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Project Objective

 Develop a cost-effective design and manufacturing
process for new membrane modules that capture CO, from
flue gas

e BP1:10/01/2011 - 05/31/2013

- Bench scale membrane synthesis, characterization, downselection,
and gas separation performance
- Preliminary techno-economic analysis

e BPZ2:06/01/2013 — 08/31/2014

- Bench scale membrane synthesis, characterization and gas separation
performance to continue

- Continuous membrane fabrication

- Membrane module testing in lab (CO,, N,, MOISTURE)

- Update techno-economic analysis

 BP3:09/01/2014 - 12/31/2015
- 3 prototype modules for testing with simulated flue gas
- Update techno-economic analysis
- EH&S evaluation report will be developed

« Comprehensive program with fundamental studies, applied research, synthesis,
characterization and transport studies, scale-up, techno-economic analysis, and EH&S



Project Organization and Roles

Ohio State University
» Technical lead
e Concept development and execution
 Novel membrane synthesis/characterization
« Membrane scale-up/continuous fabrication
* Process demonstration
« Cost calculations

Winston Ho and Prabir Dutta

DOE NETL Gradient TriSep AEP

Technology | Corporation
Project Manager j « System, cost e Consult on e Consult on plant
analysis continuous integration,
« EH&S analysis membrane demonstration
fabrication and EH&S

Joseé Figueroa Steve Schmit Peter Knappe Dan Duellman




Process Proposed for CO, Capture from
Flue Gas in Coal-Fired Power Plants

6% CO, Membrane
Air Stream Membrane Module 2
with CO: Module 1 | .
Alr
20%
co,
»H: Treated
flue gas
1.4% CO,
Vacuum
Coal pump

0.2 atm Compressor

Combustor
: | 2200 psi
>95% CO,

Coal feed . .
*Air Sweep first used by MTR

* Proposed membrane process does not require cryogenic
distillation (compared to competition)
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Approach 1

Zeolite Nanoparticle Layer / Polymer Support
High Inorganic Performance and
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Approach 1: Selective Amine Polymer Layer /

Zeolite Nanoparticle Layer / Polymer Support

« Selective Amine Polymer Layer

- Facilitated transport of CO, via reaction with amine

CO; + R-NH> + Hb O == R-NH3z" + HCO3;

- High CO, permeance and CO,/N, selectivity

e Zeolite Nanoparticle Layer

ncreased porosity

Reduced pore size —> Thinner selective amine layer

Higher CO, permeance



Layer /

ing

Polymer Caulki

Approach 2
Selective Zeolite Membrane / Polymer Support

High Inorganic Performance and
Low-Cost Polymer Processing Benefits

Polymer caulking layer
(500 nm, dense layer)

lite layer
~0.7 nm)

(continuous, 100 nm,

Selective zeo

Polymer support
(~50 pm, G ~70 nm)

backing
(~120 pm)

Nonwoven fabric



Approach 2: Transport Mechanism through Zeolite

Surface

Adsorption @?/
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Project Accomplishments

« Approach 1: Composite Membrane Scaled up
and Prototype Modules Fabricated
— PES polymer support scaled up to 14” wide for ~2500 feet
— ZY deposition scaled up to 14" wide for ~800 feet
— Membrane scaled up to 14” wide for ~800 feet

— 870 GPU with 218 CO,/N, selectivity obtained in flat sheet
at 57°C from lab test

— ~100 of ~2” diameter by 14” long spiral-wound membrane
elements / modules fabricated using rolling machine

— 820 GPU with ~200 CO,/N, selectivity obtained from
modules at 57°C from lab test

— Membrane module stableto 1 -3 ppm SO,, 3% O, and
17% H,O for 200-h test conducted



~Project Accomplishments (continued)

« Approach 1: Testing with Flue Gas at NCCC

— Good performance targeted for 200-h tests

« 810 GPU with ~200 CO,/N, selectivity obtained at 57°C

« Module tested at NCCC behaved similarly to that in OSU Lab

 Repeatable results from 3 modules tested

* Flue gas contained 0.5 -5 ppm SO,, 1.5-4 ppm NO,, 6.6 — 8% O,
and 17% H,O

« Approach 1: Dissemination of Results to
Communities of Interest

— 2 U. S. patents issued

— 5 U. S. patent applications filed

— 17 journal papers published

— 9 Plenary / keynote lectures and 40 invited presentations



~Project Accomplishments (continued)

» Effects of SO, and CO,/SO, Mixture on Amine
Carriers Studied by in-situ FTIR

— SO, permeated with CO,
— Amine regenerated by air sweep at 57°C — Confirmed by
In-situ FTIR

« Approach 2: Rapid Zeolite Membr. Growth (1 h)

— Bendable zeolite membrane synthesized within PES
support
* Roll-to-roll processing shown in lab

— >2000 GPU CO, permeance with ~40 CO,/N, selectivity
achieved with dry gas mixture at 25°C

— 2 papers published in Langmuir and 3 other journal
papers

« Techno-economic Analyses in 2007$ and 2011%
e EH&S Assessment Developed



Membrane Scale-up: Usable for
Approaches 1 and 2

Continuous I\/Iem_br_ane Fabrlcatlon Machine at OSU




Successful Continuous Fabrication of Affordable
- PES Support (applicable to Approaches 1 and 2)

Casting Machine 14-inch PES Support SEM — Top View

¢ B P,
(e

i

: mag T HY ND

. v
¥ 40 000 x| 5.00 k\f‘c’l? mm | 3.0 | TLD

2500 feet fabricated in BP3

« Manufacturer could not supply PES needed for scale-up
 PES synthesized/developed at OSU to resolve supply issue
 PES technology being transferred to TriSep iy



Scale-up Zeolite-Y Deposition and Amine
Coating

14-inch PES Support 14” ZY Deposition on PES Support

=

14" Amine Coating on ZY Layer on PES

15



Approach 1. Zeolite Nanoparticles
Deposited on Polymer Support Successfully

- Top View Cross-section

det |

det | J—r N —

3”‘80000 ‘SOOKV 55mm‘ ‘TLD\ \M‘BOOOO ‘SOOKV 64mm‘ ‘TLD\

 High quality deposition with good repeatability




Amine/Zeolite Seed Layer/Polymer Support

a S

g nj]‘ag :\
2% | 80 000 x

2.00 kV

WD
6.3 mm

spot
3.0

det |

TLD |

Amine cover layer
~ 185 nm

Zeolite-Y 40 nm
seed layer
~ 230 nm

PES support




Membrane Element Fabrication

Element Rolling Machine  Spiral-Wound Membrane Element

Membrane Module reed iniet

Feed Outlet 18



Approach 1: TriSep also Made Elements for us

Spiral-Wound Membrane Element Made by TriSep

N

Membrane Module: Element Made by TriSep in our Housing
Feed Outlet
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Polymer/Zeolite Composite Membranes Containing
Amine Cover Layer: Simulated Flue Gas at 57°C
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Module Tested at NCCC Behaved Similarly to

That in OSU Lab

CO, Permeance
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Module with Longer Glue Curing Time Tested
at NCCC Showed High Selectivity

CO, Permeance
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Module Improved by Longer Glue Curing Time
and a Nanoporous Layer on Top of Membrane
Elimination of Membrane Indentations

900 | 350
|
800 1 +—— i L 300
= 700 - !
o | - 250 >
© 600 - | >
S | L 200 §
c 500 I Q
5 | > @
£ 400 - . 150
) S
O 300 - : o
O : - 100 O
O 200 - '
l Feed: 17% CO,, 66% N,, Simulated Flue Gas L 50
100 - 17% H,O Feed + 3% O, and 3 ppm SO,
0 . : 0

O 10 20 30 40 50 60 70 80 90 100 110
Time (Hour) 23



Polymer/Zeolite Composite Membranes Containing
Amine Cover Layer: Simulated Flue Gas at 102°C

1200
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Approach 1. SO, Membrane Mitigation

 Absorption into 20 wt% NaOH Solution

— Polishing step based on NETL baseline document

« Estimated to be about $4.3/tonne CO, (in 2007 dollar, 6.5% COE
increase)

— Non-plugging, low-differential-pressure, spray baffle
scrubber
— High efficiencies (>95%)

Memb Membrane
embrane Module 2 Forced Fan

Module 1 Draft

SO,
Polishing |

\ 4
\ 4

Baghouse —>D—> FGD

Induced Fan

Treated flue gas

Draft
Steam to Vacuum Compressor
g - Turbine pump 2200 psi
Pulverized
—¥% Coal
Boiler

—

Primary
Air Fans

-«——— Feed Water

Coal

Feed Bottoms Ash 25



Techno-Economic Calculations
Performed by Gradient Technology

In 2007 dollar without Including Membrane Module

Installation Cost and 20% Process Contingency
e Scale-up Prototype Membrane Results

« 870 GPU and 218 Selectivity at 57°C
« $40.4/tonne CO, — Nearly meet DOE target of $40/tonne CO,
 57.2% Increase in cost of electricity (COE)

« 1800 GPU and 160 Selectivity at 102°C
« $34.4/tonne CO, — Better than DOE target of $40/tonne CO,
 47.1% Increase in cost of electricity (COE)

e Lab-Size Membrane Results: 1100 GPU & 140 Selectivity at 57°C
« $37.5/tonne CO, — Better than DOE target of $40/tonne CO,
e 52.2% Increase in COE

e NETL Has Reviewed and Provided Invaluable Feedback

26



Techno-Economic Calculations
Performed by Gradient Technology

In 2007 Dollar Including Membrane Module Installation Cost
and 20% Process Contingency

o Scale-up Prototype Membrane Results
e 870 GPU and 218 Selectivity at 57°C
« $52.9/tonne CO,
o 74.5% Increase in cost of electricity (COE)
e Lab-Size Membrane Results: 1100 GPU & 140 Selectivity at 57°C

« $50.4/tonne CO,
e 70.8% Increase in COE

In 2011 Dollar Including Membrane Module Installation Cost
and 20% Process Contingency

o Scale-up Prototype Membrane Results

« 870 GPU and 218 Selectivity at 57°C
« $62.9/tonne CO,
 64.5% Increase in cost of electricity (COE)

e Lab-Size Membrane Results: 1100 GPU & 140 Selectivity at 57°C

« $60.3/tonne CO,
e 61.8% Increase in COE

* These results have not yet been optimized 27



- Rapid Synthetic Process for Zeolite Powders

Rapid Synthesis
* Open system

e Control water
concentration

« Remove H,O (nucleation)

e Re-add H,O
(crystallization)

Dehydration/Rehydration

17Na,0:Al,0.:12.85i0,:975H,0

—

Reaction at Reflux
(100°C)

2hrs.
D —

Timé/ hr. |

17 Na,0:ALL,O, : 12.8 Si0, : 975 H,0
g 17 Na,0:ALL,O, : 12.8 Si0, : 564 H,0

Growth Process takes 1 hour compared to 8 hours with
conventional method 28



Rapid Synthetic Approach Adapted to
Zeolite Membrane (Approach 2)

Zeolite egnbr_ne

Seed Crystals YA |

-

-

29



Approach 2: Zeolite Membrane within

PES Support

Transport properties with
dry CO,/N, gas at 25°C

3000
a0 ® Black: as synthesized flat sheet
1+ Red: after bending
2600 -
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8 2200 - -
c 2000 " [ |
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| 0. 1800~ u
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1200—'
1000 ] d 1 ! I ! | 1 I 1 1
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e Potential roll-to-roll manufacturing
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Technical Detalls



Successful Continuous Fabrication of Affordable
PES Support (applicable to Approaches 1 and 2)

SEM Analysis of 14-inch PES Support

fa‘ ‘ ‘ ‘ det | e ) 1 111 Ee——— (A‘ mag ‘ HV WD ‘spot‘ det |
5% | 80 000 5.00 kV 52 mm| 3.0 | TLD| 232120000 x| 5.00kV |52 mm| 3.0 | TLD|

Ave. pore size =69.5 nm, Porosity =16.9%




Comparison with PES-300kD from
Millipore

Large magnification (80,000 x)

PES-300kD from Millipore 14-inch PES

Fo e ilE ‘E#‘&Dm : & N : e
mag HY WD | spot| det | - : mag HvY WD |spot| det |
80000x|500kV |50mm| 3.0 |TLD ‘ 80000x|500kV|52mm| 3.0 |TLD ‘
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Ave. pore size (nm)
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Ave. roughness (nm)
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Selective Amine Polymer Layer /

Approach 1

Zeolite Nanoparticle Layer / Polymer Support
High Inorganic Performance and
Low-Cost Polymer Processing Benefits

lve amine

Select
polymer cover layer

(200 nm, dense layer)

AN

NV

—_—

Zeolite

nanoparticle layer
(250 nm, @ ~15 nm)

35

Polymer support
, @ ~70 nm)

50 ym

(....

backing -
(~120 pm)

Nonwoven fabric



Approach 1: Amine Cover Layer
Contains Mobile and Fixed Carriers

Feed Side

Non-Reacting
Gas: N, — ™

/\/\/\/\

CO.+ Mobile
2 Carrier

Membrane

|

Facilitated Transport

Mobile
7 02 ~
A Mobile ——/
Carrier

u f COZ

CO,

Permeate Side

Mobile
(@o,

Physical Solution-Diffusion

4
/
/
4
| — — N2




Approach 1: SO, Effects on

Amine-containing Membranes

« SO, Effects

- SO, permeated with
CO,

- SO, at 1 -3 ppm did
not affect stability of
membrane with amine
cover layer

Feed: 17% CO,, 66% N,,
. 17% H,0

Simulated Flue Gas

Feed + 3% O, and 3 ppm SO, i

0

10 20 30 40 50 60 70 80 90 100 110

Time (Hour)

* Propose SO, Polishing Step before membrane

- 1 -3 ppm SO, in flue gas
- Used in NCCC testing

350

- 300

N
a1
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N
o
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=
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Approach 1. SO, Membrane Mitigation

 Absorption into 20 wt% NaOH Solution

— Polishing step based on NETL baseline document

« Estimated to be about $4.3/tonne CO, (in 2007 dollar, 6.5% COE
increase)

— Non-plugging, low-differential-pressure, spray baffle
scrubber
— High efficiencies (>95%)

Memb Membrane
embrane Module 2 Forced Fan

Module 1 Draft

SO,
Polishing |

\ 4
\ 4

Baghouse —>D—> FGD

Induced Fan

Treated flue gas

Draft
Steam to Vacuum Compressor
g - Turbine pump 2200 psi
Pulverized
—¥% Coal
Boiler

—

Primary
Air Fans

-«——— Feed Water

Coal

Feed Bottoms Ash 38



Breakthroughs to Make Approach 1
Feasible

e Speeding up Synthesis of Nanozeolites

 Atomic Force Microscopy for Optimization of
PES Support

 Influence of SO, on Membrane Components



Approach 1: Conventional Synthesis of Nanozeolites

Composition : 0.048 Na,O: 2.40 (TMA),O(20H): 1.2 (TMA),O(2Br): 4.35 SiO,: 1.0
ALO,: 249 H,0

100 °C heatlng Centrifuge
—) +
4 Days
Zeolite
agComp A Product Mixture Product  Supernatant
Size: 40 nm

_ |\ Yield: 5%
é .'l‘l | i" ﬂ|
2 j'ﬂ|| h '| \ )]d|
% ”’]lw'&jw WWU\ Nuwﬂml l fk ““J M\ ne 162 hs.
z AW WY I, el 53115 & SiAl 2.1
5 IO i 42 hrs.

MWMMM 0 hrs

- :Is IIIII lIU IIIII 1|5 IIIII 2|u IIIII zls IIII 3|0 IIIII 3|5 IIIII 4|0' o

® 20

Microporous Mesoporous Mater. 2003, 59, 13-28.
40



Approach 1: High Yield Process for Nanozeolite

Synthesis for Membrane Fabrication

Composition : 0.048 Na,O: 2.40 (TMA),O0(20H): 1.2 (TMA),O(2Br): 4.35 SiO,: 1.0
Al,O3: 249 H,O

DRHT - 9 Hours

—

Zeolite
Product

Size: 89 nm (DLS)

Yield: 93%
Product Mixture

(nanozeolite + supernatant)

Si/Al 1.76

Intensity (a.u.)

— T v T T T T T T T
5 10 15 20 25 30 35 40 45 50
20

T29+7 nhn P

| This continuous process doesn’t require any
centrifugation in the 29 hours process with yield of
93%.
Synthesis rate: 3% per hour.
"how ww w  Compare with current method : 5 % yield in 96

Particle Size (nm)
hours
Unpublished data. OSU has applied for patent protection. 41




Approach 1. Measuring Surface Roughness
of PES Synthesized at Ohio State

« The AFM generates

surface topography (e.g

Non-contact image profile

NN
ol

roughness) of
membrane
« Roughness
measurement
=> membrane quality
control

Polymer Characterization with the Atomic Force
Microscope

By U. Maver, T. Maver, Z. PerSin, M. Mozeti¢, A. Vesel, M.
Gaberscek and K. Stana-Kleinschek ,Polymer Sc, Chapter 4

42



Approach 1. Support Roughness and
Membrane Quality

PES Nanozeolite coated
support PES membrane

Sample A (3D) Sample B (3D)
Sample Permeance | Selectivity Sample Permeance | Selectivity
name roughness name roughness
Sample A 8 nm NanoY 6 nm
SampleB 28 nm 862 80 SEEIEE

43



Approach 1: Interaction of SO, with
Membrane

Objectives

® Investigate each component
separately and then their Experimental
combinations ' N

® Understand interaction of CO./SO, setup m
with amine membranes - |

® correlate the membrane

performance/degradation in the
presence of SO, and suggest ways to

at

Mid-IR
— Sampl —
J
He
er

circumvent any negative effects oued
Perkin-Elmer transmission gas cell
Spectrum 400 FT-
IR/FT-NIR
spectrometer
PI‘O Ced ure Exposed in two temperatures: 102°C and 57°C
Wet CO,
Dry Ar Wet SO, Dry N, purge
Obtain mm— Study |
background regeneration

In-situ measurement



Approach 1: Chemical Reactions of
CO,/SO, with Membrane Components

* Reactions with CO,
For primary and secondary amine
CO, + RNH, 2 RNH,*COO (zwitterion)
RNH,*COO- + B - RNHCOO" + BH* (carbamate)
If sterically hindered,
RNH,*COO" + H,0 - HCO4 + RNH;*  (bicarbonate)
For tertiary amine
R;N + H,O + CO, - R;N*H + HCO4

* Reactions with SO,

45



Approach 1. SO, Exposed Membranes
Characterized by Infrared Spectroscopy

Two sets of membrane samples

—Ar
——0.7ppm SO, 102 L€

cm™

® Membrane 1 exposed to 0.7 ppm ® Membrane 2 exposed to 0.7 ppm

SO, 57°C SO, at 102°C
> Weak bands for sulfite species > Strong band of adsorbed sulfite
species

46



Approach 1: IR Spectrum of Amine at

57°C and 102°C
(45 ppm SO,/10% CO.,)

—Ar
——50,/CO, 120min
NZ

57°C : SO, primarily
in adsorbed form,
removed with N, or
air purge >1 hour

—Ar
——S0,/CO, 120min
NZ

102°C : SO, primarily in
reacted form, not
removed with N, or air
purge > 1hour

a7



Layer /

ing

Polymer Caulki

Approach 2
Selective Zeolite Membrane / Polymer Support

High Inorganic Performance and
Low-Cost Polymer Processing Benefits

Polymer caulking layer

(500 nm, dense layer)

100 nm,
~0.7 nm)

Selective zeolite layer
(continuous

Polymer support
(~50 ym, @ ~70 nm)

backing
(~120 pm)

Nonwoven fabric
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Approach 2: Transport Mechanism through Zeolite

Surface

Adsorption @?/

i
© Y

Sur ace

Diffusion
CO, N,

a® @D

-40 2
QCOZ =-13.67x10 Cm QNz = -4.67x1 040 C m2

N, is Blocked
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Precedence to Approach 2

10000

Upper  sj(d)+PDMS  ZY-A(d)+PDMS
1000 f bound -> -h\.‘iAHPDMS
ZY-A L SZY-B

Langmuir 2010, 26(12), 10287-10293

a(CO,INy,)

100 Polymers
10 f Weennnns
Si(d) )
L ZY-A(d
ZY-A)
1 -
1E-18 1E-16 1E-14 1E-12 1E-10

k (CO,) [(mol m)/(m2s Pa)]

Journal of Membrane Science 421-422 (2012) 299-310

Zeolite Y on alumina support

4-day synthesis

GPU 328, Permenace 29 (CO,/N,)

Synthetic protocols limit practical application

Change to Polymer support and speed up zeolite synthesis

50



Approach 2: First Step — Polymer Support

Colloidal l l l l l l deposition Secundary growth

5-1

2.8Si0,:975H,0

17Na,0:ALO

T
=3

W
':“ =2y
£

Growth Process takes 8 hours : Impractical

o1



Approach 2: Zeolite Powder Formation
Kinetics

@Hydrothermal
Synthesis

80 -+

4&Rapid Synthesis

Crystallinity / %

Time / hr.

17Na,0:Al,0,:12.8Si0,:975H,0
g 17Na,0:Al,0,:12.8Si0,:564H,0

Crystallization in 2hrs. vs. 8hrs.




Approach 2: Application of Nucleated
Gel to Membrane Growth

1hr hydrothermal 100°C, latm
reflux treatment

Crystalline zeolite layer

Polyethersulfone support

O L0040

53



Approach 2: Characteristics of Membrane
Grown by Rapid Process — 1 hour

o4



Approach 2: Transport properties of Zeolite/Polymer

Membrane

2400

2200 - Black: Straight _

2000 - y Red: Bent Dry CO,/N, mixture
1800 Mean CO, Permeance: 527 GPU
%1600_' & Mean CO,/N, Selectivity: 44
21400 -
S J
E‘IZOO— |
i
0:\']000—-
S 800 L. [

600 [ ] | = .

400 L

200 -

0 ; T J T T T J T T T T
0 20 40 60 80 100 120

CO,/N, Selectivity
1 GPU = 3.35 X 1019 mol/(m?-s-Pa)

« Satisfactory CO,/N, separation property achieved in flat geometry
» Zeolite/Polymer membrane is easy to crack by bending

Wang, B., Sun, C., Li, Y., Zhao, L., Ho, W. S. W. & Dutta, P. K. Microporous and Mesoporous Materials 208, 72-82 (2015).

OSU has applied for patent protection. -



Approach 2: Bendable Zeolite Membrane

What is the structure of zeolite layer?

Before Polymer Dissolving

N-Methyl-2-pyrrolidone

* PES support completely dissolved by N-Methyl-2-Pyrrolidone &O
(NMP). [?]
« Aninter connected zeolite layer observed CHs

Wang, B., Ho, W. S. W., Figueroa, J. D. & Dutta, P. K. Langmuir 31, 6894-6901 (2015). OSU has applied for patent
protection. 56



Approach 2: Transport properties of Bendable
e

Zeolite Membrane

3000

ss00] Black: Straight

w0l Red: 1.5inch curve
= 2400
% 2200 i Dry COZ/NZ mixture
5 el . CO, permeance 1838 + 160 GPU
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o 1800 . -'l
3 1600- " e
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CO,/N, Selectivity

1 GPU = 3.35 X 1019 mol/(m?2-s-Pa)

« This zeolite membrane has highly reproducible CO,/N, separation performance
» This performance is well kept after bending to a 1.5 inch curve

Wang, B., Ho, W. S. W., Figueroa, J. D. & Dutta, P. K. Langmuir 31, 6894-6901 (2015). OSU has applied for patent
protection.
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Technical and Economic Analysis

Aspen Plus modeling software utilized to model the capture
process.

PC plant has not been modeled.

Model has been integrated into a supercritical PC plant that
produces 550 MW of net power.

The capture equipment has been sized to capture 90% of
the CO, at a purity of 95 vol% and compress it to 2,215 psia
at 124°F.

Economic model is based on the factored cost estimating
technique (distributive percentages) recognized by the
American Association of Cost Engineers (AACE).

Technical and economic analysis is conducted in a manner

very similar to the analysis completed in the report Cost and
Performance Baseline for Fossil Energy Plants Volume 1: Bituminous
Coal and Natural Gas to Electricity, Revision 2, November 2010, and
Updated Costs (June 2011 Basis) for Selected Bituminous Baseline
Cases, August 2012.



Technical and Economic Analysis

» 56 different cases utilizing the Aspen Plus and economic
model were conducted during three budget periods.

e 10 cases conducted during this period in both $2007 and
$2011

 Reports detall the results and includes stream tables,
process flow diagrams, equipment size and cost
Information, capital cost summaries, variable and fixed cost
summaries, and all performance and cost metrics

 Primary parameters investigated:
v Flue gas feed pressure to the membrane-based CO, capture unit
v First-stage membrane permeate pressure
v Air sweep gas pressure
v CO, permeance
v H,O / CO, selectivity
v CO, / N, selectivity



Technical and Economic Analysis
Updates in BP3

Reviewed NETL comments from BP2 report.
Incorporated changes based on comments to BP3 report.
Updated economic model to reflect June 2011 cost basis.
Reported results in 2007 and 2011 cost basis.

Changes incorporated:

v 20% process contingency added

v Added membrane module placement, installation, and piping/frame
labor and material costs

v Added fully burdened labor rate

v  Applied distributed percentages technique to caustic scrubber
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Technical & Economic Analysis
Case Parameters

Case A | Case B | Case C | Case D | Case E | Case F | Case G| Case H | Case | | Case J
Flue Gas Pressure (atm)] 1.5 15 L5 15 15 L5 15 15 1.75 2.0
Membrane 1
Permeate Pressure (torr)| 150 150 150 150 150 150 150 150 150 150
CO, Permeance (GPU)| 800 820 850 800 820 850 900 1100 1100 1100
H,0:CO, Permeance 1 1 1 1 1 1 1 1 1 1
CO,N, Permeance| 170 170 170 140 140 140 170 170 170 170
H,0 Permenace (GPU)| 800 820 850 800 820 850 900 1100 1100 1100
N, Permenace (GPU)| 4.7 4.8 5.0 5.7 59 6.1 53 6.5 6.5 6.5
SO, and NO, Permenace (GPU)| 0 0 0 0 0 0 0 0 0 0
Membrane 2
Air Sweep (%)] 80 80 80 80 80 80 80 80 80 80
Air Sweep Gas Pressure (atm)]  1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05
CO, Permeance (GPU)[ 800 820 850 2000 2000 2000 900 1100 1100 1100
H,0:.CO, Permeance| 1 1 1 1 1 1 1 1 1 1
CO,N, Permeance| 170 170 170 25 25 25 170 170 170 170
H,0 Permenace (GPU)] 800 820 850 2000 2000 2000 900 1100 1100 1100
N, Permenace (GPU)| 4.7 4.8 50 80.0 80.0 80.0 53 6.47 6.5 6.5
SO, and NO, Permenace (GPU)| 0 0 0 0 0 0 0 0 0 0




Technical & Economic Analysis Results
Summary

Case 11| Case 12| Case A| Case B| Case C| Case D| Case E| Case F | Case G| Case H] Case | | Case J

PERFORMANCE
CO, Capture 0% 90% 90% 90% 90% 90% 90% 90% 90% 90% 90% 90%

Gross Power Output (kWe)| 580,400 662,800 675,744 675,744 675,744 679,908] 679,908] 679,908 675,744 675,744] 684,844 692,999
Auxiliary Power Requirement (k\We) 30,410 112,830] 126,664 126,664] 126,664 130,817 130,817] 130,817 126,671 126,671] 135,781] 143,950
Coal plant auxiliaries (kWe) 30,410 47,340 35,409 35,409 35,409 35,627 35,627 35,627 35,409 35,409 35,886 36,313

Capture auxiliaries (kWe) - 20,600 47,668 47,668 47,668 51,353 51,353 51,353 47,670 47,670 55,719 62,926

Compression requirements (kWe) - 44,890 43,588 43,588 43,588 43,837 43,837 43,837 43,592 43,592 44,176 44,711

Net Power Output (kWe)| 549,990] 549,970 549,080 549,080 549,080] 549,091] 549,091] 549,091 549,072 549,072] 549,063] 549,049

Coal Flowrate (Ib/hr)] 409,528 565,820 469,252 469,252 469,252 472,144 472,144] 472,144 469,252 469,252 475,572 481,234

HHYV Thermal Input (kWth)] 1,400,162 1,934,519 1,603,049| 1,603,049] 1,603,049| 1,612,928 1,612,928} 1,612,928| 1,603,049] 1,603,049| 1,624,638| 1,643,983

Gross Plant HHYV Efficiency (%6) 41.5% 34.3% 42.2% 42.2% 42.2% 42.2% 42.2% 42.2% 42.2% 42.2% 42.2% 42.2%
Auxiliary HHYV Efficiency (%) 2.17% 5.83% 7.90% 7.90% 7.90% 8.11% 8.11% 8.11% 7.90% 7.90% 8.36% 8.76%

Coal Plant Auxiliaries HHV Efficiency (%) 2.17% 2.45% 2.21% 2.21% 2.21% 2.21% 2.21% 2.21% 2.21% 2.21% 2.21% 2.21%

Capture Auxiliaries HHV Efficiency (%) - 1.06% 2.97% 2.97% 2.97% 3.18% 3.18% 3.18% 2.97% 2.97% 3.43% 3.83%

Compression HHV Efficiency (%) - 2.32% 2.72% 2.72% 2.72% 2.72% 2.72% 2.72% 2.72% 2.72% 2.72% 2.72%

Net Plant HHYV Efficiency (%6) 39.3% 28.4% 34.3% 34.3% 34.3% 34.0% 34.0% 34.0% 34.3% 34.3% 33.8% 33.4%

Decrease in Plant Efficiency Due to CO, Capture - 3.39% 5.69% 5.69% 5.69% 5.90% 5.90% 5.90% 5.69% 5.69% 6.15% 6.55%
Net Plant HHV Heat Rate (Btu/k\Wh) 8,687 12,002 9,962 9,962 9,962 10,023 10,023 10,023 9,962 9,962 10,096 10,217

Raw Water Consumption (gpm/MW,,¢) 7.69 14.06) 0.257| 0.257 0.257 0.263 0.263 0.263 0.257 0.257 0.259 0.262

Cooling Water Usage (gpm/MW,,o) 8.84 18.91 144 144 144 148| 148 148 144 144 152 158]

Process Water Discharge (gpm/MW,,.) 1.99 4.25 1.54 1.54 1.54 1.60 1.60 1.60 1.54 1.54 1.62 1.68

COST
Total Plant Cost (2011$ x 1000)| 1,089,771] 1,959,399 710,934] 706,741] 700,823 679,144] 677,842] 676,004 691,907] 664,120] 681,486 709,416

Total Plant Cost (2011$/kW) 1,981 3,563 1,295 1,287 1,276 1,237 1,234 1,231 1,260 1,210 1,241 1,292

Total Overnight Cost (2011$/kW) 2,452 4,391 1,548 1,538 1,526 1,478 1,476 1,472 1,506 1,446 1,484 1544

Bare Erected Cost 1,622 2,744 872 867 860 833 831 829 849 814 836 870
Home Office Expenses 148 252 87| 87 86 83 83 83 85| 81 84 87|
Project Contingency 211 446 144 143 142 137 137 137 140 134 138 144
Process Contingency 0 121 192 191 189 183 183 182 187 179 184 191
Owner's Costs 471 828 253 251 249 242 241 240 246 236 242 252

Total Overnight Cost (2011$ x 1000)| 1,348,575] 2,414,918] 849,769] 844,758| 837,684 811,771 810,215 808,018] 827,026] 793,813] 814571 847,955
Total As Spent Capital (2011$/kW) 2,780 5,005 1,764 1,754 1,739 1,685 1,682 1,678 1,717 1,648 1,691 1,761

COE (mills/kWh, 2011%) 81.0 147.3 134.0 133.8 133.4 131.9 131.8, 131.7| 132.8 131.0 132.1 134.0
Base Plant Costs - - 80.95] 80.95 80.95 80.95] 80.95] 80.95 80.95] 80.95] 80.95 80.95]

CO, TS&M Costs 0.0 9.99 5.9 5.9 5.9 6.0 6.0 6.0 5.9 5.9 6.0 6.1

Additional Fuel Costs 25.54 35.29 3.7 3.7 3.7 3.9 3.9 3.9 3.7 3.7 4.1 4.5
Variable Costs 7.7 13.21 7.1 7.0 6.8 5.8 5.8 5.7 6.6 6.0 5.4 5.1

Fixed Costs 9.5 15.7 4.6 4.5 4.5 4.4 4.4 4.4 4.5 4.3 4.4 4.6

Capital Costs 38.2 73.12 31.8] 317 31.4 30.9 30.9 30.8 311 30.1 31.3 32.8

LCOE (mills/kWh, 2011$%) 102.6 186.7 170.0 169.6 169.1 167.2 167.1] 167.0 168.4 166.1] 167.6| 169.9
COE Increase (%0) - 81.9% 65.6% 65.2% 64.8% 62.9% 62.8% 62.7% 64.0% 61.8% 63.2% 65.5%

Cost of CO, Capture ($/tonne) - 66.6) 64.0] 63.7 63.2 61.0 60.9 60.8] 62.5) 60.3 60.9) 62.3]




Technical & Economic Analysis Results

Summary

Case A| Case B | Case C | Case D | Case E | Case F | Case G | Case H | Case |l | CaseJ

Flue Gas Pressure (atm)] 1.5 15 15 L5 15 15 15 15 175 2.0

Membrane 1

Permeate Pressure (torr)] 150 150 150 150 150 150 150 150 150 150

CO, Permeance (GPU)| 800 820 850 800 820 850 900 1100 1100 1100

H,0:CO, Permeance 1 1 1 1 1 1 1 1 1 1

CO,N, Permeance| 170 170 170 140 140 140 170 170 170 170

H,O Permenace (GPU)[ 800 820 850 800 820 850 900 1100 1100 1100

N, Permenace (GPU)| 4.7 4.8 50 5.7 59 6.1 53 6.5 6.5 6.5

SO, and NO, Permenace (GPU)| 0 0 0 0 0 0 0 0 0 0

Membrane 2

Air Sweep (%) 80 80 80 80 80 80 80 80 80 80

Air Sweep Gas Pressure (atm)|  1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05
CO, Permeance (GPU)| 800 820 850 2000 2000 2000 900 1100 1100 1100

H,0:CO, Permeance 1 1 1 1 1 1 1 1 1 1

CO,N, Permeance| 170 170 170 25 25 25 170 170 170 170

H,O Permenace (GPU)[ 800 820 850 2000 2000 2000 900 1100 1100 1100

N, Permenace (GPU)| 4.7 4.8 50 80.0 80.0 80.0 53 6.47 6.5 6.5

SO, and NO, Permenace (GPU)| 0 0 0 0 0 0 0 0 0 0
$2011 Cost of Electricity Increase (%)| 65.6% | 652% | 64.8% | 62.9% | 628% | 627% | 64.0% | 61.8% | 63.2% | 65.5%
$2011 Cost of CO, Capture| 64.00 | 6367 | 6320 | 61.05 | 6094 | 6080 | 6250 | 6031 | 60.91 | 6232
$2007 Cost of Electricity Increase (%)| 76.0% | 755% | 749% | 71.9% | 718% | 71.6% | 73.9% | 70.8% | 71.9% | 74.2%
$2007 Cost of CO, Capture| 54.08 | 5375 | 5328 | 50.86 | 50.76 | 50.61 | 5258 | 5040 | 50.51 | 5150




Technical & Economic Analysis Results

» Effect of CO, permeance:
* Increased permeance results in decreased membrane

Cost of CO, Capture ($/tonne)

area and decreased cost.
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Technical & Economic Analysis Results

Cost of CO, Capture ($/tonne)

Effect of high CO, permeance but low selectivity membrane

for second membrane using sweep gas.:

 Minimal impact however cost metrics are smaller than
previous cases where same membrane used in both

stages.
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Technical & Economic Analysis Results

o Effect of flue gas pressure:

Cost of CO, Capture ($/tonne)

* Increased pressure results in decreased membrane area
but increased cost due to compression requirements.
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Technical & Economic Analysis Results

o Effect of membrane pressure drop:

e Increased pressure results in increased membrane area
and increased cost due to reduced driving force.

* Pressure drop shown is not reflective of membranes
developed at OSU but is for illustration only.

Cost of CO, Capture ($/tonne)
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Technical & Economic Analysis Results

» Effect of heat transfer coefficient of HX-01 used to cool CO,
permeate before entering vacuum system:

e Increased heat transfer coefficient results in decreased

heat exchanger area and cost.
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Technical & Economic Analysis Results

o Effect of membrane frame and piping cost:
« Cost of CO, capture and COE increase are directly

Cost of CO, Capture ($/tonne)
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Technical & Economic Analysis
Recommendations

« ASSess proper process contingency to use in economic
model. 10% as opposed to 20% may be more realistic.
* Incorporate heat transfer in the membrane modules.

e Lack of a heat transfer model has the following effects:

 Water vapor could condense in membrane.

 Knockout drum(s) required to separate condensed water from
secondary combustion air (sweep gas) that leaves the second
membrane stage.

» Currently, condensed water is recirculated back through PC boiler
and leads to larger flue gas compression requirements.

» Although compression requirements may be overestimated,
additional knockout drums have not been added so total impact on
cost metrics needs to be determined.



Environmental, Health & Safety
Assessment

« EH&S assessment conducted to compliment

technical and economic analysis
 Evaluated air and particulate emissions as well as

solid and liquid waste streams

— Air emissions
¢ SO,
* NO,
 Fly ash
— Liquid effluent
 Process water
e Liquid ring vacuum pumps
 Cooling water
« Spent SO, solution

— Solid waste
 Heavy metal absorption in membrane components



Environmental, Health & Safety
Assessment

Estimated emission levels

Assessed the toxicological effects of materials
utilized

Summarized the hazardous properties of the
materials utilized

Assessed the impact of CERCLA, TSCA, CWA, and
CAA on the process



Environmental, Health & Safety
Assessment

 Conclusions

— Particulate emissions were unaffected by the addition of
this technology to a PC plant

— Obviously CO, emissions were reduced by 90%

— Captured combustion water estimated to be ~1.3 million
tonnes/yr

— SO, removal system results in 11,000 tonnes/yr
hazardous waste

— Cooling water is recycled



Summary

Achieved Milestones/Success Criteria

- Scale-up prototype membrane results
+ CO, permeance = 870 GPU, CO,/N, selectivity = 218 at 57°C
+ CO, permeance = 1800 GPU, CO./N, selectivity = 160 at 102°C

- Lab-size membrane: 1100 GPU & ~140 selectivity at 57°C

Conducted NCCC Testing
- Module tested at NCCC behaved similarly to that at OSU

- Module with better glue curing showed high selectivity
+ Selectivity reduced by membrane indentations

Eliminated Membrane Indentations
- Placing a nanoporous layer on top of membrane

Performed TEA in 2007% and 2011%

- Capture cost may be reduced (by ~$4/tonne in 2011%) by
optimizing feed pressure and water knockout

Developed EH&S Assessment
Received $500K Matching Funds from Ohio Coal
Office
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Back-up Slide |
Other Benefits of the Project

* CO, Captured for Enhanced Oil Recovery

 Environment-Friendly Technology

- All solid components
+ No liquid spill concerns
+ Minimal waste: zeolite & polymer are benign

- Used membrane modules can be disposed of

as solid waste
+ Or used in incineration for steam generation

- Water may be recovered from flue gas
for reuse — wastewater issues minimized
- EH&S advantages of the OSU technology
 Ease of Scale-up
- Modular membrane system
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