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Disclaimer ZPRAXAIR
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This material is based upon work supported by the Department of Energy under
Award Number DE-FE26-07NT43088. Neither the United States Government nor
any agency thereof, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and options of authors expressed
herein do not necessarily state or reflect those of the United States government or
any Agency thereof,

The material is also based upon work supported by NYSERDA under agreement
number 10080. NYSERDA has not reviewed the information contained herein, and
the opinions expressed in this report do not necessarily reflect those of NYSERDA or
the State of New York.
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Background
* Oxy-Fuel Combustion
 Oxygen Transport Membrane (OTM)

Proposed Concept
Project status
Summary
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Clean Coal for Related
Power Generation Praxair Capabilities
Clean Coal Options Praxair Technologies Expertise In Handling CO,
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IGCC with CO, Capture | OXygen Supply :
’ Syngas Processing — Transportation
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Oxygen Transport Membrane
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Conventional Oxy-Fuel Process
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Sulfur

Oxygen supplied from cryogenic ASU
Flue gas recirculation for temperature control

3% O, in wet flue gas

Inerts

Air

co,

Suitable for retrofit and CO, capture ready designs
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e Conventional oxy-fuel process (cryogenic ASU) will
have a large energy penalty for capturing CO,
o 15— 20% of power output is consumed by cryogenic ASU
 ~10% for compressing and purifying CO,
« Cryogenic ASU technology is mature
» Improvements likely to be incremental

 Need for a technology that makes a step-change
Improvement in efficiency

* Praxair's advanced boiler technology has a potential
to reduce power consumed in air separation by >75%



Oxygen Transport Membrane (OTM) W%L%f I
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~ 500 psig

Oxy-Fuel Combustion Without Producing Oxygen
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Praxair OTM Process for CO, Capture

Recent DOE award to Praxair

*Efficiency Gain O,-Depleted Air

~ 4 % pts > Oxy-Coal Air Heater
~ 2 % pts > IGCC Air @

:f:
OTM Boiler
Industrial Gas -
Technology Filter (Il S
Syngas Syngas
OTM POx
Expander
Advanced Steam Turbines
- Technology
Gasifier

Industrial Gas
Technology

Water  caSoO, Water

Patent Application Filed I CO, Compressors

/



alrny ot ot

Preliminary Performance Comparison “Z#PRAXAIR I

Air Fired PC | Oxy-PC with CO, | OTM Process with
Boiler Capture CO, Capture

Net Output, MWe | 600 600 600

Efficiency % HHV | 39.1% 29.9% 34.5%

CO, Emissions, |0.88 0.12 0.016

t/MWh

Purity of 96% 96%

Captured CO, %

% CO, Captured 90% 98.4%

OTM Oxy-Fuel plant shows 4.6 point increase in efficiency as
compared to cryogenic Oxy-Fuel PC Power Plant w/CO, Capture
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Completed proof-of-concept testing with Natural Gas in 2006
Entered into new Cooperative Agreement with DOE in 2007

o 3year project

¢ $8.4 MM (65% or $5.4 MM Cost share from DOE)

Phase 1 (2007-2008)

« OTM development (Oxygen flux, strength and reliability)
« Down-select process integration cycle for coal power plant
Phase 2 (2009)

 Scale-up OTM size to that required for pilot testing
 Basic engineering design and cost of pilot plant

« System and economic analysis
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« Utah Clean Coal Center (UC3, Salt Lake City, Utah)

e EXxposure of oxygen transport membranes to actual coal combustion
environment

-,
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» Obtain basic understanding of coal combustion with oxygen supplied
by oxygen transport membranes in fluidized bed reactor
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« Ceramic Technology for Clean Energy (ENrG, Inc., Buffalo, NY)
« Advanced porous support
« Manufacturing process development

ENFG.

Ceramic Technology for Clean Energy New York State
Energy Research and
Development Authority
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Demonstrated robust 1
materials system 0.9

Thousands of hours
cumulative testing with no
mechanical failures

Demonstrated thermal
shock and chemical shock
resistance

Working to increase oxygel
transport rates whilst
maintaining mechanical

reliability Development Time
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OTM Porous Support
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OTM Test Facilities “ZAPRAXAIR I
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« Partial oxidation reactor
» High pressure fuel
 H,S/COS containing syngas

e OTM boiler

* Low pressure fuel
e Complete combustion

N
& ) LN -
v 5
ol 1
. -
5
i |
i
a
\
| | |
L)
| i |
K | | |
L
| 1
{ "
o — =
| Gl ! &
| = =
| W
| |
: | |
|
' =
= = !
"1
| |

)

{

e Reactor for Coal Combustion
* Low pressure fuel
» Direct exposure to coal
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Partial Oxidation Reactor Z2PRAXAIR I
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Summary ZMPRAXAIR

 Step-change technology
 Power cost associated with ASU reduced by 70-80%

« Current estimates show 4 to 5 point efficiency increase compared
to Oxyfuel PC with CO, capture

e Significant challenges

« Achieving high oxygen flux through OTM whilst maintaining
reliability

« Stability of membranes with respect to coal impurities (extent of
clean-up required not yet quantified)

 Design and engineering of alarge scale OTM boiler

» Cost of heat recovery cost from oxygen depleted air stream

« Commercial stepping stones on the way to coal power plants

 Current phase 2007 — 2009 is focused on membrane
performance and process integration



Thank you.

This presentation was written with support of the U.S. Department of Energy under
Contract No. DE-FC26-07NT43088. The Government reserves for itself and others
acting on its behalf a royalty-free, nonexclusive, irrevocable, worldwide license for
Governmental purposes to publish, distribute, translate, duplicate, exhibit and perform
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