed — On-time, On-budget

Pilot Testing (65 kW,,,) — Successfully completed

4.6 m Cold Flow Model testing completed — Stable solids transport
achieved

12.2 m Cold Flow Model — Stability achieved, Scale-up verified
Alstom’s Phase IVA - 3 MW, Prototype Release.

US DOE Cooperative Agreement — Sept., 2008
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Chemical Looping Pilot Plant 65 kW, ALSTOM

Phase |, II, lll - Highlights

« Reactions Validation
« Simultaneous and smooth operation of 4 solids transport loops.
« Multi-loop control requirements established.

 Start-up, shut-down, and emergency quick shut-down and restart
demonstrated.

» Scale-up of Solids flow from 4.6 m tall X 19 mm diameter to 12.2 m
tall X 100 mm diameter reactor.

3 MW, Prototype specification developed.
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Chemical Looping Prototype
Phase IVA ALSTOM

Chemical Looping 3 MWt Prototype Facility
Preliminary Concept

* 455 kg/hr coal flow
* 1stIntegrated Operation
* 1st Auto-thermal Operation

Phase IV Objective:

Obtain the engineering and operating information
required to build and operate a reliable,
commercial-size demonstration plant.

Prototype:

* Location — Alstom Power, Windsor, CT

 All Equipment necessary for viable Demo Design
 Design, construction, operation, maintenance,

?i? modification by Alstom
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Chemical Looping Prototype

Phase IVA Conce

pt

ALSTOM

to Cooler and <

Medium-Btu Gas
Fuel Compression

] MBG (H2)

CO2

N2 Rich Fluegas

CO2 rich product to
Gas Processing System

| Tubular [

Air
Heater

|
' I
|
I I
Oxygen Transport CaO
Chemical Loop — :
Carbonate ] I
Chemical Loop
Calciner CPPTrrrY S |
Thermal Loop | o
Reducer I Oxidizer
|
Coal —»|
A
Limestone Sh
Cas oole
Process Steam Solids Drain |
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Chemical Looping Development - Phase IVA

ALSTOM

1. Solids Transport Testing

* Prototype as Cold Flow Model (CFM)
* High Solids Load Tests in 12.2 m CFM

2. Design/Build/Test Program -

« Modified Small-scale Cold Flow Modeling
» Design/Test Prototype plant
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Chemical Looping Prototype
Current Schedule ALSTOM

Task

1.0

2.0
3.0

4.0

5.0
6.0
7.0

Project Management
and Reporting
Prototype Engineering
Prototype Procurement
and Installation
Prototype Operation
Shakedown
Cold Flow
Hot Flow, Hon-Reacting
Autothermal
Solids Transport Testing
Engineering Support
Analytical Suppert

BP — Budget Period

: Phase IVA : Phase IVA :
:‘ BP1 bi‘ EP? _'E
' : : 5
1
2 3
4

Jul - Sep: Oct - Dec Jan - Mar  Apr-Jun Jul-Sep Oct-Dec Jan-Mar Apr-Jun  Jul-Ssp Oct-Dec Jan - Mar Apr- Jun

2008 2009 2010 201

Alstom FY 03-08 Fy 09-10 Fy 10-11 FY 11-12

DOE FY 08-09 DOE FY 09-10 DOE FY 10-11

Milestones:

o ~ w0 bdh -~

6.

Preliminary Engineering — Completed

Submit Updated Cost to DOE-NETL —Completed
Start Installation

Start Shakedown

Complete Phase IVA Testing

Deliver Final Report
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Chemical Looping Development
Proposed Phases V and VI Schedule ALSTOM

MASTER SCHEDULE

PHASE|  FACILITY TASKS YEAR 2oo1>2002>2003}200&200§>200c5/>2007>2uoa>2uoe>‘u1(>2011>20@zu1a>zu14>2015>201q>2017>2013>2u19
| | | | i | | | l | l L | | l | | '
i
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[ e s i e S S
| PDU TEST CaS-CaSO4 ‘ i H | | | | i i i | COMPLETED | | |
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CaCo, ->Ca0 it | DecisionPoints) i i i i 4
e e e e e R e e e e R
[ PILOT EPC I I Y @J T N R R R
TEST e
ere I T A R A RO i 2 2 R A R
7| I N S A R B U e e ma CU RRENT [y ey
TEST bbb ——————
T T T T T 1T T T T T T T T
PRILIM. NGINEERING 3 i i i i i i i i " — i i i i i i
A st A B Sy A B S
v DEMO EPC ] ee——
OPERATION/TEST T A (S A
| | | | | | | | | | | | | | | | j j
e S S A Y B R B T

VI | COMMERCIAL EPC | i i i i i i ; i i i i FUTURE | & it
1 e S i B B

OPERATION e e e e

PHASE|  FACILITY TASKS YEAR zoo1>2ooz>zooz>zoc@2oo§>2oo‘5>2007>2003>2005>201(>2011>zn1;>zn13>2014>2015>2016>2017>2013>2019
| L | L ! L | | L | L ! | | L | | !
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Chemical Looping Prototype ALSTOM
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