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Project Funding

Budget Period 1 Budget Period 2
10/01/2011-03/31/2013 S A Total
Total Planned ($) T%t:/lzi?;g;?) Total Planned ($) ($)

GE Global Research 1,097,536 1,243,549 585,394 1,682,930

Western Research Institute 80,777 90,276 42,942 123,719
Georgia Tech 215,922 168,929 186,552 402,474

Idaho National Laboratory 475,000 426,000 264,000 739,000
Total 1,869,235 1,928,754 1,078,888 2,948,123

all tasks

GE imagination at work

3-year, $3M program, 20 % cost share from GE
BP-1 date revised by 1Q with no cost extension
BP-1 tasks & spend rate on-target (<+ 5 % deviation)

Project expected to finish on-budget, on-schedule, delivering on



Project Summary

« 3-year, $ 3M program, 20 % cost share from GE
« Budget period 1: October 2011 - March 2013 (no-cost extension - June 2013)

« Budget period 2: July 2013 - September 2014

Project Objective: Develop bench-scale thin film coated composite hollow fiber
membrane materials and processes for CO,/N, separation in coal flue-gas at 60
°C with at least 90% CO, capture with less than 35% increase in levelized cost of

electricity

e Idaho | Georgia Western
GE Global M National Georgla || Institute of Research
Research ' Laboratory Tech |/ Technology Institute

« Hollow fiber fabrication * Polymer development * Fiber coating process + Membrane

R development performance
& characterization  Polymer property validation in coal
« Module design optimization * Effect of fly ash on flue-gas
membranes
« Technical & economic  * Coating solution ,
feasibility analysis development * Modeling of key

membrane properties

GE imagination at work



Project Overview

Develop thin film polymer composite hollow fiber membranes
& processes for economical post-combustion CO, capture

e \ Nmﬂho | GE Global ( GE Global
HH.L,\ Laboratory &’/ Research 43)) Research

High Performance \ Defect-Free Composite \ Process and
Polymer Coating Hollow-Fiber Coating Economic Analysis
Solution Processes
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Technology Overview



Gas Separations Membrane Fundamentals
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Schematicrepresentation of post-combustion CO, capture using
hollow fiber membranes
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Gases dissolve in and then
diffuse through a membrane
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CO, Capture Membranes Technology

Key Challenges Potential Solution

Post-Combustion Carbon Hybrid Membrane +
Capture Technology Cryogenic Process

GE imagination at work




Progress & Current Status



Project Activity Schedule

“‘-------------------------------------...-

[ v.“'rusk Owner Year 1 Year 2 Year 3 ".
Major Tasks L'GE | INL | 6T |WrRIo1) Q2| @3] Qa]as| oe}or| o8 |Qa|QioQ11]o12f,
Task 1 Project Management : . — Y Y V¥ _ ¥V _ ¥ _ ¥ ¢
Task 2 Optimize Polyphosphazene Polymer and Coating Solution . E

2.1 Produce coating solutions in appropriate solvents . ® & .
2.2 Adjust Phosphazene cross-linking . L * .
2.3 Optimize Phosphazene stabilization 1 ® ? _
2.4 Refine Phosphazene solution properties L * * .
2.5 Optimize Phosphazene performance and coating properties . . L 3 .
2.6 Document final results and path forward k [ L N
Task 3 Fabricate Hollow Fiber Support Layer E .
3.1 Produce high porosity hollow fiber supports 1e . <> _
3.2 Refine hollow fiber spinning process and support material 1e * .
3.3 Optimize hollow fiber spinning process le -» H
3.4 Document final results and path forward E ] E
Task 4 Fabricate Composite Coated Hollow Membranes E E
4.1 Demonstrate defect-free individual coated hollow fiber 1e | -
4.2 Adapt fiber coating for "continuous dip coating" process e .
4.3 Refine continuous fiber dip coating process i | .
4.4  Adapt "in-situ" fiber module coating process ' . | .
4.5 Refine "in-situ” fiber module coating process k . E
4.6 Reduce coating defects in multi-fiber modules 1e . .
4.7 Create defect-free coated fiber in multi-fiber modules 1l e . E 3 .
4.8 Conduct preliminary studies on key membrane properties : . .
4.9 Conduct focused studies on key membrane properties 1 . .
4.10 Refine and develop membrane models . £ .
4.11 Document final results and path forward 1e . QE
Task 5 Test Membranes at Bench-5cale in Coal Flue Gas : .
5.1 Enhance bench-scale testing facilities ® o] <> .
5.2 Coalflue gas performance test to benchmark flat membranes 4 o '
5.3 Coal flue gas performance test composite hollow fiber . T .
membrane modules 1 . -* .
5.4 Coal flue gas performance test optimized composite hollow ] .
fiber membrane modules k . L .
Task 6 Conduct Process Evaluation and Module Design . .
6.1 Conduct preliminary technical and economic feasibility study 1e E _
6.2 Conduct final technical and economic feasibility analysis A J
and EH&S assessment .o
6.3 Analyze tradeoffs for module designs and flow configuration » | i , J‘.’T

A EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE®T

Tasks, sub-tasks & ownership
@ GE imagination at work intel'-“rlked !!

Legend: 4 Milestone %/ Deliverable <> Decision Point



Project Key Objectives

* Task 1 - Bring together processes, materials & information
generated in the project to move the technology towards
deployment

* Task 2 - Synthesize polymer, optimize separation performance &
develop easily processable coating solutions

 Task 3 - Produce highly porous, robust hollow fiber supports

 Task 4 - Develop processes to apply ultra-thin layer coatings on
hollow fiber supports & elucidate fundamental polymer properties

* Task 5 - Exposure & performance test materials & membranes under
coal flue-gas

* Task 6 - Explore system technical & economic feasibility; conduct
module design & fabrication

GE imagination at work
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Project BP-1 Report Card
 BP-1Deliverable | BP-IStatus |

CO, selective polymer
material with P-,, = 200
Barrer, Scoo/ne 2 30

Fabricate high porosity  Hollow fiber supports fabricated with P/¢s, = ‘
hollow fiber supports 1 000-20,000 GPU, surface pore size = 20-200 nm

Polyphosphazene materials synthesized with ’
Pco2> = 100-300 Barrer, S¢o,n, = 20-40

Develop processes to
fabricate defect-free
composite hollow fiber
membranes

Batch, dip coating (lab-scale); roll-to-roll coating
(bench-scale) processes developed. Defect-free ‘
10” membrane modules fabricated.

Demonstrate stable
performance under
realistic flue-gas

Hollow fiber membrane module tested under
realistic flue-gas mixture. S,/ = 25-30. P/, < ’
50 GPU. Membrane ageing observed.

conditions
Preliminary techno- Membrane systems model developed using ‘
economic analysis study Aspen Plus® & Aspen Custom Modeler®

GE imagination at work
, 15



Polyphosphazene Materials

@ MEEP - pure gas i
O S-MEEP- mixed gas !

OCHs Film forming
4-methoxyphenol

Crosslinking 100 s LU
2-allylphenol L e
PR i i

interactio Ca fiaill

10

OCH2CH20CH2CH20CHS
0 I OCH3CH20CHCH0CHs

/ NS

H H 1 | | 1 1 1 1 1 1
I 0.0001 0.01 1 100 10*
P(COz) Barrers

General structure of stabilized - o _
(methoxyethoxy) ethanol phosphazene (MEEP)  Permeability-selectivity plot for CO,/N, gas pair**

* Low T, polymers with good CO, separation & permeability

 Polymer properties tuned for hollow fiber coatability

* L. M. Robeson, The Upper Bound Revisited. J. Membr. Sci. 2008, 320, 390
*C.J. Orme, M.K. Harrup, T.A. Luther, R.P. Lash, K.S. Houston, D.H. Weinkauf, F.F. Stewart, Characterization of gas transport in selected rubbery amorphous
polyphosphazene membranes, J. Membr. Sci. 186 (2001) 249

GE imagination at work
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Polyphosphazene Materials

Compatibility Properties Performance X-linking Mech.
« Solubility in  Improve physical * Achieve target * Maintain
solvents benign handling permeability & dimensional
to hollow fiber « High MW to selectivity integrity
supports reduce support * Long term
infiltration stability
N— 7
~—
* Desired polymer characteristicsare S b
. w4 T R
inter-dependent 2 T 9100 % MEEP
£ BP-1 Target = 30 Cg O &
* Polymers developed to meet BP-1 ¢ . ®
~ [ ]
targets 2 3
S
U 4
* Characterization using NMR, DSC, oot Torgt
TGA, permeation testing ) - |-200Barer
10 100 1000

CO, Permeability (Barrer)

GE imagination atwork Permeability-selectivity plot for CO,/N,
at 30 °C (Pure gas-Flat sheet)) 17



Hollow Fiber Support Layer

Spin Dope Fiber Fiber

Development Spinning Processing

Polymer

Vitrified
region

Binodal
curve

Dope
composition

Solvent Non-solvent
Three phase diagram

EHT = 5.00 kv Signal A = SE2

WD=136mm  Sping_State8_X_100X_01.tf
on

__Spin dope development e e o i, SueT= 111
GE imagination at work Hollow fiber supports Hollow fiber module
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Hollow Fiber Support Layer

Mag= 50X EHT = 5.00 kV Signal A = SE2
WD =12.8 mm {
Off  pertureo.=4 Polaroid545  Width=23007mm  PixelSize=2247ym  Stage at T = -2.4°

100 pm 22 Apr 2013

Hollow fiber supports
* Porous, low cost, hollow fiber supports fabricated & spinning
parameters optimized
* CO, permeance =1,000-20,000 GPU; surface pore size = 20-200 nm

GE imagination at work
19



Composite Hollow Fiber Fabrication

| Pressure To
i Gauge | vacuum

Coating[ 8
Outlet

Coating
Solution

Collectign

Continuous ‘roll-to-roll’ coating process Batch ‘repair’ coating process

* Key factors affecting HF support coatability
o Reduced surface pore size
o Substrate pore uniformity
o Reduced physical handling

» Defect-free membrane modules fabricated & studied for long
term performance testing

GE imagination at work
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Linear Dip Coating Process

Linear dip coater

21
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Batch coater

HF modules
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Composite Hollow Fiber Morphology

iber membrane

ite hollow fi

Compos

GE imagination at work
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Continuous ‘Roll-to-Roll’ Coating Process

GE imagination at work



WRI flue gas membrane testing rig (flat sheet & HF modules)

* HF membrane mini-modules (10" length) performance tested for
>100 hours under realistic flue gas mixture: N,/C0O,/0,/NO/SO, -
80/15/5/80 ppm/50 ppm (vol. %) saturated with water vapor

GE imagination at work
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HF Membranes Testing

Hollow Fiber Module Performance (T = 60 °C)

110 - 7 40
_ n C m 1
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HF membrane module performance testing
 Hollow fiber membrane module selectivity found to be stable,
however; reduction in permeance observed

GE imagination at work
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Membrane Systems Considerations

-

Air Sweep to Boiler

o

H,O

2

+— Air Sweep \

‘ Membrane I
i =i e
g |—Ir FGD Membrane | o4 » Treated
K Bttt Flue Gos
M Boiler Blower
_T Membrane |
Permeate
I Secondary
‘{_ Separation Recycle
P -
Coal Feed to (Cryogenic) Stream
Boiler Vacuum Compressor
Pump

v
CO, [Liquid)

Schematic representation of the membrane process*

 Various membrane process designs considered

« Two stage membrane process shortlisted for further discussion

GE imagination at work
*Adapted from Merkel, Tim C., et al. "Power plant post-combustion carbon dioxide capture: An opportunity for

membranes." Journal of Membrane Science 359.1 (2010): 126-139.
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Membrane Systems Considerations

Parameter Values

Membrane-I/Membrane-I| Vacuum/air sweep
DOE baseline case 11*
Flue gas composition CO,/N,/H,0/0,(vol.%)
13.53/68.08/15.17/2.40
Flue gas flow rate 540 m3/s
Flue gas pressure 1.2-3 Bar
Flue gas temperature 45 °C
Membrane Selectivity (CO,/N) 30-80
Membrane Permeance 100-2500 GPU

Summary of economic model assumptions
GE imagination at work
2 *Cost and Performance Baseline for Fossil Energy Plants Volume 1: Bituminous Coal and Natural Gas to Electricity, Revision 2,

November 2010.,DOE/NETL-2010/1397
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Membranes Systems Model
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Membranes Model Analysis

110%

100%

90%

80%

70%

Relative Membrane Area

60%

50%

Cross-current Counter-current Counter-current Counter-current

Comparison of membrane configurations

» Counter-current/counter-current configuration preferable

GE imagination at work
S *Assumptions - Membrane-I pressure ratio = 10, Selectivityq,/y,= 50,
Permeance.,, = 1000 GPU
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Membranes Model Analysis

3.00 Permeance =500 GPU

5 - Permeance =1000 GPU
D > 50 — Permeance =2000 GPU
i ——Permeance =2500 GPU
E 2.00
0
€ 1.50
@
=
g 1.00 o ————
.g
o 0.50 — —
o

0.00 I I I |

30 40 50 60 70 80
CO,/N, Selectivity

Sensitivity analysis of overall membrane area to permeance & selectivity*

* Overall membrane area highly dependent on permeance and
mildly on selectivity in the selected range

GE imagination at work

*Assumptions - Counter/counter-current membranes, membrane-| pressure ratio = 10 31



Overall Membranes System Analysus

[l Boiler12_Case 11 with Membrane_v2.bkp - Aspen Plus V7.3 - aspenONE - [Process Flowsheet Window] ' =18]x|
ammmmrmmmmwammm ‘ =181
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Bituminous Baseline Report Version 2 - Case 11 with Membrane

:l I Ll;'

| Heat | Comns | Reactors | Presswe Changers | Manipulstors | Sobds | UserModels | "

2 (b 4‘0-

sraws SSpit
For Help, press Fl [ | [D:\MembranelCO2IACMAspen Plus | NUM | [Results Avaiable

Aspen Plus® systems model of PC-boiler integrated with CO, capture

membranes model
GE imagination at work
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Membrane Process COE Analysis

4000/0 800/0
3500, | ¥ Feed @ 1.2 bar .
0,
§ 300% \ f 10% Membrane Permeance =1000 GPU
g 0% \ S 60% Selectivity =50
0,
§ 200% * \ 'E \ /
0 150% 2 50% v
E 100% KFeed @ 2 bar g
50% n 2‘=’ = 40%
00/0 I T T T T | 0
0 500 1,000 1,500 2,000 2,500 3,000 0% | | | |

Membrane Permeance (GPU) 1 1> 2 2.2 3 3.5
Feed Pressure (bar)

Sensitivity analysis of increase in COE with
membrane feed pressure

Sensitivity analysis of increase in COE with
membrane permeance

Increase in COE

* Decreases with increase in membrane permeance in the lower
range, plateaus at higher permeance range

* Minimum at ~2 bar feed pressure

GE imagination at work

*Assumptions - Counter/counter-current membranes, Membrane-| pressure ratio = 10,
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Membrane Process COE Analysis

80%
O 60%
O
=
Q 40%
g Membrane Permeance =1000 GPU
o Pressure =1.2 bar
f= 20%

0% | I ! |
10 20 30 40 50 60

Membrane Cost ($/m?)
Sensitivity analysis of increase in COE with membrane

Increase in COE module cost ($/m?3)

 Decreases with decrease in membrane module cost

GE imagination at work
*Assumptions - Counter/counter-current membranes, selectivity.q,,y, = 50, Membrane-|
pressure ratio=>5



Risks & Mitigation Plan

Flue gas acidic components

Hollow fiber membrane performance found to be

(SO,, NO,) Low Low stable in flue gas testing
. Processing and operating temperatures
Temperature excursions Low Low (up to 60 °C) will not degrade polymer layers
: - o Moderateto| Hollow fiber membrane modules successfully
Insufficient mechanical durability Moderate High tested up to Ap = 70 psid
: - ) Polyphosphazene materials have good surface
FOUI'gghF;oger?igSl g;g;n fly Moderate Modﬁirage to properties. Fouling analysis system to test
p 9 membrane performance
Permeability and selectivity at 60 °C Moderate Moderate to Optimize synthesis strategy and cross-linker
lower than anticipated High content
Hollow fiber permeance lower than Moderate Moderate to | Optimize coating protocol, modify support surface
anticipated High pores

Polyphosphazene materials scalability
& availability affects project

Moderate

High

Polymer synthesis process scaled-up (2X). Prevent
pre-mature cross-linking by adjusting pendant
group loadings

'@'mmnonon TTWOTK
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Budget Period-2 Plans
&
Technology Development Path
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Project Activity Schedule: BP-2

Task Owner Year 1 Year 2 | veor3

H::IjDrTI:ISkS GE | INL | GT |WRIQQ1| Q2| Q3| Q4 Q5| QcQgQ7 QBIQB Q14Q11| Q12
Task 2 Optimize Polyphosphazene Polymer and Coating Solution

2.4 Refine Phosphbzene solution properties .
2.5 Optimize Phosphazene performance and coating properties . ad

Task 4 Fabricate Composite Coated Hollow Membranes
4.6 Reduce coating defects in multi-fiber modules .
4.7 Create defect-free coated fiber in multi-fiber modules .
4.8 Conduct preliminary studies on key membrane properties
49 Conduct focused studies on key membrane properties
4.10 Refine and develop membrane models

Task 5 Test Membranes at Bench-5cale in Coal Flue Gas

5.4 Coal flue gas performance test optimized composite hollow
fiber membrane modules .

Task®  Conduct Process Evaluation and Module Design

6.2 Conduct final technical and economic feasibility analysis
and EH&S assessment .

Optimize polyphosphazene performance & improve coating
solution properties

Optimize coating protocols for continuous & batch coating
processes

Study HF membrane ageing & fouling
Conduct final process economics & fabricate 1m HF module

GE imagination at work
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HF Membrane Ageing & Foullng Studles

F——_——— e = —————
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Hollow Fiber
' . MFC {10 T Membrane Module
2
| Fludized-bed
: Fly ash (0.5-10 pm)
I
I

e DR e e

HF Membrane ageing & fouling analyis setup“
» Test setup designed & constructed

* Performance studies on HF modules under -long term saturated
simulated flue gas (CO,/N,) exposure

» Performance studies on HF modules under >model/real fly ash
particle exposure

GE imagination at work
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Anticipated Technology Roadmap

Identify Prototype Performance

Pro;ect Outcomes:
* Improvementin separation
efficiency

Demo. Partner Design & Demo. In
& Application Fabrication Full-Scale Plant

« Bench-scale demonstration
of HF membrane module

» Energy savings in separation
system

2015 2016-17 2018-20

GE Global Research GE Business/Licensing

* The team expects to deliver a promising membrane material, HF module &
process configuration for membrane CO, capture

» Regulatory challenge exists to implement post-combustion CO, capture for
coal fired power plant

« Emerging opportunities for CO, capture in EOR, NG processing, greenhouses,
beverage applications

GE imagination at work
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Conclusions & Work-in-Progress

v Preliminary techno-economic analysis conducted to
determine membrane performance targets

v' Composite hollow fiber membranes developed &
performance validated

* Optimize membrane performance & improve coating
solution properties

» Optimize coating protocols for continuous & batch
processes

* Scale-up membrane module & study HF membrane
long-term performance

GE imagination at work
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Thank You
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