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Overall Project Objectives

design, develop and demonstrate a bench-scale process
for the efficient and cost effective separation of CO, from
flue gas using Pressure Swing Adsorption (PSA)

goal to reduce energy consumption, capital costs, and
environmental burdens with novel PSA cycle/flow sheet
designs

applicable to both large (500-1000 MW) and small (5-50
MW) capacity power plants, and industries with 10 to 100
times less CO, production

Process simulations and experiments; structured
adsorbent material development, CFDs and
experiments; and complete flow sheet analyses being
used for demonstrating and validating the concepts.




The Team
 investigation




Budget

Project Budget Period 1 Budget Period 2 Budget Period 3

Team Total
Member Gov. Cost Gov. Cost Gov. Cost
Share Share Share Share Share Share

449518
2062500
738556
498052
3748626

Grace
USC

Battelle
Catacel
TOTAL

Breakdown in % of Total Budget
USC 55.0%
Battelle 19.7%
Catacel 13.3%

Grace 12.0%




Key PSA Technology Project Challenge
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although a commercial tri-sieve zeolite could be
used today in an efficient PSA cycle, it would
only minimize to some extent the pressure drop
Issues, but not the adsorbent attrition and mass
transfer issues

key challenge is to develop a structured adsorbent
around an efficient PSA cycle that exhibits a high
enough packing density to allow the fastest
possible cycling rate (= smallest possible beds),
while improving pressure drop and mass transfer
Issues and eliminating attrition issues






Scale of PSA System for CO, Capture from
550 MW Power Plant

Is It possible to achieve a 1/10th volume reduction?

* Increase working capacity 10 fold (herculean)
e operate at 1/10™ cycle time (achievable)
» known as rapid PSA

although rapid PSA offers potential for a low-cost
solution for CO, capture, the extent of size
reduction achievable is, at the moment, unknown
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i .y  ~12,000 Nm¥/h/module

H, Production
Conventional PSA

~ 20,000 Nm3/h

A 550 MW plant
produces ~ 33,000

| \
3 - - Two of Questair’s modules do 20%
Nm /h at > 30 times | Dbetter than this 6-bed PSA system

lower pressu rel D and are much smaller.







Significant Outcomes from BP 1

» developed PSA cycle and process flow sheet with less than 40%
LCOE increase; based on completed preliminary technical and
economic feasibility study

» demonstrated zeolite crystals can be coated onto basic metal
structure with at least 50 um thick coating; suggests it may be
possible to achieve even 100 to 150 um coatings, if needed

» demonstrated Catacel core structures can be made with up to 400
cells per square inch (cpsi); makes goal of achieving 600 cpsi,
possibly even 800 cpsi, within reach

» demonstrated needed limit of < 20 kPa/m pressure drop through 400
cpsi core at very high velocities up to 25 m/s; pressure drop limit
utilized in preliminary technical and economic feasibility study

» designed and sized concentration swing, rotary wheel driers via
rigorous simulation to dry flue gas prior to PSA unit; made
economics viable

» recently demonstrated via simulation, pressure drop limit not
exceeded even for 100 um zeolite coated Catacel core



Significant Outcomes from BP 1

» predicted pressure drop through Catacel core nearly quantitatively using
CFD model with no adjustable parameters; paves way to fabricate even
more optimum core structures using computational tools

» demonstrated, via PSA process simulation, possibly lowest energy,
highest feed throughput PSA cycle for CO, capture; amazing when
considering bulk density reduced from 710 kg/m? (typical for packed
bed of zeolite beads) to 400 kg/m? (entirely feasible with Catacel core)

» PSA cycle boasts feed throughput of around 3,000 L(STP)/hr/kg and
separations energy < 18 kJ/mol CO, captured

» two, 1-bed PSA systems recently readied for pellet and core testing

» 2-D parallel channel open cell structure adsorption model recently
revealed plug flow concentration behavior = corrugated structure not
subject to premature breakthrough and can be simulated with packed
bed model



Preliminary Technical and Economic
Feasibility Study

Overall Outcome
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USC Rapid PSA Process

Flow Sheet*
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* USC Provisional Patent Filed



Summary of Power Demands and LCOE
for Major Components in the Flow Sheet

Generated Blowerl Blower2  Dryerl Dryer2 PSA Vacuum  Comp. Sequest.

Power 550 (14.5) (2.2) (53.5) (39.6) 440 MW
Capital S (684 S (1071 5 (179) S (1458) 5 (3163) 5 (9.26) 5 (49.99) (140.93) MM
Levelized Costs:
Depreciation S (12005 (187§ (314§ (255 S (554 S (162 S (879 (24.66) MM/yr
Maintenance S (0145 (0205 (038 S (0299 5 (063 S (019 S  (1.00) (2.82) MM/yr

Power (689 (10 (551) §  (1885) S (52.27) MWyt

SubTotal 82) (1) (349 8 (617)  (2731)  (840) N (79.75) MWyt

S (07 S (07) $ (L51) MMyr
S

S (360 (3.64) MM/yr

S (147) § (14.72) MM/yr
Recyclables S ol S 0.11 MM/yr
Labor § (03)) S (0.31) MM/yr
TOTAL Levelized costs S (82 ¢ (108 (349 (284§ (100) $ (2805 § (2935 S (1472 $ (99.82) MM/yr

Flow 3478189 3478189 3,478,189 3478189 3478189 3478189 3478189 3478189 3,478,183.74 ton/yr
Subtotalcost §2.36 50.90 51,00 50.82 177 §7.85 98.22 50.00 $ 2.93 [ton-C02
Total Cost §2.36 50.90 51.00 50.82 52,88 98.07 98.44 U3 $ 28.70 /ton-C02
Total Cost S 0002 & 00015 0001 $ 0000 § 0002 5 0007 S 0007 S 0.004 § 0.024 /kWh
Separation energy 5.40 0.80 20.00 14.78 k)/mol C02
3.1% 1.2% 1.3% 1.1% 3.8% 10.7% 11.2% 5.6% 8.1%

* USC Provisional Patent Filed




Number and Sizes of the
Adsorbent Rotary Wheel Gas Dryers*

Gas Dryer 1

10 wheels

L=1.00m

D=9.79m

® =10,076.0 L(STP)/hr/kg
t.=40s

tr=20s

tp =205s

b = 300 kg/m®

* USC Provisional Patent Filed

Gas Dryer 2

10 wheels

L=1.00m

D=883m

® =10,451.9 L(STP)/hr/kg
t.=40s

tr=20s

tp=20s

0 = 300 kg/m®




Typical Cycle Steps for PSA Operation
Snapshot of Multi-Bed PSA System

T CO, Depleted Product O0>a,b,cde>1

¢ CO, Rich

CO, Feed Gas Y Product
Feed Feed Heavy  Equalization  Co-Current Counter- Light  Equalization Light [o] [
Gas Reflux Down Depressurization Current Reflux Up Product

Pressurization Depressurization Pressurization



PSA Process Conditions for DAPS*

Feed Composition (Dry) Process Conditions
Yeo, = 0.1592 P, = 120 kPa

Va, = 0.8029 ;L - 35‘2?

Yo, =0.0379 "

h =0.0 W/m? K (adiabatic)
Mass Transfer Coefficients t.=120s

Keop = 10.0 5 0= 2,600 - 3,100 L(STP)/kg/hr
Ky = 1.052 Structured Bed Properties
Ko, =1.0572 L,=0.125m

d, = 0.09848 m

pp, = 400 kg/m?

g, = 0.64

* DAPS: dynamic adsorption process simulator




CO, Purity & Recovery [%]

DAPS Results of Bench Scale PSA Process
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this is a low
energy, high
feed throughput
PSA cycle for
CO, capture
that meets the
DOE criteria,
especially when
considering the
bed density Is
only 400 kg/m?3




Number PSA Units and Bed Size*

WA Ulhiats

A bedaftrain

2l trains = 6l heds
=208 m

D=31>m

® = 3.000 L{STPWheileg

m, =400 kegitn?

* USC Provisional
Patent Filed

This PSA design is achieving a working capacity of ~ 0.028 Ib CO./Ib sorbent.
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Key Tasks Planned for BP 2

» study adsorbent (zeolite crystals and silica gel) stability in the
presence of trace levels of NO, and SO,

» coat Catacel cores with 50 to 100 um thick layers of zeolite
crystals

» optimize Catacel core structure via CFD modeling
» measure pressure drop through zeolite coated Catacel cores

» test breakthrough and cycling behavior of zeolite pellets and
coated Catacel cores in 1-bed bench scale PSA apparatuses

» complete construction of multi-bed bench scale PSA apparatus

» characterize thermodynamic and mass transfer properties of
zeolite coatings

> refine PSA cycle schedule via modeling with new
thermodynamic and mass transfer information
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Zeolite Coated Metal Foill

> preliminary fabrication

» coated on flat foil coupon at 30 mg/in?

> coating passed Catacel adhesion test

> goal: to make coating 100 — 150 um thick

7122012
1:52:19 PM

1:28:17 PM|30.0kV| 8.0 |SE|[10.7 mm‘4000x 28.40 s|




Relative Loading (mol/kg)

1.4

12 |
1.0 |

TGARuns at 70 °C
Cycle: 100 s Stream with CO, /100 s Pure N,

15% CO, in N,/100 % N,

100% CO, /100 % N,

—Powder
—Washcoat
—Bead

—Powder
—Washcoat
—Bead

Time (min)
Working Capacities of washcoat between 50 and 100 % higher than

(N5 6 7
Time (min)

commercial beads!




Corrugated Catacel Cores

1” x 6” x 400 cells/in?
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Structured and Beaded Media Pressure Drop

Pressure Drop Apparatus
Qpax = 1000 SLPM
AP_.. =30,700r 140 in H,0

goal: AP, ., < 20 kPa/m at
design velocity of 20 m/s




Structured and Beaded Media Pressure Drop

A one 1.5" 290 CPSI

— =—6"290CPSI CFD

one 1" 360 CPSI

— 6" 360 CPSI CFD

one 1" 290 CPSI

one 1" 380 CPSI
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Structured and Beaded Media Pressure Drop

one 1.5" 290 CPSI
- = §" 290CPSI CFD
one 1" 360 CPSI
=" 360 CPSI CFD
one 1" 290 CPSI
one 1" 380 CPSI
====6" 600 CP5| 100mic ads CFD
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Isotherm on Adsorbent and Dual Process Langmuir Fit

Dual Process Langmuir (DPL) Isotherm

B Py, N n, Py,
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Volumetrlc Frequency Response Apparatus
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5x10° to 10 Hz

o 100 g adsorbent
| 80 °C and 0.2 atm




' // 0.1t0 2 Hz
il | 100 g adsorbent
" | | 80°Cand 0.1 atm
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PSA Process Simulator Validation with
1-Bed PSA Experiment

CO, Feed Feed T Cycle | CO, CO, N, N,
Concentrationin N, | Throughput (°C) | Time | Purity | Recovery | Purity | Recovery
(%) (L STP/hr/kg) (sec) (%) (%) (%) (%)

Eperiment | 15 | 150 252|900 | 941 | 909 | 937 | 960
| Model | 15 | 150 254|900 932 | 915 | 935 971
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PSA Technology Advantages

established, very large scale technology for other
applications

needs no steam or water; only electricity

tolerant to trace contaminants; possibly with use
of guard or layered beds

zeolite adsorbent commercial and widely
available

Increase in COE lower than other capture
technologies

beds can be installed under a parking lot
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PSA Technology Challenges

energy intensive, but better than today’s amines;
possibly overcome by novel designs

today, very large beds required - implies large
pressure drop => more power; possibly overcome
by structured adsorbents and faster cycling

large footprint; possibly overcome by
underground installation and faster cycling -
smaller beds

high capitol cost; possibly overcome by faster
cycling = smaller beds



