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Air Liquide & CO,

e CO,as a product — 24 CO, plants in US

Market e Huge potential market in EOR application
position

Air Liquide Cryocap ™: new range of products for this market
* Cryocap™H,. CO,capture during Hydrogen production
* Cryocap™ Oxy: CO, capture with Oxycombustion

* Cryocap™ NG: CO, capture from Natural Gas
* Cryocap™ Steel: CO, removal from Steel Production
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Air Liquide -- CO,, separation solution provider

Cryogenics
>

CRYOCAP™
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Large Air Liquide CO,, Projects

'AIR LIQUIDE Port-Jéréme, FR (2015) |
Cryogenic CO2 capture on SMR H2
CO2 capture for liquid production
AL scope: investmentincluding
CPU & Membrane

xy-combustion boiler

Cold
membrane
project

N T

A

\silsonville, AL (2015)
National Carbon Capture Cente
0.3 MWe PC air-combustion
CO, separation and release
AL scope: fieldtest unit

p

20 MWth PC & 30 MWth
CFB oxy-combustion boilers
AL scope: CPU

~165 MWe Oxy-coal Power plant
with CO; capture for CCS

AL scope ASU_CPLLE mixo

LAFARGE Le Havre - FRANCE
Oxycombustion for cement

Industrial Cement plant with CCS
feasibility study
AL scope: ASU & CPU study

ULCOS Florange - FRANCE
Low CO2 Steelmaking

Industrial blast furnace
with CO, capture & storage
AL scope ASU & CPU study

30 MWe coal oxy-combustion
boiler with CO, partial capture
and storage
AL scope ASU, CPU

300 MWe Oxy-coal Power plant
with CO, capture for CCS
AL scope: ASUFEED

140TPD CO2 Capture from gas fired
Turbine for Food and Beverage
Industry
AL scope ASU, CPU

R&D
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Cold Membrane Technology Roadmap

COMMERCIAL
PLANTS

“

LARGE SCALE
PLANTS

PILOT/FIELD

TESTS

CONCEPTUAL/
BENCH SCALE
STUDIES

h

Pi-1
(Commercial Material)

' Project 1 DE-FE0004278 | g el
, Project 1 DE- i (25-30 MWe)

' Project 2 DE-FE0013163
' Project 3 DE-FE0026422 |

Project 2
$6.5MM

NCCC (2x12" Bundles)
0.3MWe

Pl-2 4-5X
Bundle

Project 1 - -
$1.6MM Productivity
DRTC - 6" Bundles
Tested at 0.1 MWe (Novel Material)

- NCCC - 1” Bundles
m %

2010

—_—

2012 2014 2016 2018 2020
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Project Overview
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Project Overview: CO, capture by cold membrane

Project target: CO, capture from coal fired power plant flue gas with AL cold
membrane technology at $40/tonne:

Total Budget: $4.0MM, DOE Funding - $3.0MM, AL Cost Shares - $1.0MM
Period of Performance: 10/01/2015 through 12/31/2018 over 2 budget periods

Budget Period 1 (Oct 2015- June 2017) $1,600,000

Budget Period 2 (Jul 2017- Dec 2018) $2,370,000

NETL Project Manager: José Figueroa
Project Partners: ALAS (membrane scale-up and manufacturing), NCCC (field
testing), E&C (engineering cost analysis), Parsons (TEA review)

’7 MEDAL (Membrane Manuf,)

Parsons Gov. Serv. Newport, DE
Pasadena,CA —, -

Newark, DE
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Motivation: Membrane? Why cold? Why PI-2

FEED 1

High pressure@

100 -

MEMBRANE PERMEATE o
NONPOROUS Low pressure

10

polymer
membranes

2008: Improved CO, selectivity at T -\ atcold T

below ambient .
% Why PI-2? -- improve productivity i BEi Al WAl WA wE whl e
% 4-5 X higher CO, productivity 0.0001 0.01 1 100 10°

% Why cold? -- improve selectivity
% Discovered by Air Liquide R&D in

1 §fiiid

P(COQ) Barrers
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Air Liquide Capture Technology Summary

% Air liguide hybrid cold membrane - liquefaction process
- Novel cold membrane technology
- Well established liguefaction

COLD LIQUEFACTION
POWER PLANT MEMBRANE

ue gas from coal
olant at 0.3 MWe (
t unit at NCCC

tic flue gas at

(TRL4) bench s m—)




Synthetic flue gas testing

0.1MWe (TRL 4) bench scale skid

Cold Box
With membrane and
heat exchanger

Compressor Gas Handling ’

*' ' and flow- meters
i - » : .
r“ l . ‘
2 i\
s . ‘

.nl“'

Control Panel

eeeeeeeeeeeeee
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Actual flue gas testing at NCCC

0.3MWe (TRL 5) field test unit

HP Dryerand
filters

Membrane

P LP Pre-treatment

90§ — _— - - j‘
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Actual flue gas testing at NCCC

O 3I\/IWe (TRL 5) field test unlt
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Current Technology
Status
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Membrane bundles -

Diameter

Length

lab scale to commercial scale

Fiber Count

in. (mm)
0.25-0.%

ft. (m)
0.5-2.8

Mini permeator | 64 _127) | (0.15-085) | <1000
Permeator 1" (254) | 1.6(0.5) 2 - 20x
Prototype 2.5" (63.5) 10 - 100x
Permeator

R&D prototype | 1, 101 6) 100 — 400x

bundle 28
6” bundle & (1524) | 08 | 200 1000x
(commercial)
12” bundle 12" (304.8) 500 - 4000x

(commercial)

Oﬂlrllqwde
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PI-2 1" mini permeator tested at NCCC (2016)

% Testing for viability of PI-2 membrane in treated flue gas service
% Tested during the previous DOE-AL project (DE-FE0013163)

NCCC Field Testing PI-2 1" Permeator
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CO, Recovery and Purity (%)
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—+-C02 Recovery
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Design/Manufacture 4” PI-2 Bundles (2017)

. ’~J - =
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2 gallon r{"’ 15 gallon

Pilot mixers DSU unit Two prototype bundles
Multi-filament spin line

Development spin unit (DSU) - representative of commercial
spin line
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4" Bundles tested with synthetic flue gas

360 : 140
Bundle PI-2: 18% CO,/N,, 200 psig, -45°C

320 130
280 . 5 | 120 £
- 1‘\ ermeate @ 1.5 psig g
> 240 110 £
= < S
Z 200 6.5psig 100 S
= I
2 160 90 o
- =
o —
o 120 80 o
Ijl:? (S
80 70 &
o

40 60

0 50

60% 70% 80% 90%

CO, Recovery

% Exceeding the project target: > 90 Nm3/h feed at 90% CO, recovery, >58% CO,
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Ongoing & future work

e Reducing CO, capture cost with PI-2:

Balance of
Plant

Rotating
Machinery
CO; Removal

{Membrane,
Liquefaction, BAHX)

Projected 12"’ PI-2
bundle cost breakdown
(TEA study from Project 2)

CO,Capture Cost($/tonne)

555

S

Advanced s
$50 Polymer Cost van In Combination
. Spinning
Reduction
Technogy

$45

sa0

$35
PI-1 PI-2 70% 90% Advanced  Advanced Advanced

Custom Reduction Reduction  Spinning +70% red. +90% red.

% Reduced costs moving from lab
production to bulk production

% Advanced vs. traditional membrane
formation method
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Ongoing & future work

e Field test of 6’ PI-2 bundle at NCCC




Summary

% Air Liquide is utilizing all existing techniques for the whole
range of CO, feed and product purities from any CO, source

% Exceeding the project target: > 90 Nm3/h feed at 90% CO,
recovery, >58% CO, purity

% Getting ready for the 0.3 MWe field test of 6” PI-2 bundle
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s Some material in this presentation is based on work supported by the
Department of Energy National Energy Technology Laboratory under Award
Number DE-FE0004278 (completed), DE-FE0013163 (completed), and DE-
FE0026422.

“This report was prepared as an account of work sponsored by an agency of the United States
Government. 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 opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof. . . i
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Research & Development
Opening new ways

THANK YOU FOR YOUR ATTENTION




