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Project Overview

DOE/NETL Cooperative Agreement #DE-NT0005313

= DOE Project Manager: Andrew O’Palko

= RTI Project Manager: Lora Toy

Period of Performance
October 1, 2008 — September 30, 2011

Funding
= DOE Share: $1,944,821
= Cost Share: $486,206

= Total Funding: $2,431,027

Project Team

= RTI
= Arkema Inc.
= Generon IGS, Inc.

Overall Project Objective

CO, Capture Membrane Process
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The world is our inspiration

Develop an advanced polymeric membrane-based process that can be cost-effectively retrofitted into
existing pulverized coal plants to capture = 90% CO, from plant flue gas with < 35% Increase in

Cost of Electricity (ICOE)
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Project R&D Work Plan and Timeline

Project Duration — Start: 10/1/2008 End: 9/30/2011
Task . Budget Period 1 Budget Period 2 Planned Planned Actual Actual
Task Description Comments
No. P (10/1/2008 - 3/31/2010) (4/1/2010 - 9/30/2011) Start Date | End Date | Start Date | End Date
Ql ] Q2| Q3] Q4] Q1| Q2]Q3] Q4] QL] Q2] Q3] Q4

1 [Synthesize Nowl Polymers / € > 12/1/2008 | 3/31/2011 | 1/19/2009 | 3/31/2011 |Completed

Prepare Membrane Films
p [|Characterize Permeation € > 3/1/2009 | 4/30/2011 | 2/9/2009 | 4/30/2011 |Completed

Properties of Membrane Films -

Develop and Characterize <
3 ) € rrnnahe e o —— 1/1/2009 | 8/31/2011 | 11/1/2008 | 10/6/2011 |Completed

Membrane Hollow Fibers

Make and Characterize P /. \ >
4 Hollow-Fiber Membrane Modules € \1/ .<3 1/1/2009 | 9/30/2011 | 1/1/2009 | 11/18/2011|Completed

Task was de-scoped and eliminated

Demonstrate-Membrane-Module(sH - . ; o

5 | Fiold T < > 5/1/2010 | 8/31/2011 | 51/2010 — in the project re-s;ope within the
last 5 mos. of project.

Perform Process Design / P /\ /
5 Technical and Economic Analysis | € \2/ \4’>1 1/1/2008 | 9/30/2011 | 10/20/2008 10/31/2011 |Completed

Reporting and Project P - Final report completion by
6 Management <€ »{ 10/1/2008 | 9/30/2011 | 10/1/2008 12/31/2011
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Project Milestones in BP1 and BP2

Budget Milestone Milestone Descriotion Planned Planned Actual Comments
Period Number P Start Date End Date Start Date
Separation performance data on laboratory-scale
1 membrane modules made from standard 12/1/2008 12/31//12009 12/1/2008 |Completed 12/31/2009
polycarbonate membrane hollow fibers (baseline)
1
Identification of CO, capture membrane process
2 system design option(s) and their process flow 11/1/2008 12/31/2009 10/20/2008 Completed 12/31/2009
scheme(s)
Separation performance data on developmental
3 hollow-fiber membranes spun from VDF-based 5/1/2011 9/30/2011 5/1/2011  |Completed 11/18/2011
polymer platform
2
Techno-economic evaluation of "best"
4 integrated/retrofitted CO, capture membrane 4/1/2010 9/30/2011 4/5/2010 |Completed 10/31/2011
process package
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et
Membrane Approach

High pressure Low pressure

Advantages

= Passive separation
- Inherently energy-efficient
- No heating needed to recover CO,

(unlike adsorption and absorption
Gas flux processes)

Solution-diffusion mechanism Simple to operate and maintain

(i) Sorption on high-pressure side - No moving parts
(i) Diffusion down partial pressure gradient

(iii) Desorption on low-pressure side Y CompaCt
P=SxD = Modular
VA (NN - Easy scalability

Permeability Solubility Diffusivity - Easy to retrofit into existing process

P, (S, )(D. infrastructures
Feom. = °p No secondary hazardous waste stream

7 v
Selectivity g ubiiity  Mobility
selectivity selectivity

Tl
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Hollow-Fiber Membrane Modules

for High-Volume Applications

End Plate : .
Epoxy Tube Sheet E:‘trr'gg:g Common Membrane Module Designs
St Sk : @ product Used for Gas Separations
Gas

Characteristic Spiral-wound Hollow-fiber

Epoxy Tube .
Sheet Membrane form Flat sheet Hollow fiber

. Packing density
Oxygen - -

Enriched Air (Ft2/ft3) 300-1,000 3,000-5,000

et Al b il Cost ($/ft?) 15 0.2-1

Area of std.

module (ft?) 200-640 3,000-7,000

Ref. Baker, R. W., “Membrane Technology and Applications”,
2 ed., John Wiley and Sons: West Sussex, England,
2004, pp. 89-160.

Hollow-fiber module type selected

= Lower module cost per membrane area
= Much higher membrane packing density

= More suitable and cost-effective for high-volume
applications (e.g., air separation)

Tl
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Hollow-Fiber Membrane Module Cost

Comparison to Spiral-Wound

Example Membrane Module Cost Comparison
(550-MWe coal plant; 90% capture; 95% CO, purity; acoomne = 35; 1.3 x 10° acfm)

_ Spiral-wound Hollow-fiber

2.6 x 107 ft? (400 GPU)

Membrane area 1 x 107 ft2 (1,000 GPU) 2.6 x 107 ft2 (400 GPU)
2.6 x 108 ft2 (4,000 GPU)

Area per module? 1,163 ft2 2,200 ft?
22,356 (400 GPU)

No. of modules 8,599 (1,000 GPU) 11,819 (400 GPU)
2,236 (4,000 GPU)

Module cost (installed)® $4.65/ft2 $1.05/ft2

$121MM (400 GPU)
Total module cost $46.5 MM (1,000 GPU) $27.3MM (400 GPU)

$12.1 MM (4,000 GPU)

a Assumed standard module size of 8 in. x40 in. for spiral-wound and 6 in. x 36 in. for hollow-fiber.

b Cost for spiral-wound from Merkel et al. [J. Membr. Sci.,359, 126-139 (2010)] and for hollow-fiber
from project partner Generon.

For the same membrane permeance and selectivity,
the hollow-fiber design is much more cost-effective
than spiral-wound.
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RTI's CO, Capture Membrane Process

Membrane Materials
= CO, permeability
(i.e., permeance or flux)
= CO,/N, selectivity
= Contaminant resistance

= Processability into
membrane structures

Development

Membrane Modules

%@ = Membrane fiber/module
@ Q manufacturability
 — \Q\‘bQQop' 0&46{%’ — > = Membrane sealing in module
¥ %, © shell
& '06 //)O P drop effect
o / \ %, O = Pressure drop effects
$ 2 % = Gas flow distribution
RTI membrane
process
technology
il Process engineering
= Process design and
Process development
engineering = Process integration

= Techno-economic evaluation
| (capture costs; ICOE)

A 4
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Project Accomplishments — Part 1

150 L L L L e L.
550-MWe coal plant .
[ 90% CO, removal I Key Enabling Developments

= = Promising 3-stage membrane process

2 120 - - design

&
S = Generon high-flux polycarbonate (PC)
I 3 1-stage 2-stage 3-stage ) )
Q< / \ - Formation/Production of membrane
@) s .
cZ o0 k--A---mmmmmemeeeeeaoas ) A - |- hollow fibers
8 S Standard commercial membranes .
S o (100GPU; e =25) — Construction of membrane modules from
= O .
c g membrane hollow fibers [From lab to
— _Q . .

o larger prototypes (6 in. x 36 in.)]

o B0 e ‘

o 400 GPU; X omg 35 5

- (3-stage)

9%5%
30 T R R RS TT SR SR
50 60 70 80 90 100

CO2 purity of captured stream (%)

Basis of ICOE calculations: “Cost and Performance Baseline for Fossil Energy Plants”, Vol. 1: Bituminous
Coal and Natural Gas to Electricity Final Report, DOE/NETL-2007/1281, August 2007.
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Generon Polycarbonate (PC) Membrane Platform

Next-Generation, High-Flux PC vs. Standard PC

= Membrane hollow fibers from high-flux PC were successfully formed.

— Mechanically durable up to at least 10,000 pressure cycles at
135 psig minimum pressure

= New high-flux PC fibers spun have
— CO, permeance 4 times faster than that of standard PC fibers
— CO,/N, selectivity similar to that of standard PC fibers

Individual Generon

hollow membrane fibers Hollow-fiber Gas permeance (GPU)
e cut || o
6.5 32

Standard PC 4.0 26 100 130 25
High-flux PC* 19 100 410 575 5.3 22 30

* Intrinsic CO,/N, selectivity obtained on high-flux PC films was 35-37.
1 GPU = 1 x 105 cm3(STP)/(cm?-s-cmHg)

= Fibers with 25% larger dimensions were also successfully spun as an
option for mitigation of pressure drops (50% lower).

Generon lab-scale hollow-fiber
membrane modules

= Larger spin batches of high-flux PC fibers having properties similar
to the research fibers were produced for making into larger prototype
modules (6 in. x 36 in.).

Tl
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Membrane Module Development Efforts

Key Design Considerations

= Dimensions of hollow fiber and module device
~  Minimize parasitic pressure drops g Enriched

Nitrogen

(i.e., maximize pressure driving force) EUBpORLCore @ proguct
‘ Gas

~ Able to handle high-volume flue-gas flows

Epoxy Tube
Sheet

= (Gas ports on module _
[e.g., 3-port or 4-port (with sweep); location] 5_ e

Hollow Fibers

= Gas-tight sealing of membrane hollow fibers in o

module housing m‘wwmmm ‘
- Formulation of epoxy tubesheet potting resin HM 1! J [
(compatible with flue-gas environment and membrane) it L

- Isolation of feed side from permeate side of membrane

— Potting seal of fiber bundle with module shell

= Fiber bundling and packing density
—  Fiber weave arrangement in hollow-fiber fabric

—  Uniform gas distribution — T | 111 H m\m

ol ) |
1]

- Minimize channeling, bypassing, and stagnant regions

Generon high-flux PC membrane fibers were successfully formed into larger
prototype, 2,200-ft> modules having the same separation properties as
that measured on lab-scale modules. l

INTIBYATIONAL
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Process Design and Engineering

D——{1—>

M1

RTI

Integration Parameters Considered

Objective

Demonstrate techno-economic feasibility of hollow-fiber
membrane capture process to achieve 90% CO, capture
> and 95% CO, purity

Approach
= |dentify suitable process configuration(s)
- - Multi-step and multi-stage process designs (e.g., 1- to 4- stages)

- Recycle loops and level of recycle

- Permeate sweep — o T—’ Shars
- M1

= Optimize process and operating costs
- Dependent on membrane area requirement T Sk
[i.e., membrane properties (permeance, selectivity)] !
- Dependent on process parameters abay L0
[e.g., stream pressure (compression/vacuum); stage-cut; etc.]

1bar

= Maximize power and heat management
- Minimize parasitic energy losses (e.g., compression energy)

- Expander power recovery
- Heat recovery from compressed streams

INTIBYATIONAL
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RTI 3-Stage Membrane Process Design

Combustion
air sweep
v Process Features
9.9% CO,
Coal Bol 14.7 psia M3 — To stack = Recycle of M2 retentate to M1
» Boller < >
6,855 Ib/min T~ 1.7% CO i
Expander 6% 105 et = Third stage M3 to recycle and concentrate M1
14.7 psia retentate
Flue-gas 13%C0; = Combustion air sweep on M32
21%CO
1.3 % 108 acfm 25% CO, M1 = Expander downstream of M3 (power recovery)
14.7 psi 65 psia , _
pete ¥ > a Baker et al., “Gas Separation Process Using Membranes
Compressor with Permeate Sweep To Remove CO, from Combustion
P 38%CO, Gases”, U.S. Patent No. 7,964,020 (2011).
65% CO, Compressor
14.7 psia M2
—>
65% CO,
70 psia

550-MWe PC Plant with 90% CO, Capture

= Generon high-flux polycarbonate membrane
(400 GPU; ouepomn = 35)

= Membrane area = 2.45 x 106 m?
= [COE =59%

= $32/ton CO, captured

= $47/ton CO, avoided

_|Compression and

dehydration

CO, capture stream
—»

95% CO,

538 acfm
2,215 psia
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Project Accomplishments — Part 2

Toward Further Reduction in COE

150 —————————————————
550-MWe coal plant Accomplishments
" RTI 3-stage membrane process design 1 .
90% CO, removal = Development/Synthesis of novel Arkema
— I fluorinated copolymers
:—‘—,: 120 k- — Poly(vinylidene fluoride) [PVDF] as base
=3 platform for next-generation membrane
S material
~ 3
"C'j g — More robust materials for potentially
0% g [ Standard commercial membranes (95% CO,purity) longer-fife membranes
© g (100 GPU €O, &gy, = 29) — Copolymerization technique to tailor
g 3 polymer microstructure and, in turn, gas
o g separation properties
B g + Comonomer A increased CO,
% 60 - A00GPU: o, =35 permeation in base polymer by 17-18
= o times with no adverse impact on
47% | 1 CO,/N, selectivity.
I 1,000GPU; a__, =70 T  Comonomer B increased CO,
30 L 95% permeation in ba;e polymer by 6-10
70 80 90 100 tlmes, accompanied by 2.5-3 times
higher CO,/N, selectivity.

002 purity of captured stream (%)
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PVDF-Based Membrane Material Platform

Arkema

Polyvinylidene fluoride (PVDF)-based polymers PVDF homopolymer

= High oxidation resistance = Highly crystalline (up to 50-65%), reducing gas

~ Used in O,/H, fuel cell membrane compositions transport

= Low CO, permeance ~ 5 GPU*
(for 0.1-pum thickness)

= Moderate CO,/N, selectivity ~ 23*

= High chemical resistance to acids

- Withstands nitric acid exposure with no dimensional
changes and weight loss

= Ease of processing (solution or melt .
P 9( o ) . PVDF repeat unit: -[CH,-CF,],—
- Used for water purification as porous hollow fibers
H H
= Specific affinity for CO, e
- High CO, solubility due to high polar nature of H H
. H H
VDF repeat unit F F
F F
F F
F F
F F

— CF,— CH,—
* From El-Hibri and Paul, J. Appl. Polym. Sci., Vol. 31, 2533 (1986).

IJ 1 GPU =1 x 106 cm3(STP)/(cm?-s:cmHg)
High dipole moment — Highly polar

INTLESATIONAL
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Copolymerization Approach

Arkema

Example VDF-Based Copolymer

. F = = PVDF backbone can be chemically modified.
H\ _ 7 \C:C/ g g . -
y /C—C\F i s \CF — To increase permeability by lowering crystallinity
3 . s c - .
VDE HEP — To have higher CO, selectivity by changing backbone dipole
moments
H F H F F F H F _ _
[ R O = Copolymerize fluoro-comonomers with bulky pendant
_T_T"T_T"T_T_T T_ groups into VDF backbone
H F H F F CFz3H F — Bulky comonomer disrupts polymer-chain organization,
VDE-co-HEP reducing crystallinity (down to <2%)
— Intrinsic gas permeability of PVDF increases
Example Comonomers — Bulky perfluorinated Comonomer A successfully synthesized

Hexa-fluoropropylene (HFP), into VDF backbone

CF,=CF(CF;)
* Chloro-trifluoroethylene (CTFE),

= Incorporate comonomers having greater dipole moments
— Enhances polymer affinity for CO, to raise intrinsic CO,/N,

CraCrd Increasing selectivity
«  Tri-fluoropropylene (TFP\,), dipole .
CH,=CH(CF,) — VDF copolymers with very polar, bulky Comonomer B

+ Tetra-fluoropropylene (TFPyg), succgssfully made '
CH,=CF(CF,) \ - Dipole of Comonomer B >> Dipole of Comonomer A

Tl
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VDF-Based Copolymers: CO, Permeance

Improvement

Gas permeance Gas/N, selectivity
200 100
VDF-co-A series L
CO_/N
2 2
= 150 . ) ® e ® . _
] > .
o s
(&) ——
s o
S 100 - 2 10 -
IS o C
= 0 | O /N
8 © I 2 2
%) © &
© P
O 50 — L
o
VDF-co-A series
0 1
Increasing Comonomer A content Increasing Comonomer A content

T=35°C; 1 GPU =1 x 10% cm3(STP)/(cm?-s-cmHg)

Addition of bulky Comonomer A into the VDF backbone resulted in
= 18-fold increase in CO, permeance
= No adverse impact on CO,/N, selectivity

INTLESATIONAL



VDF-Based Copolymers: Effect of Temperature

Gas permeance (GPU)

and More Polar Bulky Comonomer

Permeance vs. temperature More polar comonomer on selectivity
500 , . . T 80
VDF-co-A copolymer 20 L VDF-co-B series O,N, ]
400 i B Cco/N,
60 .
b 50 - —
300 - S
3
B 40 B -
(]
200 . @ i
O
100 s
0
70 B.2 B.3
Temperature (°C) Increasing Comonomer B content
1 GPU =1 x 10 cm3(STP)/(cm?-s-cmHg)
= Substantial 10-fold increase in CO, = 2.5-3 times higher CO,/N, selectivity (>70),
permeance (>450 GPU) over only a accompanied by 6-fold increase in CO,
small 35 °C temperature interval permeance

VDF-based copolymer properties can be tuned/optimized through
process conditions (e.g., temperature) and proper comonomer
selection and addition into chain backbone.

INTLESATIONAL



Effect of NO and NO, on CO, Permeance

Generon High-Flux PC vs. Arkema VDF-Based Copolymer

255 ppm NO in CO,/N, feed

1.2 T

1.0

2

0.8

0.6

0.4

Normalized mixed-gas CO_permeance

0.0

02 [

I T T T T I T T T T I T T T T 1.2 T

B 4 ) I
(&]

- c

Generon high-flux - P

r polycarbonate . =

L Arkema VDF-A.2 copolymer | L

f— - ON

L _ O
0
©

- . 2 0.6
°

L _ @
X

L _ €
ol
@

B ] N
©

| Feed: 255 ppm NO 15% COZ, Balance N2 ] §

- T=23°C . >

I L 1 1 1 I 1 L L 1 I 1 1 1 L 0.0
0 50 100 150 200
Time (h)

1.0

0.8

0.4

0.2

31 ppm NO, in CO,/N, feed

Arkema VDF-A.2 copolymer

i Generon high-flux
- polycarbonate -
Feed: 31 ppm NO,, 15% CO,, Balance N, ]
- T=23°C —
P R RS S S B .
0 50 100 150 200

Time (h)

VDF-based copolymers are less sensitive to NO, than high-flux PC.
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Effect of NO and NO, on CO,/N, Selectivity

Generon High-Flux PC

1_4 T T T T T T T T T T T T T T T

1.2  255ppmNO, 15% CO,, Bal. N, —

0
©
> 2
E
E S 08 31ppm NO_, 15% CO_, Bal. N

©
gl
D
Nz 06 n
© ~N

O -
50 o4 :
2 )

0.2 I Generon high-flux polycarbonate B
T=23°C
0 1 L 1 1 I L L 1 1 I L 1 1 1 I L 1
0 50 100 150 200
Time (h)

No selectivity loss occurs in high-flux PC in presence of NO,.
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VDF-Based Hollow-Fiber Membrane Development - 1

= Downselection of Copolymer VDF-A.2 for developing into
membrane hollow fibers
- Comonomer A content ~ 24%
- Higher chemical resistance than that of high-flux PC

- Best balance of CO, permeability and selectivity among the new Arkema
polymers (i.e., best potential of forming into membrane fibers with
separation properties similar to that of high-flux PC)

= Scale-up of VDF-A.2 synthesis and preparation (200-250 Ibs)

= Fourteen (14) VDF-A.2 fiber spin runs completed to date at
Generon
- Spin dope formulation range developed with suitable spinning
characteristics and for fiber shape stability and fiber tackiness reduction
- Challenging because VDF-based copolymer softer (more rubbery)
than the traditional polymers from which hollow fibers are typically
made
— Single-phase dope of polymer/solvent/non-solvent (VDF/NMP/TEG)
that is very close to two-phase separation (i.e., precipitation of
polymer phase)

— Spin process conditions identified for making stable hollow fibers and
managing fiber tackiness (lower extraction bath temp., lower extrusion-
die temp., higher core-gas flow and pressure)

- Fibers stayed split through the entire spin process
— Axial fiber size distribution (pulsing) reduced twofold (from 4:1 to 2:1)

INTLESATIONAL
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VDF-Based Hollow-Fiber Membrane Development — 2

= Made four small lab beaker modules from VDF-A.2 fibers spun
at different process conditions for permeation testing

= Good gas flux (up to 210-230 GPU after patching of beakers)
= No gas selectivity (O,/N, ~0.83-1.2; CO,/N, ~ 0.89-1.1)

- VDF-A.2 intrinsic selectivity ~ 3-4 for O,/N,; 24-27 for CO,/N,
= Development of structural microporosity but not the desired

skinned asymmetric porous morphology

l" E — Microporosity appeared continuous through fiber wall in SEMs,
‘ 1] 1 ] explaining the lack of selectivity
‘_n Hl il

- Indicated dope transformation from one- to two-phase regime
% ' : (solvent extraction rate) was too slow

— Various strategies tried to accelerate solvent extraction and fiber
skinning (higher polymer conc., lower solution power, addition of
second non-solvent)

— Increased selectivities above 1 but not too effective otherwise

INFLEAATIONAL
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Final Techno-economic Evaluation

Design Basis and Assumptions

= PC sub-critical power plant without carbon capture - $64/MWh
= Power plant output — 550 MWe

PC Power Plant w/o CO2 Capture

[ Capital cost
Bl Feed Coal
@ Variable cost

B Fixed cost

Power plant output maintained at 550 Mwe
for the carbon capture case

Capture of 90% CO, with a CO, purity of 95%

Membrane properties observed using
Generon’s next generation polycarbonate
were used — 400 GPU CO, permeance,
CO,IN, selectivity - 35

Process simulation and power consumption
calculations using AspenPlus simulations
Equipment sizing and costing using
Aspenlcarus

Membrane module cost - $1/ft?

Membrane installed cost - $2/ft?

Installed cost as 2x of equipment cost
Replace 10% of membrane area every year

Power plant scale up factor of 0.67 (similar to
CO, capture case in DOE report)

INTLESATIONAL



CO, Capture Using Membranes

= Power plant coal feed increased by 1.46x

Membrane CO2 Capture = Equivalent power plant output of 805 MWe
= Membrane CO, capture power consumption
B Power plant of 255 MWe
capital cost - CO, separation: 204 MWe
@ CO2 capture ~ CO, compression: 51 MWe
capital cost _
B Feed Coal = No heat recovery credit from compressor
interstages
@Variablecost . power plant installed cost - $1.1 billion
B Fixed cost = CO, capture plant Aspenicarus equipment
cost estimate of $421MM
ECO2TS&M

= |nstalled cost as 2x of equipment cost
= Total installed capital cost - $255MM

= Levelized cost of electricity — $115.9/MWh
(Increase in LCOE of ~82%)

INTLESATIONAL
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Membrane Capture Plant Capital Cost Estimation

Breakdown

B Membrane
modules

B Flue-gas
compressor

@ Stage
compressor
B Gas expander

HE Cooling tower

@ Other

@O co2
compressor

Compressors are the biggest
contributors to the capture plant
capital cost

Generon’s engineering division
requested quotes from vendors to get
a more accurate capital cost estimate

Compressor costs from vendor
quotes ranged from — 330-850 $/kW

Aspenicarus estimates for
compressor capital costs were 740-
650 $/kW

Using vendor cost estimates, LCOE
decreases to $110/MWh, with an
increase in LCOE at 73%

INTLESATIONAL
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Comparison with State-of-the-Art Amine Process

Small footprint
- Paramount for space-restricted power plants

Easy to start up and operate
- Start-up is intuitive and simple.
- Membrane modules instantaneously react to change in operating conditions
(increase in pressure and temperature).
Low Maintenance
- No moving parts or handling of chemicals
- Easy to operate and maintain compressors

Easy to adapt new membrane materials and process modifications
- Easy to swap modules for replacement or to incorporate new and better materials
- System immediately responds to changed membrane properties

INFTLEAATION
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ey

= Development and synthesis of Arkema VDF-based copolymers with improved CO, permeance and
improved CO,/N, selectivity
— 17-18 times higher CO, permeability than base polymer; No adverse impact on base CO,/N, selectivity (VDF-co-A)
— 2.5-3 times higher CO,/N, selectivity and 6 times higher CO, permeability than base polymer (VDF-co-B)
— No detrimental interaction effect of SO, and NO, on Arkema copolymers

= Fabrication of the first developmental hollow fibers from new Arkema VDF-based copolymer platform
— Demonstration that commercial fiber-spinning production equipment can be used to make such fibers

— Significant improvements to VDF fiber tackiness, stability, and size distribution through first-round optimization of
spin-dope composition and process spin conditions

— Resulting VDF fibers had continuous structural microporosity but not desired skinned aysmmetric porous
morphology (i.e., good gas flux but no gas selectivity).

= Development and scale-up of Generon high-flux polycarbonate (PC) membrane fibers with up to 4 times
higher CO, flux than that of Generon standard PC fiber

= Successful formation of high-flux PC fibers into good lab-scale modules and larger prototype modules

= Promising 3-stage CO, capture membrane process design for 90% CO, capture and 95% CO, purity
— Final techno-economic analysis completed with better equipment and process cost estimates

INFTLEAATION
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Recommendations for Path Forward

Dedicated Research Spin Lines for
Hollow-Fiber Development (2,000 ft?)

‘. i ._q HM

'K

~ Generon® module sizes

J
L

= Development of alternative strategies for making

the VDF-based copolymer platform into gas-
selective, hollow-fiber membranes

- Change in solvent/non-solvent system for spinning into
integrally skinned, asymmetric fiber membranes
- Coating dry fibers with a sealing layer to fix minor defects

- Coating of VDF-based selective layer onto microporous
hollow-fiber substrate of a different polymer

Further optimization of hollow-fiber membrane

module design and performance for CO, capture

— Minimize pressure drops in module
(e.g., shorter modules, even larger fibers, lower fiber
packing factor, larger shell-side ports, etc.)

— Maximize membrane permeation area in module by using
thinner tubesheets

Tl
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