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Abstract

The main objective of the project was to develgpoat-combustion COcapture process based
on the hybrid cold temperature membrane operafitve. CQ in the flue gas from coal fired
power plant is pre-concentrated to >60%,@®the first stage membrane operation followed by
further liquefaction of permeate stream to achie98% CQ purity. The aim of the project was
based on DOE program goal of 90% L€apture with >95% C@purity from Pulverized Coal
(PC) fired power plants with $40/tonne of carboptoee cost by 2025. The project moves the
technology from TRL 4 to TRL 5. The project invotiveptimization of Air Liquide commercial
12” PI-1 bundle to improve the bundle productivity >30% compared to the previous baseline
(DE-FE0004278) using computational fluid dynami€$D) modeling and bundle testing with
synthetic flue gas at 0.1 MWe bench scale skidtkmtat Delaware Research and Technology
Center (DRTC). In parallel, the next generationypoide based novel PIl-2 membrane was
developed with 10 times G@ermeance compared to the commercial PI-1 membTdreenovel
P1-2 membrane was scaled from mini-permeator tgpdrmeator and 1” bundle for testing.
Bundle development was conducted with a Developi8et Unit (DSU) installed at MEDAL.

Air Liquide’s cold membrane technology was dematstl with real coal fired flue gas at the
National Carbon Capture Center (NCCC) with a 0.3 &téld-test unit (FTU). The FTU was
designed to incorporate testing of two PIl-1 commaémembrane bundles (12" or 6” diameter)
in parallel or series. A slip stream was sent orthxt generation PI1-2 membrane for testing with
real flue gas. The system exceeded performancetsangth stable PI-1 membrane operation for
over 500 hours of single bundle, steady state nigstlThe 12" PI-1 bundle exceeded the
productivity target by achieving ~600 Nfir, where the target was set at ~455°f#mat 90%
capture rate. The cost of 90% &C€apture from a 550 MWe net coal power plant wasnased
between 40 and $45/tonne. A 6” PI-1 bundle exhibgeperior bundle performance compared to
the 12" PI-1 bundle. However, the carbon capturs e@s not lower with the 6” PI-1 bundle due
to the higher bundle installed cost. A 1” PI-1 blengas tested to compare bundles with different
length / diameter ratios. This bundle exhibited lilwest performance due to the different fiber
winding pattern and increased bundle non-idea8gveral long-term and parametric tests were
conducted with 3,200 hours of total run-time at NiCC

Finally, the new PI-2 membrane fiber was testea @tnall scale (1” modules) in real flue gas and
exhibited up to 10 times the G(permeance and slightly lower @Q, selectivity as the
commercial PI-1 fiber. This corresponded to a migje 4 - 5 times increase in the productivity
per bundle and a potential cost reduction of $3#ofor CQ capture, as compared with PI-1.

An analytical campaign was conducted to trace whffe impurities such as NOx, mercury,
Arsenic, Selenium in gas and liquid samples throubke carbon capture system. An
Environmental, Health and Safety (EH&S) analysis wampleted to estimate emissions from a
550 MWe net power plant with carbon capture usimig cnembrane.

A preliminary design and cost analysis was comglé&be 550 tpd (~25 MWe) plant to assess the
capital investment and carbon capture cost for Bid PI-2 membrane solutions from coal fired
flue gas. A comparison was made with an amine baskdion with significant cost advantage
for the membrane at this scale. Additional prelamndesign and cost analysis was completed
between coal, natural gas and SMR flue gas fororacapture at 550 tpd (~25 MWe) plant.
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1. EXECUTIVE SUMMARY

Air Liquide has developed a cost effective, posnbastion CQ capture technology at TRL 5
based on the hybrid, hollow fiber cold membranecess followed by liquefaction. The GO
from flue gas is pre-concentrated in the cold memeérat >60% followed by further purification
to EOR grade in a liquefaction step. The objectif/¢his final scientific report is to present the
development work of Air Liquide’s hybrid cold menalme technology conducted under DE-
FEO013163 over a three year program. The projestpgagformed over two budget periods.

Bundle testing:

Air Liquide’s hollow fiber polyimide (PI) membrargossesses unique properties when operated
at low temperatures (<-20C), exhibiting 2-4x higl@&D,//N, selectivity with comparable GO
permeance as ambient temperature performancebgdle optimization for commercial 6” and
12” bundles was completed with the iterative cormbon of Computational Fluid Dynamics
(CFD) simulation and experiments using 0.1 MWe berscale skid, resulting in >30%
improvement in bundle productivity. Next generatitigh permeance PI-2 fiber was developed
and scaled up from laboratory scale to 1” prototgpadle. PI-2 membranes showed potential to
reduce bundle count significantly with 4-5X progattoundle productivity compared to PI-1. The
optimized bundles were tested at the National Ga®apture Center (NCCC) with 0.3 MWe
field test unit (FTU). The FTU was operated for agpmately 3600 hours during the PO4 and
PO5 campaigns. The field testing at NCCC was fatwsevalidating and testing Air Liquide’s
membranes with coal fired power plant flue gas.uki@ction was excluded in the field testing
due to Air Liquide’s extensive experience in cryoigepurification of CQ streams.

Exhibit 1 shows the membrane bundles tested at N@{@iCstable long term performance:
Exhibit 1. Bundle test at NCCC

Bundle type Testing type Duration of test
12" PI-1 Bundle Long term single bundle test arfalBdles in series configuration 640 hours
6” P1-1 Bundle Long term test, Parametric test {C@pture rate, Permeate pressure, 900 hours

Feed temperature, sweep rate)

1" PI-1 Bundle Long term test, parametric test hgrging CQ capture rate 350 hours
1" PI-2 permeator Long term test 700 hours
1" PI-2 Bundle Long term test and parametric tgsthanging the Cocapture rate 14080urs
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Exhibit 2. Long term steady state test for 12PI-1 bundle at NCCC
Exhibit 2 shows results of the 500 hours, long-tégst of the 12” PI-1 bundle tested at 90%,CO
capture. Bundle productivity exceeded the basakinget of 455 Nrithr by >30%, with actual
productivity at ~610 Nrithr. CQ purity in the permeate also exceeded the puriteta

Final Scientific Report — DE-FE0013163



A 6” PI-1 bundle exhibited superior bundle perforro@a compared to the 12” bundle. A 1" PI-1
bundle was also tested to compare bundles witherérfit length / diameter ratios and
manufacturing techniques. The 1” bundle was folandemonstrate the lowest performance due
to different fiber winding pattern and increaseddle non-ideality.

Techno-economic Analysis:
A final techno-economic analysis (TEA) for a 550 M¥oal power plant with COcapture was
performed upon the completion of the field testhwaptimized membrane bundles. The TEA
study included four cases utilizing Air Liquide’sramercial 12” and 6” PI-1 membrane bundles
and next generation, PI-2 membrane case 1 (90%reaftld data) and PI-2 case 2 (70% capture
field data — ideal performance). All cases weredemted at 90% COcapture with different
membrane permeance and £ selectivity based on the field test data. Predi€@€, capture
costs are shown in Exhibit 3:
e« 12" and 6” PI-1 bundle TEA cases resulted in thptare cost of $41-46/tonne for first of
a kind (FOAK) estimate an®40-45/tonnefor nth of a kind (NOAK) estimate
* PI-2 was projected to result in $2-3/tonne lowegpstoee cost than Pl-1 &38-42/tonne
due to reduced membrane cost, meeting DOE target@fonne by 2025. Case 12 amine
capture was calculated at $55/tonne excluding pamation at 20113$.

TEA Study 550 MWe (net) Coal Fired
Power Plant - Post Combustion

|

60
. |

50 -

0 ! ] I ! i i .
30

20 -

10

.

Case 12 12"PI-1 Bundle 6"PI-1Bundle 12"PI-2 Case 1 12"PI-2 Case 2

Carbon Capture Budgetary Cost ($/tonne of CO,)

M Fuel Cost M Variable Operating Cost M Fixed Operating Cost
M CAPEX low range L1CAPEX high range

Exhibit 3. Carbon Capture Cost in 2011$ excludingransportation and storage

In addition to the bundle testing, an analyticahpaign was conducted to measure contaminants
such as mercury, arsenic, selenium, NOx and suifatine gas and liquid samples. These
analyses demonstrated significant co-reductionscaftaminants from the flue gas. An
environmental health and safety (EHS) study wasopeed, showing reduced emissions from
cold membrane process compared to Case 12 (anphgep

Results from testing at the NCCC were used to dgvalpreliminary design package for scale-up
to 550 tpd (~25MWe) for the next phase of cold mambrtechnology. With the promising
aspects of PI-2 membrane and potential to reduecendmbrane cost significantly, a separate DE-
FE0026422 study is ongoing to produce commerciallesel-2 bundles for testing at NCCC. The
field test unit was prepared for storage for furthge in DE-FE0026422.
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2. Air Liguide Carbon Capture Technoloqgy

Air Liquide’s hybrid CQ capture process combines cold temperature memioeration with
partial CQ liquefaction as shown in Exhibit 4. The commerdialLiquide membranes, operated
at temperatures below -20°C, were shown to haved2times higher C@N, selectivity, with
similar CQ, permeance, as compared to ambient temperaturatmperThis improved membrane
performance is the enabling factor for the hybridmnmbrane and partial condensation process
designed by Air Liquide. This process enables ®&@¥ CQ capture from air-fired pulverized
coal (AFPC) flue gas at a capture cost approacti#t@ftonne, and with greater than 95% ,CO

purity.

To Stack
Power
Plant Cold
Expansion
Flue Gas s CO, Product
> 0,
Compressor 99% CQZ
| Pretreatment |—" ISR o 2200 psig
and Dryel l l—
BFW | Heat Exchanger |
L7 ,l\ Recycle
-35t0 -45°C N, Rich
100-200 psig . .
18%CO, Liguefaction
Membrane BFW _@
CO; Rich >60% CO,

Exhibit 4. Air Liquide CO , Capture Process Schematic

The full scale hybrid process was designed to mattthe flue gas by removal of NOx, dust,
SOx, and compression to 216 psig. In this processipression is necessary to increase the
partial pressure of C{n the membrane feed. An oil free, axial compressaised to compress
the flue gas. Inter-stage cooling is minimized taximize the waste heat generated by the
compression. The waste heat from the flue gas oessfn is used to heat the make up water
from the condenser in the power plant steam cyete generate boiler feed water (BFW). The
flue gas is further cooled with water in a shelll ambe heat exchanger.

The flue gas is dried to remove moisture and aiwmdormation at cold temperature. The dryer
beds eliminate moisture in the flue gas down belgepm. A two-bed regenerating dryer is used,
with thermal swing adsorption (TSA) cycle. The tWweds will switch between adsorption and

regeneration modes. The compressed, dried flueiggdsen sent to a brazed-aluminum heat
exchanger (BAHX) to cool the membrane feed gas dmahe desired temperature. Flue gas at
high pressure, 216 psig, and low temperature, -4B8°@d to the hollow fiber membrane. The

CO;, selectively permeates through the membrane, pnogucCQ rich permeate stream (greater

than 62%) at low pressure. The £@epleted retentate gas exits the membrane atgnagsure.

A small portion (3 - 5%) of the retentate gas isiveeed back to the permeate-side of the
membrane to act as a sweep gas. The remaindere aketantate gas is expanded in a turbo-
expander to cool the incoming flue gas and theeligu feed in the BAHX.
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The permeate stream is compressed in a centriiagapressor with waste heat recovery for the
BFW generation. The compressed permeate streaamisgs the BAHX for partial liquefaction
and to the liquefier column. Liquid G@ondensed from the liquefier column is furtherifoen

in a distillation column to meet the oxygen spesifion for Enhanced Oil Recovery (EOR). The
CO, product from the distillation column is pumpedthe desired pressure, 2,200 psig. The off-
gas from the partial condensation column with 30& 3 recycled back to the membrane feed
to increase the C{rapture rate.
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3. PROJECT ACCOMPLISHMENTS

3.1. Task Summary Table —

Exhibit 5 shows task summary table for the entnmgqzt.

Exhibit 5. Task Summary Table

Task
#

Title

Accomplishment

Issue

Percent
Complete

Project Management
and Planning

Conducted Project Kick-off meeting and completedP® and PMP
Submitted Quarterly Research reports and invoiw®TL
Presented project update in the &&apture Technology meetings in 20!
and 2015

Presented project update at the NCCC bi-annuawevi

Sub-contract for Project Partner (Parsons) andfi@oby Collaboration
Agreement with NCCC was executed.

Audit by 3° party was conducted every year with no findings

14

No issue to repor|

L

100%

PI-1 CGQ Membrane
Bundle Optimization

CFD simulations were conducted with different pagkilensity, variation
in the fiber performance, sweep addition, permbatk pressure varying
permeate opening size and variation in the pregsgistance to assess
impact on overall bundle performance. The resotisifCFD were used t¢
fabricate the optimized bundle.

New membrane vessel was installed with sweep llecaygen injection
line.

)]

No issue to repor|

[

100%

PI-1 Optimized CQ@
Membrane Bundle
Testing on
Simulated Flue Gas

Four 12" PI-1 bundles met the performance targét @il MWe Bench
scale unit test using simulated flue gas with th@lgination of simulation
and experiments. More than 30% improvement in lipdbductivity was
noticed with the addition of sweep and optimizatdmundles.

2 stage configuration was tested with simulated §as using single stag
bundle with different feed gas composition

¢

No essureport

100%

PI-2 High CQ
Permeance Fiber
Bundle Preparation

PI-2 permeators tested at cold temperature with fiskcompared to PI-
1, meeting the success criteria in terms of peréoe.

P1-2 mini-permeators were successfully fabricated t@sted for >500
hours at low temperature (-45°C) and high pres$062200 psig.

1" PI-2 permeators were fabricated and successtesiied at cold

temperature

[

No issue to repor|

100%

Final Scientific Report — DE-FE0013163
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Optimized High
CO, Permeance PI-2

100%

Fiber Bundle

Testing on PI-2 1" permeator was tested at different feedqanessand temperature

Simulated Flue Gas PI-2 1" permeator was tested for >500 hours long testing No issue to report
Design, 100%

Procurement and
Fabrication of a C®
Membrane Field
Test Unit at 0.3
MWe

Detailed engineering of the field test unit was ptated. All major
equipments were procured and installed.

Skids installation and acceptance testing to ci@c&omponents
functionality, control programming was completedn@ol programming
and valve tuning with compressed air was completed.

No issue to repor,

t

Project Management
and Planning

Submitted Quarterly Research reports and invoiw®ETL
Presented project update in the &&&pture Technology meetings in 20!
Presented project update at the NCCC bi-annuatwneyi

Submitted topical reports to DOE on TEA, EH&S aneklNphase design
study

Submitted summary report to NCCC on the field tesin PO4 and PO5
compaign

K§)

No issue to repor|

[

100%

Installation and
Testing of a CQ
Membrane Field
Test Unit at 0.3
MWe

Participated in two Post-combustion campaigns R@4RO5 for 3200
hours of testing

Conducted long term and parametric test on 123r&f 1” PI-1 bundles
and 1" PI-2 permeator/bundle

Successfully conducted long term 500 hour steaatg $&st with stable
bundle performance for 12" PI-1 bundle

Conducted two bundles in series test with 12” Blshdles

Conducted analytical campaign to trace impuritieshsas Hg, As, Se,
NOx throughout the process

No issue to repor

t

100%

Final Techno-
Economic Analysis
and EH&S Report

TEA study was completed to calculate carbon captose for 12” Pl-1
bundle, 6” PI-1 bundle and projected 12” PI-2 benstblution

Sensitivity analysis was conducted to assess ingfaerating
parameters on the carbon capture cost

Cost target of $40/tonne is achieved using PI-Ausolution and was
$3/tonne higher for PI-1 based solution.

Additional $3/tonne saving could be envisionedhé bundle is operated
lower temperature (~-52C).

At

EH&S analysis was conducted to assess environmiempakt from cold

No issue to repor|

[

100%

Final Scientific Report — DE-FE0013163

11




membrane C@capture solution at 550 MWe net power plant atapéal
report was submitted.

Budgetary cost estimation and design was compfetesb0 tpd CQ 100%
plant (~25 MWe) for C@capture from coal fired flue gas, natural gas
Preliminary Design fired flue gas and SMR flue gas
of Optimized CQ Cost comparison was conducted between PI-1, PdZanne based
Membrane Field solution for coal fired flue gas
10 Test Unit NETL methodology was used to conduct the cost aigly No issue to repor
The skid was weatherized and stored in place fordéuuse in project DE- 100%
FE0026422
Final De- Upgraded insulation was installed to protect thd &k long term outdoor
11 commissioning storage and use No issue to repor
Optimized High 100%
CO, Permeance PI-2 Development Spin Unit (DSU) was installed to spinltiple fibers
Fiber Bundle simultaneously for making 1” bundles
Fabrication and 1” bundles were fabricated and tested using syictiae gas
Testing on 0.1 MWe bench scale skid was modified to add a patenblower and
12 Simulated Flue Gas conduct synthetic flue gas test. No issue to repor
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3.2.Success Criteria Summary

Exhibit 6 shows success criteria summary table twerbudget periods.

Exhibit 6. Success Criteria Summary table

Budget
Period

Success Criteria

Accomplishments

Percent
Complete

Budget
Period 1
(Oct
2013 to
March
2015)

A 12” PI-1 membrane bundle configuration
capable of 90% Cgxrecovery from a 455
Nm3/hr simulated flue gas feed containing
18% CQ at 216 psig pressure with a perme
composition greater than 60% €Qhis
represents a 30% increase in membrane
bundle capacity compared to the present
performance of 350 Nm3/hr feed / bundle at
the same operating conditions.

Four 12" Bundles met the performanc
target with 0.1 MWe Bench scale test
using simulated flue gas with the
ambination of simulation and
experiments. More than 30%
improvement in bundle productivity
was noticed with the addition of swee
and optimization of bundles.

£100%

A 127
(1" in actual diameter) capable of 90% £
recovery with a projected 5X simulated fl
gas feed flow relative to PI-1 containing 18
CO, at 216 psig pressure and greater than ¢

CG;

equivalent Pl-2 membrane permeatdtl-2 fiber met the performance targ

Quith >10X permeance compared to P
Ligvith mini-permeators and 1
9Yermeators. Process simulation us
s@8trinsic fiber performance showed

5X bundle productivity for 12" PI-2

bundle compared to PI-1 bundle at 9
CO, recovery with >60% C@in the
permeate stream.

€100%
-1

ing

q-

D%

A completed specification list for the G(
membrane field test unit at 0.3 MWe detaili

major equipment sizing with mass and energyoposed design
balances that serves as a blueprint [fapproved budget and was reviewed

engineering design. The specification list

demonstrate that the proposed design is within

the approved budget. The design will
submitted to NETL and NCCC for review

the CQ membrane field test unit at 0.3 MWe.

D Specification list for the COmembrane
field test unit was completed. Tk
was within th

iINETL and NCCC.

be
ol

D

100%
e
ne

by

A final detailed engineering process des
package including pre-treatment, compress
and drying equipment upstream of the c
membrane bundle field test unit within t
project budget ( £ 10% estimate)

dbetailed drawings of major equipmel
sibne & valve sizing, electrical drawing
plEirangement drawings were comple
hand was within the project budget.

nt100%

ted

Written confirmation from Southern Compa
Services (SCS) that the NCCC will be the h
site for the location of the GOmembrane
field test unit and related equipment at
MWe during BP2. Confirmation is inclusiv
of the host utility agreement to provi
accommaodation of the proposed platform a
tie-ins with electrical and water utilitie
Confirmation will include acceptance of t

nYVritten confirmation was received fro
oSICCC to host the AL cold membrar
technology. The proposed design n

DiBe NCCC standard.
e

e

ea,

UJ

ne

n100%
ne
net

final field test unit design prior to fabrication
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High Permeance (PI-2) G@nembrane hollow
fiber permeator testing with simulated gas
be performed. Optimized GOmembrang
bundle(s) (PI-1 and PI-2) identifying th
configuration(s) for field test unit will b
provided. The configuration comparison W
include a predicted performance compari
between the two membranes (PI-1 and PI-2

Four optimized PI-1 bundles we
vilested and qualified for field testing. H
1 bundles were tested in two stg
\eseries or parallel or single bung
cconfigurations at  NCCC.  PI-
ibermeators were tested at NCCC
sarallel to the PI-1 bundles. Project
)PI-2 12" bundle productivity wa
predicted at 4-5X PI-1.
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Period 2
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2016)

A completed test matrix plan for the €
membrane unit field test campaign at

MWe to achieve the program objectives &
success criteria.

DA completed test matrix was provided
D1® NETL and NCCC detailing campaig
iridand campaign 2 testing.

100%
n

Operational procedures and safety proto
for the CQ membrane field test unit at O
MWe will be completed and accepted by |
NCCC.

c@perational procedures and safety
JPprotocols were completed and accept
hHey NCCC.

100%

od

Installation, start-up, parametric testing 8
continuous steady-state operation of the
MW. CO, membrane field test unit with th
baseline PI-1 membrane bundle and the f
permeance PI-2 membrane bundle.

in addition to shakedown and parame
testing for each membrane material 3
bundle type will be conducted.

ridield installation and commissioning
0aBth flue gas was completed. PI-1
emembrane bundle was tested in sing|
nipbindle and 2 bundles in series

rit’ P1-2 bundle was tested for >1300
iitburs. Parametric testing was
conducted on 12" PI-1 bundle, 6" PI-1]
bundle, 1" PI-1 bundle and 1" PI-2
bundle.

¢onfiguration. 500 hours of steady state
minimum of 500 hours of steady state testirigsting was completed for PI-1 bundle.

100%

1%

CO, membrane bundle field testing at (
MW, scale with treated flue gas at NCCC
accordance with the approved test pl
Verification of process
processing actual treated
identification of issues with gas contamina
and particulates.

operability byaccordance with the test plan.
flue gas af@bntaminants such as oil and moistur

.Bield testing with flue gas was
inompleted for PI-1 commercial bundle
afl2”, 6” and 1") and 1" PI-2 bundle in

ntemoval are critical to avoid membran
performance decline.

100%

e
e

A completed preliminary technical

economic analysis of the proposed prog

concept for a 550 MW power plant tha
shows a pathway to achieving carbon cap

up to 90%, with a capture cost approach

$40/tonne. The proposed cold membr
technology will be compared to NETL case
to determine performance
Success for the proposed approach will
defined by the projected ability of the cg

membrane technology to reach $40/ton capture rate (80%).

capture cost on ar"rof a kind design basis.

anTEA study was completed on four cag

advantag

eby Air Liquide and validated b
[ Parsons. PIl-2 membrane hybrid proc
tmeets the DOE cost target of $40/torn
iiby 2025. PI-1 membrane hybrid procg
awas 2-3%/tonne higher than the P
Imembrane based process. Addit
carbon capture cost saving can

5e:00%
y
ess
ne
2SS
-2
on
be

achieved by operating the membrane at

Icolder temperature (-32) or lower

Complete a preliminary design for scale-up
AL's CO, capture membrane system with

Budgetary cost and design of 550

integrated C@ compression and purificatio

pt00%
:CO, plant (~25 MWe) was completed.
rA carbon capture cost comparison was
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unit (CPU) process for field testing with actyimade between PI-1 solution, PI-2
flue gas at a minimum 1 Mygcale. solution and Amine (Case 12) from coal
fired flue gas. Additional comparisgn
was made between carbon capture ¢ost
from coal flue gas, natural gas flue gas
and SMR flue gas.

Test results of a 1" PI-2 bundle in actu&ield data at 90% CCrapture and 70% 100%
treated flue gas corresponding to projected | R10O, capture (ideal) was used to project
2 12" module capable of 90% Ge€&covery| 12” PI-2 bundle performance with 4 -
from 4-5X flue gas feed flow relative to P1:15.5X PI-1 bundle productivity and 62-
containing 18% Cg@at 216 psig pressure and4% CQ permeate purity from a flue
> 60% CQ permeate purity. gas containing 18% Gt 216 psig
pressure.

4. EXPERIMENTAL METHODS AND PROCEDURES

4.1.Bundle Development and Qualification
4.1.1. PI-1 Bundle Optimization

Prior bench scale testing from project DE-FEO0042Fi8wed that the large 12" membrane
bundles were not well optimized for the high insi;n membrane permeance-selectivity, and
showed lower performance compared to the 6” bunalfes mini-permeators. Membrane costs
are a significant contributor to the total costcafbon capture for the commercial scale plant.
Therefore, it was deemed essential to optimizebtinedle performance in order to reduce the
overall capture cost. Bundle design optimizatiaswaimed at improving the membrane bundle
counter-current efficiency for larger 12" PI-1 blesl

Ideal bundle behavior assumes perfect counterqtuftew of the feed-side and permeate-side
streams. The actual flows are affected by the leugdometry, entry and exit locations / sizes,
pressure drops through the bundle, fiber permeaice, As bundle diameter increases, the ratio
of radial to axial pressure drop increases andatdttiw patterns become more relevant. The
direct impact of these effects is difficult, if nohpossible to measure experimentally as the
required instrumentation can itself perturb thevfleattern. There were two important aspects to
the PI-1 bundle optimization: 1) Computational dludynamics (CFD) to predict the possible
improvements in membrane bundle design and 2) éation and testing of optimized PI-1
bundle using synthetic flue gas at the 0.1 MWe bheswale skid located at Delaware Research
and Technology Laboratory (DRTC).

A two dimensional, axi-symmetric CFD model of bdee bundles was created in ANSYS

Fluent, a commercial, computational fluid dynamscdtware package. For a given feed and
operating pressure, the CFD model predicts theespaonding bundle permeate and residue
streams. Our technique was to treat these reasls virtual field test, and back calculate the
performance of an ideal bundle (one-dimensionaht@ucurrent mode) with the same product
streams as the CFD model. Comparison of the sestithese two calculation modes allowed an
estimation of bundle non-ideality.
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A number of bundle issues were explored for thed colembrane C@ separation, using
CFD. CFD analysis was conducted to examine vargfects on bundle ideality: (i) variation in
bundle packing density, (ii) variation in fiber fmmance, (iii) fiber OD/ID variation (iv) sweep
addition and location (v) permeate pressure, Ya)ying permeate opening size and (Vvii)
variation in pressure resistance. Using CFD, digixperiments were performed on systems
where it was impossible to make physical measurénen

A series of experiments was conducted with 12" Bidhdles using synthetic flue gas mix of
CO,/N, at different test conditions: (i) varying sweepera(ii) varying permeate pressure, (iii)

varying permeate opening size etc. The test redrdits the 0.1 MWe bench scale skid in

combination of CFD model results allowed us to ustéd and predict the reasons for non-
ideality resulting in optimized PI-1 12” bundle.h& bundle optimization was performed by an
iterative combination of CFD analysis, bundle mimdifions, and bundle testing with synthetic
flue gas.

4.1.2. PI-2 Bundle Development

Polymer Qualification

P1-2 polymer is a specialty polymer produced in krbatches by a USA-based speciality
polymer manufacturer. Air Liquide worked with thepplier to define specifications to qualify
uniform polymer batches for fiber spinning. Varicamtches of PI-2 polymer were characterized
using analytical techniques to help establish sapppecifications. This was an iterative process
where batch consistency and specifications weréuated in terms of the polymer analytical
parameters and spinning trials.

The PI-2 polymer characterization included follog/iparameters:

* Shape and Form The shape and form were visually evaluated. Sorafbrm pieces of
polymer were desired for easy dissolution in tHeesd.

* Residual moisture and solvent Thermo-gravimetric Analysis was used to meashee t
residual moisture and solvent in the polymer. Mtdatin the temperature range from 100
to 250°C were predominantly solvent(:5 wt %). Volatile content below 100°C was
predominantly moisture (<1.5 wt %)

e Solubility: PI-2 polymer was dissolved in a solvent at 708Cnteasure solubility.
Complete solubility is essential to transform aypwér into a spinning dope solution.

* Viscosity: Viscosity of a 15% polymer solution was measureing a Brookfield
viscometer.

* Molecular weight: Gel Permeation Chromotography (GPC) was used &asore
molecular weight distribution.

» Spectroscopy Fourier Transform Infrared (FTIR) and Nuclear Matic Resonance
(NMR) were used to characterize the chemical strect

» Hydrolytic stability : PI-2 polymer was boiled in water to determine iajgtic stability
of the polymer. Polymer inherent viscosity (IV) svaneasured to assess hydrolytic
stability.
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Commercially viable PI-2 membrane production reggiiscaling up current laboratory synthesis
of the polymer to a consistent high-quality, massdpction process. Collaboration is ongoing
under the new DOE funded project DE-FE0026422 whth polymer supplier to scale up PI-2

polymer in a cost effective manner and provide liegameeting the quality control necessary for
a robust fiber spinning process.

PI-2 membrane development

The goal of this task was to develop spinning teqpies for novel high permeance PI-2
membranes with >5X bundle productivity for & F-2 bundle compared to PI-1. Fiber spinning
formulations and post-spin processing steps wereldped at the laboratory scale. Exhibit 7
shows the PI-2 membrane scale-up from mini-perméatd” permeator and 1” bundle where the
number of fibers were increased to allow testingigier flow rates.

Exhibit 7. Fiber counts in permeators versus bundle

Fiber Count # of Modules Test
Mini-Permeator 1X >10 Synthetic flue gas
1” Permeator 25X — 45X 6 Synthetic flue gas
and real flue gas
1” Bundle 250X — 350X 6 Synthetic flue gas
and real flue gas

* Mini-permeator development
Several laboratory trials were conducted to devedpmning techniques for the PI-2 mini-
permeators. The mini-permeators faced high preskil@es due to the potting issues. An
alternative method of permeator construction (sfest configuration) was used to allow fiber
perm-selectivity characterization.

* 1" permeator development

Once the PI-2 fiber intrinsic perm-selectivity wa®nfirmed via mini-permeator tests,

considerable effort was spent in learning how tastauct 1” permeators. 1" PIl-2 permeators
were fabricated with 25X flow capacity comparedtie mini-permeators using the MEDAL 1”

prototype bundle design. The shell and potting w@tshand hardware were similar to the
prototype 1” bundles; with some modifications fbe limited number of fibers with the lab spun
samples. The main difference between 1” permeatdrld bundle is lower fiber count. These
permeators used the same construction technique®tdype 1” bundles but risked only ~ 10%
of the final fiber area per trial. Six permeatamsre fabricated with different spin formulations
to assess cold temperature membrane performankesyvithetic and real flue gas.

» 17 prototype bundle development — DSU
Pl-2 permeator was scaled to the full 1” prototigoedle with 250X flow capacity compared to
the mini-permeator. The Development Spin Unit (DSId)shown in Exhibit 8 was installed to
simultaneously spin multiple fibers and fabricatmdbe with large quantities of fiber as opposed
to laboratory spun single fiber. DSU is represeweabf MEDAL’s commercial spin line. The
DSU was designed to minimize wastage of expensh& golymer. Three batches of fiber were
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spun using DSU to fabricate six 1” PI-2 bundles ¢otd temperature testing. The final two
batches possessed the desired fiber propertie®fmersion to bundle form.

= L)

Exhibit 8. Picture of DSU installed at MEDAL

4.2.Synthetic flue gas test — 0.1 MWe bench scale skati DRTC

PI-1 bundle optimization and pre-qualification foeld testing was conducted in the 0.1 MWe
bench scale skid located at the Delaware ReseatTechnology Center (DRTC) as shown in
Exhibit 9. The bench scale skid was fabricated injget DE-FE0004278° A new 12”
membrane vessel was installed with sweep configurand with the ability to recycle a portion
of retentate to the permeate side of the membrandlé as sweep gas

The unit was designed to operate in a full recyetele with make-up from CGand N gas lines
equipped with mass flow controllers in order toesaperating cost. The synthetic flue gas mix
(CO./N2) was compressed in an oil-free reciprocating casgor to the desired membrane feed
pressure ~200 psig. The feed gas was cooled inzedm@uminum heat exchanger (BAHX) to
the desired feed temperature and sent to the hdilmaw membrane bundle for G@eparation.
The CQ rich gas exits the bundle at low pressure on #renpate side and,Nich gas exits the
bundle at high pressure on the retentate sideeXpanded retentate and permeate gas was mixed
together and recycled back to the inlet of the amsgor. The C®concentrations of all three
streams (feed, retentate and permeate) were conshumeasured by an on-line IR analyzer
skid. The cold box contained the heat-exchangembrane and the Joule Thompson (J-T)
expansion valve. Though the membrane was locateddold box, the energy for cooling the
feed stream mainly comes from Joule-Thomson expansi the pressurized residue gas. This
‘self-refrigeration” scheme with expansion of tlesidue stream was found effective, even after
using relatively inefficient J-T cooling across tlesidue expansion valve.

Tests were conducted with 12" and 6” MEDAL commakd?l-1 membrane bundles. Several
parametric and long term tests were conducted Rlith bundles.
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Exhibit 9. 0.1 MWe Bench scale skid at DRTC

P1-2 membrane minpermeators and 1” permeators were tested in aaepaboratory test set

with synthetic flue gas. The 1” -2 bundles were fabricated using th&U andsubsequently
qualified for field testing usinghe 0.1 MWe bench scale skThe 0.1 MWe bench scale sk

was modified to add a slip streéfor testing of 1” PI-2 bundewith synthetic flue gainside the

cold box.

Additionally the0.1 MWe bench scale skid wmodified by adding @ermeate bloweand after
coolerto improve the test operation and flexibility. Thermeate blower and after cooler v
added on thgpermeate return line to the compre. Exhibit 10 shows @icture of prmeate
blower and aftecooler installed in the 0.1 MWe bench scale skiDBRTC. The addition of
permeate blower allows testing at lower permeagssure which is desired for better membi
separation performance.

[ - - - . b k4

Exhibit 10. Picture of permeate blower installed at 0.1 MWe bech scale ski
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4.3.Real flue gas test -0.3 MWe Field Test Unit (FTU) at NCCC

Air Liquide’s hollow fiber membrane bundles were tested with fead gas atthe National
Carbon Capture Center (NCC located in Wilsonville, AL. kue gas was received frothe
Southern Company E.@astol, Unit 5 coal fired power plant. The flue gas was treatth
selective catalytic reductiofSCR) to remove NOx followed ba bag house anflue gas
desulphurization (FGD) teubsequently remove particulates and beforedelivery to NCCC.
The flue gas was further treated in a-scrubber at thBICCC to reduce SOx down to 2 pp

The 0.3 MWe FTU was designeddemonstrate the superior g€eparatiorperformance of Ail
Liquide’s hollow fiber membrane¢ with real flue gas. Exhibit 1&hows the block flow diagram
the FTU.

Fower

Plant

Pl-2 Permeate
A

= 1)

e

used at

> Wilinot o uii scaie

1" PI-2 Bundle
Exhibit 11. Block Flow Diagram of FTU

TheAir Liquide 0.3 MWe FTU consisted of the followir

Liquid ring blower: The flue @s was sent to the liquid ring blower to boostghessure t(10
psig.

Low pressure treatment: The flue gas undwent low{pressure treatment to remove water
knock-out vessel and particulate a dust filter.

Compression: The flue gas was compised to 200 psig in an oil flooded screw compres:
The oil was separated from the flue gas and redylsbek to the compressor after cooling
filtering.
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High pressure treatment: The flue gas was treated at high pressure to remmisture in a
dryer bed and hydrocarbon (oil residue) in an atéigt alumina bed. The flue gas was cleaned in
a fine dust filter to remove any particulates.

Brazed aluminum heat exchanger (BAHX):The flue gas was further sent to the BAHX to cool
the membrane feed gas to *@5 The membrane feed gas at high pressure, 200 gsiycold
temperature, was sent to the hollow fiber membraneelectively permeate Gn the low
pressure permeate side. The high pressureNretentate gas was expanded in a Joule-Thomson
valve and sent to the BAHX to cool the incomingdfems. The low pressure permeate gas was
also sent back to the BAHX to cool the feed gas.

Membrane: Both membrane materials (PI-1 and PI-2) were teatetthe NCCC. Commercial
12”, 6” and prototype 1” PI-1 bundles from MEDALé&xisting product line were tested for flue
gas separation. In addition, PI-2, a novel matesigh 4 to 5 times the projected bundle
productivity, was tested in a 1” module. Commersizdle (6”) PI-2 bundles are being developed
under a separate DOE funded project, DE-FE0026#22¢sting at the NCCC in 2017 - 2018.
The bundles were arranged so that two PI-1 buratlekl be tested in series or parallel or single
bundle configuration. A slipstream of flue gas wast to the 1” PI-2 bundle for testing.

Permeate recycle:A portion of the permeate gas from the PI-1 bunehs recycled back to the
inlet of the blower to increase the gf@ed concentration to 18%. This recycle stream wgzsl
to mimic the hybrid cold membrane and liquefactmmocess where off-gas from the liquefier
would be recycled back to the membrane feed.

Some of the field test equipment such as the liguaigl blower, the oil flooded screw compressor,
and the Joule-Thomson valve will not be used inftilescale plant due to their low efficiency.
Oil free compressors and turbines will be usedutd scale.

The 0.3 MWe FTU was designed, constructed, andpsagee tested in Newark, DE over the
Budget Period 1. The FTU was transported to the §@€ three skids and installed in the Pilot
Bay 3 area. The unit was commissioned using din@grocess fluid so that the majority of start-
up issues could be identified and addressed befweeflue gas was available. All major

equipment was successfully operated and no majdyasdks were encountered. A picture of the
Air Liquide 0.3 MWe FTU installed at the NCCC PiBay 3 is shown in Exhibit 12.
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Exhibit 12. Air Liquide Field-Test Unit Installed at the NCCC

In Exhibit 12, Label 1 indicates the compressodskabel 2 indicates the pre-treatment skid, and
Label 3 indicates the membrane skid.

Air Liquide participated in two post combustion qaaigns under DE-FE0013163, PO4
campaign from October to December 2015 and PO5 agmfrom May to November 2016. The

field test unit (FTU) was operated for approximat@600 hours during the two campaigns. The
equipment was delivered, installed and commissi@telde beginning of PO4 campaign.

Exhibit 13 shows the membrane bundles tested at@®I®@ith stable long term performance:

Exhibit 13. Bundles tested at NCCC

Bundle type Testing type Duration of test

12” PI-1 Bundle Long term single bundle test aralBdles in series 640 hours
configuration

6” PI-1 Bundle Long term test, Parametric test {C@pture rate, 900 hours

Permeate pressure, Feed temperature, sweep rate)

1” PI-1 Bundle Long term test, parametric test bgiriging CQ 350 hours

capture rate
1” PI-2 permeator Long term test 700 hours

1” P1-2 Bundle Long term test and parametric tgsthanging the C© 1401hours

capture rate

Various data reconciliation schemes were evaluatéld the assistance of the DRTC Applied
Mathematics Group. The mass balance error wasalpiess than 1%.
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Analytical method

Analytical campaigns were conducted at the NCCGhan PO-4 and PO-5 test campaigns to
measure trace impurities such as mercury, arseelenium, NOx and sulfate in the gas and
liquid streams at various points in the FTU. Thengkes were collected and shipped off-site for
metals and liquid analysis.

PO-4 Campaign: Flue gas samples at various locations were digeptegared, and analyzed
according to the Method 29 protocdliquid samples were collected and shipped to Eferame
Laboratory for analysis of mercury, arsenic, seleminitrates and sulfates.

PO-5 Campaign: A carbon injection bag house was installed on tFfa@. Gaston Unit 5 before
the PO-5 campaign to mitigate mercury in the flas.gn the PO-5 campaign, the method of
analysis for metal impurities was improved to imse the detection limit by 10 times. MEST-M
Sorbent traps were used for collecting gas sanfplemetal analysis based on recommendation
from EPRI* The trap for the flue gas inlet was heated tddageondensation of moisture in the
stream. All other traps were at ambient condition&fter sample collection, the traps were
shipped to the Energy & Environmental Research &dior analysis of mercury, selenium and
arsenic. Each trap contained two sections of sonvaterial. Results were provided by the sum
of these two sections. Additional sampling poinerevadded to improve the understanding of
impurities fractionation.

NO and NQ were analyzed using a X-Stream X2GP Gas Analyzgred by NCCC during both
the test campaigns PO-4 and PO-5. A Nafion dryes wsed to remove moisture from wet
sample streams before sending them to the analyzer.

Exhibit 14 shows the simplified block flow diagramh the FTU, indicating the locations of the
various analytical points. Flue gas was compress®t pre-treated before going into the cold
membrane for C&separation.
» Sample point 1 represents the low pressure fluérgagsNCCC provided to the FTU.
» Sample point 2 was the low pressure condensatil Isgumpled from the knock-out vessel
downstream of the liquid ring blower.
» Sample point 3 was the flue gas downstream of linedy knock-out.
» Sample point 4 was liquid sampled from the knock-eessel downstream of the oil
flooded screw compressor.
» Sample point 5 was the compressed flue gas entémendryer.
» Sample point 6 was the regeneration gas exitingdtiger bed during the regeneration
cycle.
» Sample point 7 was the dry flue gas fed to thevatgd alumina bed.
» Sample point 8 was the dry flue gas fed to the nrarmd
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Exhibit 14. Simplified Block Flow Diagram of 0.3 MWe FTU with Analysis Sampling Points

5. RESULTS AND DISCUSSION

5.1. Synthetic Flue Gas Test
5.1.1. PI-1 Bundle Optimization Test Results

In a previous NETL funded, bench scale project (EEB004278) a drop in bundle performance
was noticed as the bundle diameter was increased It to 6” to 12”. This section describes the
efforts made to optimize the 12” bundle design,chiresulted in significant improvement for PI-
1 bundles. The optimization was performed by arattve combination of CFD analysis, bundle
modifications, and bundle testing.

A two dimensional, axi-symmetric CFD model of bdee- bundles was created. A large number
of variables were analyzed in both physical testdundles at DRTC and simulated testing
using CFD. Using CFD, digital experiments were perfed on systems where it was impossible
to make physical measurements. In physical testingas seen that the membrane separation
performance droped with increased £&@pture rate, indicating bundle non-ideality. Warés
concentrated on variables that show bundle norligdeehavior. Exhibit 15 shows the summary
of PI-1 bundle optimization efforts in this projeahd highlights the key parameters that
contributed to improved bundle performance. In dated testing, the CFD was good at
predicting trends, but under predicted the losspefformance. The CFD model remains
gualitative rather than quantitative.

Exhibit 15. Summary of PI-1 Bundle optimization efbrts

Parameter CFD Analysis Experimental Analysis

Uniform packing Important parameter Difficult toeasure by experiment
Fiber performance variation Not critical parameter | Difficult to measure by experiment
Fiber OD/ID variation Not critical parameter Not aseired

Sweep addition Critical parameter Validated by expent

Sweep location Not critical parameter Difficultrteeasure by experiment
Permeate pressure Critical parameter Validatedpgranent

Permeate opening sizéNot critical parameter Inconclusive by experiment
variation

Pressure resistance variation Not critical paramete | Difficult to measure by experiment
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The most important conclusion from this work waattthe performance losses were primarily
related to non-idealities on the low pressure peatmeside. Significant performance
improvements were realized when permeate sidditglesas addressed.

Sweep Addition

0.8

0.75 //

>_O.55 -
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& 06 =
’ ——No Sweep
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// - 1% Sweep
0.55 -4
‘D/ 2.5% sweep
0.5 . —=5% Sweep
—4-90% Regovery Line
0.45
1 2 3 4 8

Normalized Feed Flow Rate

Exhibit 16. CFD simulation plot showing impact of sveep flow for a 12” bundle with 18%
CO;in N at 216 psi and -45°C

CFD simulations were conducted to evaluate the fiisnef sweep flow and to estimate the
optimal sweep flow rate. The sweep stream wasrgeet by returning 1% - 5% of the €O
depleted retentate flow back to the bundle shele.siSweep flow increases the C@artial
pressure driving force by introducing a £@epleted stream to dilute the €€bncentration on
the shell side. The net result was an increaskeuimdle productivity without any significant
decrease in C£permeate purity. To verify this idea, CFD simulagowere performed for 1%,
2.5% and 5% of sweep flow cases. Results wereeplo#tith the baseline case without sweep
flow as shown in Exhibit 16.

It was clear that introducing sweep flow increasled productivity significantly with only a
minimal change in permeate @urity at constant COcapture rate (recovery) for a 12” bundle
with 18% CQ in N, at 216 psia and -45°C feed temeprature. Base@Rih simulation, at 5%
sweep, it is possible to increase the feed flowe rabre than 65% relative to the case without
sweep at 90% recovery, while maintaining the sai®e flirity .
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Permeate Back Pressure

CFD simulations were performed to assess the implapermeate back pressure the bundle
performanceA significant amount of the optimization processsvearesult of iterative progre
between CFD and physical tests. One excellent pbarof the iterative nare of the
optimization process vgahe gradual lowering of the perme pressurelt was noticed that in th
original test campaign, the higher perform6” bundle had lower permeate back pressure

the 12”bundle. The difference in back pressure was pastlgesign, as it was envisioned t
by raising the back pressuretal flow could be managed and also by the faat the large
bundle has more flow. Further investigation denaed that within the normal ranges of b
pressure, lower back pressures generally gaverhmitemeances. CFD work suggested this

was a valid area of conceixhibit 17 shows the CFD simulation and experimental valiadatd
improved membrane performance with lower permeat pressure

Effect of Back Pressure
80 Effect of Back Pressure
No Sweep
75 130
1.1 bar
‘§ 70
R + 1.2 bar
g 65 Z m
o ~ 110 B3 bar
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B 55 = |
E ——1.1bar outlet pressure -E a0
[ ]
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[a] [
Exhibit 17 Effect of PermeateBack Pressure. [a] CFD simulation andb] Experimental
testing is at200 psig with 18% CQ in the feed.

As aresult of bundle optimization work permeateblower was added to the NCCFTU and
DRTC bench scale skiw allow testing of membrane bundat varying permeate back pressi
The permeate back pressure turned out to be aatrpparameter to improve the bundle
separation performaneg high capture rat

0.1 MWe Bench Scale Test30% CC, capture

Several hollow fibecommerciamembrandundles were tested at the 0.1 MWe bench scale
using a synthetic flue gas (GMM,) mix to optimize the PI-1 bundleds mentioned earli, an
iterative process was used to optinthe PI-1 bundle wih CFD simulation followed by bund
testing and vice verséeveral attempts were made to optimize the bundiéomnance b
fabricating and testing bundles with different fiday down patters, different pos-treatments,
lower fiber defects, etc. Due the limitations of 0.1 MWebench scale skid, the impacthigher
feed flow rate and lower perntegpressure wi simulated for various bundles.
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Exhibit 18. 12" PI-1 bundle test at DRTC 0.1 MWe bench scale sk

Exhibit 18 summarizes 90% GQ@apture data for Bundl® before and after optimization for t
experimental data at DRTC and estimated performamddCCC. Bundle D was tested us
simulated flue gas with 18% G@ N, at 200 psig feed pressure antb>C feed temperare for

90% CQ capture at DRTCAN extrapolation of the bundle performanat NCCC wasmade
assuming 5% @in the feed gg¢, similar to the NCCC flue gas condition. Bundle protvity

increased after optimization with sweep introductily >30% compared the nol- optimized
bundle without sweep. Theedreas in permeatepressure from 7 psig to 1.5 p, increased
bundle productivity from 32®mhr to 425 Nnihr without sweepThe bundle productivity i
predicted close to the target of 455 3hr at NCCC ést conditions without sweep and as hig|
600 Nm/hr with 6% sweep gas, significantly in excess l# target. The predicted data w
higher sweep rateas validated at NCCC t«.

The non-optimizedbundle without sweeproduces 58% COpurity, belowthe 60% permeal
purity target. The optimized buncwithout sweep produces 62% gQurity with a feed flow o
325 Nnt/hr. Smulation predictsa CQ purity of around 653% at 1.5 psig permeate pressur
NCCC test condition. The predicted dwas validated with field testingt NCCC. The permeate
purity dropped by B% for sweep cases compared to the cases withady, as retentate gas
with low CQO, content wa introduced on the permeate . The CQ purity wes above the 60%
target for all cases except tmer-optimized case without sweep, therelglidating that the

majority of the nondeality in 12° bundles wasovercome by the addition of sweep ¢
optimizing the bundle design.

Four optimizedbundles tested at 0.1 MWe skid qualified for NCG€ld testin¢, meeting the
success criterifor bundle performancwith the combination of simulation and experim. The
12” bundle performance was improved significantly beldhe baseline tarc based on the
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optimization. The same optimization technique wagliad to a 6” PI-1 bundle and the bundle
was tested with synthetic flue gas. This optimizét, PI-1 bundle demonstrated superior
performance relative to the previous baseline perémce in DE-FE0004278 project. Exhibit 19
shows significant improvement in normalized £@ermeance and GM, selectivity for the
optimized 6” and 12" PI-1 bundles compared to thevipus baseline performance. The £O
permeance was normalized with £@ermeance at room temperature. The intrinsic fiber
performance indicated in Exhibit 19 was collecteahf mini-permeator tests performed in the
laboratory under very ideal test conditions. Themes significant improvement in 12" bundle
performance compared to previous baseline, howdwere was still a gap in performance
between 6” and 12" bundle with 6” bundle exhibitsgperior performance.
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140 &

120

6" Bundle (current)

=
o
o

12" Bundle (current) ‘
¢ i

/ 6" Bunde(pre\lious)

12" Bundle (previous)

o]
o

[o}]
o

C0,/N, Selectivity

Previous Project - DE-FE0004278

Current Project - DE-FE0013163
20

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Normalized CO, Permeance (GPU)

Exhibit 19. Summary of PI-1 Bundle Optimization tes results
5.1.2. PI-2 bundle development test results
Next generation high permeance PI-2 membrane wasajeed from lab scale mini-permeator to
1” full scale bundle with 250X flow and tested atdctemperature. PI-2 membrane development

was conducted in three phases as follows:

Mini-permeator development

Fiber spinning procedures were developed at therdabry scale. Several mini-permeators were
fabricated and tested at cold temperature. Minim@ators development was challenging due to
potting issues which limited the pressure resisanicthe module. Six PI-2 mini-permeators
were fabricated with shell feed configuration usialgernative fabrication techniques. Cold
temperature testing demonstrated improved mecHainiegyrity with 100% survival rate on all
Pl-2 tested mini-permeators as shown in Exhibit P@e PIl-2 mini-permeators were tested at
varying feed pressure from 100 psig to 200 psidiviB8% CQ in N, at cold temperature with
stable performance for 23 days. The “normalized™” @@&meance (PIl-2 COpermeance/ with
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Pl-1 CQ permeance at room temperature) was 4-6X , shosupgrior performance of PI-2 fiber
with potential to reduce membrane count signifigant

P1-2 Mini-permeator tests with synthetic flue gas
12
18% CO, in N,

Feed Pressure 100 psi - 200 psi
Feed Temperature -1°C to -45°C
10

Pressure Increased Pressure Increased
to 150 psi to 200 psi

PI-2 flux normalized with PI-1

1 3 8 10 14 15 23
Test Duration (days)

Exhibit 20. PI-2 mini-permeator long term test

1" permeator development

PI-2 fibers were further used to fabricate 1” peatnes with 25X flow capacity compared to the
mini-permeators. Several permeators, made using MEprototype 1” bundle hardware, were
tested at cold temperature for parametric and teng testing. Exhibit 21 shows a plot from one
of the 1” permeator tests at cold temperature sytiithetic flue gas containing 19% &i@ N, at
100 psig feed pressure, -45C feed temperature @%@ GO capture rate. The GQpermeance
normalized with PI-1 permeance was 6-7X and the @ity was ~67% with no deterioration in
performance for >500 hours of testing. Due to ihatéd fiber mass in a comparatively large
shell, these permeators demonstrated inefficiembi@s-current flow. The fiber performance was
reasonably well estimated at lower £€apture rates and long term stability of the fibaed
bundle hardware was verified at 70% £€apture. The 1" permeators were qualified with
synthetic flue gas and selected for field testinh@CC in PO-4 campaign.
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Exhibit 21. 1” PI-2 permeator test at cold temperatire

1"prototype bundle development — DSU

The PI-2 permeator was scaled to the full 1” prygietbundle with 250X flow capacity compared
to the mini-permeator. The Development Spin UniS{I) was used to simultaneously spin
multiple fibers and fabricate bundles with largeantities of fiber. Six 1", PI-2 bundles were
fabricated using fibers from three DSU batchesorPio bundle forming, fibers from different
DSU batches were tested for membrane separatidorpemce by forming mini permeators.
Following minipermeator testing, 1” bundles werenied, and tested with air as a final
gualification step for field testing at NCCC.

5.2.Real Flue Gas Test

Air Liquide commercial PI-1 bundles and next getieranovel PI-2 membranes were tested with
real coal fired flue gas at NCCC in a 0.3 MWe FTle bundles were tested in PO-4 and PO-5
campaign for 3600 hours.

5.2.1. 12" Pl-bundle test

This section describes the 12” PI-1 bundle tesaih@CCC for cold temperature performance
validation, long-term testing, and a two bundlesénies test.

5.2.1.1. Cold temperature performance validation

The cold membrane test was conducted mainly with-&@®@iched flue gas (18% GO9% Q,
balance N), at -45°C, 200 psig, and 1.5 psig permeate predsased on the optimum conditions
identified from bench scale testing at DRTC. A bdown the permeate line allowed the permeate
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pressure to be adjusted in the range of 1.5 - @ {ddie effect of sweep was also examined by
delivering a small fraction (up to 4%) of the resdstream to the permeate side of the membrane
bundle. A portion of the permeate gas from the nramdg was recycled back to the inlet of the
blower to increase the G@eed concentration to 18%.

Exhibit 22 shows a summary of the bundle produistiand CQ purity for the Bundle E tested at
DRTC with higher permeate pressure (7 psig) as aglthe predicted performance at 1.5 psig
permeate pressure. It is beneficial to operate nlenbranes at lower permeate pressure to
increase the driving force across the membranesweMer, the design of the DRTC test skid,
which recycles the expanded residue and permeainss to the compressor suction, limited the
permeate pressure. The membrane performance gtdoneate pressure, 1.5 psig, was therefore
estimated, using a membrane model for the NCCCctaudition. The NCCC skid was designed
to overcome this limitation with a blower on thempeate line.

Exhibit 22 also shows the actual performance (a@id by stars) of Bundle E from the NCCC
field test, which was even higher than the estichgterformance at 90% GQ@apture and 1.5
psig permeate pressure. This result suggestedtimaideal flow patterns within the bundle can
be reduced by operating the bundle at lower pemng@ssure (non-ideal flow effects were not
considered by the (non-CFD) simulation model useprédict the NCCC performance).

NCCC Actual

1

- Feed Flow Rate (Nm3/hr)
500 —-€O; Purity (%)

70%

90% CO, Recovery

Feed Composition 18% €O, and 5%
0, in N,

Feed Temperature -45°C ‘

an
(=]
[e]

65%

Flow Target - 455 Nm3/hr

400 - Purity Target - 60l =8
Y98 60%
o)
c
=
300 <
—
_c_.‘s
55%
200 No Sweep 3% Sweep No Sweep 3%Sweep 4% Sweep
100 l l 50%
Optlmlzed Bundle Performance Estimate at NCCC
7 psig permeate pressure 1.5 psig Permeate pressure

Exhibit 22. Bundle E Productivity and CO, Purity for the 12” Membrane Bundle Tested at
DRTC (7 psig permeate pressure) and NCCC (1.5 pspermeate pressure estimated and
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The bundle performance in the field exceeded tlogept target. The bundle productivity target
(set 30% higher compared to the previous basekm®mnance) was 455 Nitr and the C®
permeate purity requirement was 60% (to be followgdurther purification in the liquefaction
unit, not part of the field testing). The membr&wndle E exceeded the performance target with
a productivity of 610 Nrfthr, and 68% C@purity, at 90% C@capture.

5.2.1.2. 12’ PI-1 bundle steady state test

Steady state testing was conducted for 500 hosrshawn in the Exhibit 23, with consistent
membrane performance. The test was interruptedwa times due to compressor related
shutdowns. The cold box was maintained at cold &atpre (-20°C) to prevent the membranes
from warming up and to reduce the restart timettierFTU. The operating conditions were 18%
CO;,, 9% Q, balance I at -45°C, 200 psig, and 1.5 psig permeate pressur

The achievement of this important milestone is snawExhibit 23a and 23b. The data shows
that over the 500 hour test duration, Bundle F wpsrated at 90% CfOcapture, with both
productivity and purity exceeding the target valuiElse bundle productivity was ~610 Nimr
and the purity was ~68% where the productivity tavges set at 455 Nithr and the purity target
was set at 60%. No degradation in the membranenpesihce was seen over the entire run.
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(23a). Bundle Productivity Over Time
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Exhibit 23. Steady State Test of Bundle F at NCCC

5.2.1.3. Two bundles in series configuration test

Two bundles in series configuration were testedhthie 12” Bundle F as the first stage and the
12” Bundle E as the second stage as shown in ExBi#bi Both the bundles had similar
performance based on previous synthetic flue gastgin the DRTC. The retentate stream (R1)
from first bundle was sent to the feed side ofdbeond bundle. The permeate streams from both
bundles were combined to form the total permeatsast (P mix). The feed gas was 18%,CO
9% O, balance N at -45°C, and 200 psig. The permeate blower coatde operated due to the
design limitations, resulting in a higher permeatessure of 7.5 psig. The Stage 1 bundle was
operated at approximately 70% &€apture and the Stage 2 operated at 60% €Pture to
achieve an overall 90% G@apture. The total productivity was 679 Riht with 60% permeate
CO, purity. The productivity per bundle was 339 fiim.

FEED (18% CQ,) lei”d'Ef R1 Bundle E -
= age Stage 2
S - — g >
s Retentate ~60% (2.8% CO,)
Recovery Recovery Sweep

lm P2
Permeate >P mix (>60% purity)

Exhibit 24. Two Bundles in Series Operation at NCCC
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Exhibit 25 shows that the single bundle produdfivitas higher than the two bundles in series
(productivity per bundle) at the same operatingdtiions (higher permeate pressure 7 psig). The
single bundle productivity at 7 psig permeate prassvas 450 Nm3/hr versus 600 Nm3/hr at 1.5
psig permeate pressure. Identical test conditios wsed for comparison. Based on simulation,
the two bundles in series were predicted to meetp@rformance target at lower permeate
pressure (1.5 psig permeate pressure). Still, ts@rin series was inferior to the single bundle
performance and was not deemed fit for furtheryshased on the test conditions.

Exhibit 25. Preliminary Comparison of Single-BundleVersus Two Bundles in Series (18%
CO,, 9% O,, balance N, at -45°C, and 200 psig feed, 7 psig permeate psese)

Bundle Productivity per CO;, purity
configuration bundle
Single Bundle 450 Nfthr 60%
Two Bundles in 339 Nni/hr 60%
Series (679 Nnv/hr overall)

5.2.2. 6” PI-1 bundle test

A PI-1 6” bundle (Bundle G) was tested at the 0.%/&FTU at NCCC. Both parametric and
long-term testing was conducted on this bundle ravide an engineering design estimate for
membrane separation performance at cold temperature

5.2.2.1. 6" PI-1 bundle long-term and parametric test

Long-term testing was conducted by measuring pedoice over 900 hours with 18% 3%

O,, balance W at -35°C, 200 psig, 1.5 psig permeate pressuceag90% C@Q capture. Exhibit
26 shows stable bundle productivity over 900 hoofrdesting at 90% capture. The bundle
productivity at 90% capture was approximately 24@°Mr, versus 610 Nithr for the 12”
bundle. Thus, the productivity for the 12” bundlasronly 2.5 times that of the 6” bundle, despite
having approximately 3.7 times more surface ar€his is one of the indicators of more ideal
bundle performance with the 6” bundle.
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Exhibit 26. 6” PI-1 Bundle G Performance StabilityOver Time

5.2.2.2. 6" PI-1 bundle, effect of feed temperature

Parametric testing was continued on the 6” PI-1dbeiwith varying feed temperature. The 6” PI-
1 bundle was tested with 18% Q% Q, balance M at 200 psig feed pressure, 1.5 - 3 psig
permeate pressure, and 70% LCe€apture. Exhibit 27 shows the @@, selectivity and
normalized CQ permeance at varying feed temperature. The/lg{selectivity increases with
decreasing feed temperature, due to higheg €&slubility and conditioning effect at high GO
activity. The normalized COpermeance shows a minor drop and then increasksdedreasing
feed temperature due to the high L£&gativity. This is the first time an Air Liquide mbrane
bundle was tested below -45 for several days. The membrane bundle showedrisupe
separation performance at *80 The techno-economic analysis was conducted thithCQ
permeance and G, selectivity at -45C. The carbon capture cost will be improved further
with membrane operation at 8D due to the better membrane performance. Thigwpiill be
evaluated further with future studies.
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Exhibit 27. 6” PI-1 Bundle Parametric Test

Additional parametric tests were conducted to sttidy 6” bundle performance with the feed
pressure from 100 to 200 psig, permeate pressome @1 to 7 psig and sweep rate from 0 to 5%
of the retentate stream. The 6” bundle exhibiteckl&nt membrane performance in all of these
test conditions, indicating ideal counter-currelioinf behavior. These test results gave a better
understanding of the bundle behavior for&&pture.

5.2.3. 1” PI-1 bundle test

A 1" PI-1 bundle was tested in the FTU to comparnirane separation performance between
17, 6” and 12” bundles. This information was ugddtr projecting the performance of larger PI-
2 bundles from the actual 1” PI-2 bundle data.

Parametric testing was conducted by changing the &pture rate and feed flow rate on the
bundle after it was stabilized at cold temperatiitee 1” PI-1 bundle was tested with 18% £O
7% O, balance M at -40C, 190 psig feed, and 1.6 - 3 psig permeate presExhibit 28 shows
the CQJ/N; selectivity and normalized GQpermeance versus GQ@apture rate. The GIN»
selectivity and normalized CQpermeance dropped by more than 20% as the caftigavas
raised from 70% to 90%. This indicated that thédndle had less ideal flow than the 6” or 12”
bundles, due to different membrane manufacturirgrtigjues and a lower length-to-diameter
(L/D) ratio.
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Exhibit 28. 1” PI-1 Bundle Parametric Test

Long-term and parametric testing was conducted éssuring the performance at 18% LL0%

O,, balance M at -7 to -42°C, 190 psig feed pressure, and B5sig permeate pressure, for
different CQ capture rates. Exhibit 29 shows stable bundleopmdnce over the 350 hours of
testing at a 70% capture rate. The membrane condify effect can be seen by the gradual
increase in the C4N, selectivity and the normalized permeance oveB8@hours.
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Exhibit 29. 1” PI-1 Bundle Parametric and Long-term Test
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5.2.4. 1" PI-2 permeator test

The PI-2 fiber was initially synthesized at a latals and fabricated into a module called a
‘permeator’ by hand. This permeator had a low pagldensity of fiber such that it could only
process small flow rates of gas (less than 10/NmThe 1” PI-2 permeator was tested at the
NCCC in the PO-4 campaign. The 1" PI-2 permeats inatalled in parallel to the PI-1 bundles
and tested with a slipstream of the feed. The e this test was to explore the robustness of
the PI-2 fiber when exposed to the treated flue gas

The PI-2 permeator was tested for over 800 hoursolat temperature. The feed to the PI-2
permeator was similar to PI-1 (18% ¢0®% Q, balance W at -41°C, and 200 psig feed). The
test was conducted at 50 - 55% L€apture rate and 1.6 psig permeate pressure. FRe P
permeator had inefficient counter current flow daehe limited number of fibers and relatively
low packing density. Therefore, the permeator waerated at a lower Gapture rate to obtain
meaningful data. The Gpermeance and selectivity were calculated basedavoss flow model
due to the lower packing density. At a low captwate, the choice of the membrane model
(cross-flow versus counter-current flow) was naical.

Exhibit 30 shows the C{rapture rate and G@ermeate purity during the long-term test. The PI-
2 permeator experienced feed temperature variatidhe initial 210 hours due to temperature
control loop tuning, manifesting in the G@urity variation between 50% and 80%. After this
initial adjustment period, the permeate {rity was stable at 80% for the remainder oftds.
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Exhibit 30. 1" PI-2 Permeator Long-term Test

An increase in C@permeance and G, selectivity was observed during the initial 21

due to the conditioning effect, as shown in Exhi®lt The normalized PI-2 permeance was
approximately 8.5 times that of the PI-1 permeafioen 210 to 750 hours on stream. The
CO./N; selectivity varied between 67 - 82 during the sgmeod. The fluctuation in permeance
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and selectivity from 200 to 800 hours is potenyialue to drift of the C@ analyzer.
Unfortunately, the analyzer calibration schedulpsé&d during that period. The membrane
performance calculation was very sensitive to sldtanges in the gas composition or flow rate.
There was an apparent drop in the;@®@rmeance and an increase in M selectivity after 750
hours. This drop in permeance was noticed aftGugdswn, suggesting a likely correlation.

NCCCField Testing PI-2 1" Permeator
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Exhibit 31. CO./N; Selectivity and Normalized CQ Permeance Versus Time on Stream for
the 1" PI-2 Permeator

After completion of the PO-4 campaign, the 1” Rde&meator from the field was shipped back to
DRTC and tested to confirm the performance drope permeance had decreased by 30% after
testing at NCCC, but with no deterioration of th@ N, selectivity. The drop in permeance was
attributed to the potential feed contaminationtte membrane, as will be discussed in Section
5.2.8.

5.2.5. 17 PI-2 bundle testing

By mid-2016, synthesis of the PI-2 fiber had beealesd up such that small (1”) prototype
modules were manufactured. These modules are edfesras ‘bundles’. A 1” PI-2 bundle (#3-2)
was tested at the NCCC. Parametric and long-testinge was conducted to assess the PI-2
membrane separation performance at the cold temperd he parametric testing was conducted
with flue gas composed of 18% ¢Or'% Q, balance M at -41°C, 180 psig feed, and with
varying CQ capture rates. The test conditions were replicagveral times over the 1,400 hours
test period to assess long-term stability.

For this bundle, the performance was strongly déeethon the C@capture rate. Exhibit 32
shows the normalized Gpermeance and GM, selectivity declining with increasing GO
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capture rate. This indicated significant non-idéaw within the bundle. The PI-2 CO
permeance was normalized with the Pl-1,@@&rmeance at room temperature. A similar decrease
in the back-calculated permeance and selectivitgugethe CQ capture rate was noticed with
another PI-2 bundle when tested with 11%,@&d (not reported on here).
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Exhibit 32. PI-2 Bundle (#3-2) Parametric Test

It was noted that the permeate pressure was htbharexpected due to the limited port size of
the module. The permeate port size was limitedhieydimensions of the shell and collar which
make up the 1” bundle. Previous 1” PI-1 bundléinigsin Section 5.2.3 demonstrated a drop in
membrane performance at higher capture rate inkExBB due to non-ideal flow within the
bundle. Due to the method of construction, the didle #3-2 also had relatively low packing
density (compared to the 6” or 12" PI-1 bundle3he lower pack density caused higher cross
flow in the bundle, resulting in a deviation frohetback-calculated permeance and selectivity.

This characteristic of the 1” PI-2 bundle design tead to an underestimation of the projected
P1-2 bundle performance at full scale. Two caséshe techno-economic analysis were
conducted with PI-2 membranes, using the performat©0% and 70% CCapture from the
field data. The 70% capture data is considerecetmbre representative of the full scale bundle
performance because the non-ideal flow issues eadbtressed during manufacturing scale up.

Long-term testing was conducted on the 1" PI-2 ei3-2) to assess the performance stability.
The long-term test was conducted with flue gas, 18%, 7% Q, balance M at -34 to -42°C,
180 to 200 psig, and with 90% GQ@apture rate. It should be noted that there waseso
temperature and pressure variation between thesgétadue to the PI-1 testing in parallel. The
CO, permeance was normalized with the Pl-1,@@rmeance at room temperature. As shown in
Exhibits 33 and 34, the Gpermeance and G, selectivity were stable over 1,400 hours. The
CO, permeance was approximately 7 times the PI-1 pemoeeand the CIN, selectivity varied

40
Final Scientific Report — DE-FE0013163



from 30 to 40. It is important to improve the séhaty of PI-2 membrane bundles in the future in
order to improve the efficiency of the overall pges. Some improvement is expected
immediately as the bundle manufacturing method gbsn
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Exhibit 33. Normalized CO, Permeance over Time for the PI-2 Bundle
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Exhibit 34. CO,/N, Selectivity over Time for the PI-2 Bundle

Exhibit 35 shows the projected 12" PI-2 bundle perfance at 90% C{rapture using the 1” PI-
2 bundle test results from the field. The promttivas made using Air Liquide’s proprietary
bundle simulation software. Field data at 90% &A% CQ capture were used to project to the
12” bundle performance with 4 to 5.5 times the Ridhdle productivity and 64% G@ermeate
purity. The PI-1 bundle productivity for the 12" dmlle was 600 Nrithr with 69% CQpurity as
shown in Exhibits 23a and 23b.
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Exhibit 35. PI-2 Projected Performance for 12” bunde

Normalized CO2/N> Projected 12" PI-2 CO; purity*
CO, permeance| selectivity | bundle productivity*
90% Capture Field 6.6 37 2,500 Nrithr 62%
Data (TEA Case 1 (4 times PI-1)
70% Capture Field 10 51 3,300 Nriithr 64%
Data (Ideal case — (5.5 times PI-1)
TEA Case 2)

*Projected 90% C@capture performance, target performance was gréste 4 times bundle
productivity improvement and greater than 60% pate@urity at 90% capture.

5.2.6. Bundle comparison

A summary comparison was made between the diffénemdles tested at the NCCC with similar
feed conditions. The comparison was made for flage g@omposed of 18% GO7% G, balance
N, at -40 to -45C, 190 to 215 psig feed pressure, 1.5 to 3 psigeate pressure, and at 90%
CO, capture. Exhibits 36 and 37 show normalized, @€rmeance and G, selectivity for the
different bundles tested at the NCCC. The,(@@&meance was normalized with £germeance
for PI-1 at room temperature. The £@ermeance and G, selectivity decreased in the order
from 6” PI-1 bundle, 12” PI-1 bundle and 1" PI-1ralle. This shows that the 6” bundle is more
ideal compared to the 12” and 1” bundle. The 1”darexhibited the worst performance due to
the different bundle manufacturing technique, loi lratio, lower packing density, and high
permeate pressure. As expected, the 1” PI-2 bustdlered superior COpermeance (more than
6.5 times PI-1) with higher bundle productivity. Wever the C@N, selectivity for the PI-2
bundle was lower than all of the PI-1 bundles asshin Exhibit 37.

Air Liquide Membrane Testing at NCCC
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Exhibit 36. Normalized CO, Permeance for Membrane Bundles Tested at 90% CO
Capture
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Air Liquide Membrane testing at NCCC
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Exhibit 37. CO,/N, Selectivity for Membrane Bundles Tested at 90% C@Capture

CO,/N, Selectivity

The relatively poor performance of the 1" PI-1 blendompared to the 6” and 12" bundles
suggests that the bundle performance can be imgréwePl-2 bundles by using a different
manufacturing technique, called forming, and a @igh/D ratio. The techno-economic analysis
was justified by the two different cases of PIl-2ble, with Case 1 from actual field performance
at 90% capture rate and Case 2 extrapolated frenrmtbre representative PI-2 performance at a
70% capture rate.

5.2.7. Analytical Campaign

Analytical testing was conducted in PO-4 and POahpmaigns as discussed in section 4.3.
Exhibits 38 and 39 summarize the analytical redutts) gas and liquid samples, respectively for
different sample points as described in ExhibitExhibit 38 shows the metal impurities, Hg, As,
and Se in micrograms per normal cubic meteyNm?®), in the gas samples along with NO and
NO, levels in ppmv. Exhibit 39 shows Hg, As, Se, riésaand sulfates in milligrams per liter
(mg/L) in the liquid samples. The metal impuritiesre lower in the PO-5 campaign after the bag
house installation upstream compared to the PQwpaan.
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Exhibit 38. Analytical Results from Gas Samples

(Hg/Nm?) (Mg/Nm3) (Hg/Nm?3) (ppm) (ppm)

1: Flue Gas Inlet (P04 ) 0.94 0.19 2.1 30-50 0.6-1.2
(PO5) 0.53 <0.02 17 17-21 2-4
3: Comp Inlet (PO5) 0.07-0.20 0.1-0.30 20- 42 2-7
5: Compressor Outlet  (P04) <0.17 <0.04 0.08 13-15 17-20
(PO5) 0.10-0.34 <0.02 0.06-0.14 0 13
6: Regen Gas  (P05) - = = 0- 360 3-80
7: Dryer Outlet  (P05) <0.001 <0.02 <0.02 0 9
8: Membrane Inlet  (P04) <0.17 <0.04 <0.04 1 <0.25
(PO5) <0.001 <0.02 <0.02 0 1

Measurements reported with the less than symbol (<) were below detection limit and the detection limit has been
reported instead. In the PO-5 campaign metals samples for Points 3 & 5 were collected one month apart. In several
cases NOx measurements varied over the 30 minute duration of sampling at that location.

Exhibit 39. Analytical Results from Liquid Samples

Sample Point Hg As Se NIEIES Sulfates
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

2: Low Pressure Condensate  (P04) 246
(PO5) <0.01 <0.01 0.01 0.02 15 2.4-210

4: High Pressure Condensate  (P04) 85 4.3
(PO5) 0.001 -0.0025 <0.01 <0.01 216-514 325-39

Blank — Skid Water (PO5) <0.01 <0.01 <0.01 3.6-20 364 - 400

Measurements reported with the less than symbol (<) were below detection limit and the detection limit has been
reported instead. In the PO-5 campaign liquid samples were taken multiple times, one month apart.

One of the challenges faced in the analytical cagmpaas that the incoming contaminant levels
varied over the sampling duration. Only two of five sample points could be analyzed each day
due to the long sample collection time. Becausthisf variation, an accurate mass balance for
any of the particular species was not achievabhe fBnges reported in Exhibits 38 and 39 for
metal impurities represent samples taken at difitgpeints in time, one month apart in campaign
PO-5. The values reported for NOx also varied wideiler the 30 minute measurement duration.
Exhibit 40 shows the approximate contaminant distion based on the analytical results of gas
and liquid samples presented in Exhibits 38 andA38enic was below the detection limit in all
of the condensate streams.
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Exhibit 40. Estimated Assessment of Contaminant Digbution Based on Analytical Results

2: Low Pressure Condensate 40-60% 80-85% 0%

4: High Pressure Condensate <10% <10% 50-70%
6: Regen Gas or Dryer bed 40-60% 10% 10-20%
7. Activated Alumina feed 0% 0% 10-30%

Metal Impurities — All the metal impurities, mercury (<0.0@d/Nm?’), arsenic (<0.02g/Nn)
and selenium (<0.02g/Nm®) were below the detection limits at the dryer eutind membrane
feed. Arsenic was undetectable at all sample pamthe PO-5 campaign, after the bag house
installation. Mercury and selenium were removed thg pretreatment processes moisture
condensation and dryer beds. Based on the gas eaanplysis, approximately half of the
mercury was removed in the low pressure conderssatehalf was removed by the dryer beds.
The majority of selenium, approximately 85%, wamoged in the low pressure condensate
while the remainder was removed in the high pressandensate and dryer beds.

Total Suspended Solids The low pressurecondensate streams were evaluated for total
suspended solids (TSS) in PO-5 campaign. These foaral to be below the detection limit
(<0.40 mg/L) due to new bag house installed attREaston before the PO-5 campaign.

NOx — NOx was mitigated in the gas phase by the fluepgasessing. NO was higher than NO
in the flue gas inlet (sample point 1). However, NM@cts with @ at high pressure to form NO
resulting in higher N@and lower NO levels after the compressor (samgietfp). NOx was also
accumulated in the dryer bed and was releasedetdlile gas return during the regeneration
period. NO and N@ concentrations were very low at the membrane fésdicating NOXx
adsorption in the dryer and activated alumina bed.

The nitrate concentration was low at the low presgmock-out (sample point 2) and high at the
compressor knock-out (Sample 4), indicating thatK©, formed at high pressure reacted with
H,O and Q to form nitric acid. The pH of sample point 2 wiswhile the pH of sample point 4
was 0, confirming the nitric acid formation at thatation.

It is estimated that 60% of the NOx was mitigatadthe cold membrane pre-treatment and
compression process with NOx leaving the systethencompressor knock-out (sample point 4)
as nitric acid. An additional 15% of the NOx wasadbed on the dryer and removed in the
regeneration step. Finally, 20% was removed byatfievated alumina bed. Air emissions were
based on the maximum NOXx concentration measurdtemregeneration gas. Since NOx was
mitigated in the process during compression andtrpggment, SCR elimination should be
evaluated with co-mitigation of G@nd NOX in the full scale carbon capture process.

Sulfates — Sulfate was measured at lower levels than thekbivater sample (process water
provided to the skid, as reported in Exhibit 39igating the flue gas contained little or no sulfur
species. This was not surprising considering tlesgmce of the upstream FGD and pre-scrubber
units.
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5.2.8. Challenges in the Field and Mitigation Steps
This section lists the challenges faced in the Pand PO-5 campaign during membrane bundle
testing with flue gas. The challenges were mitigdig cooperation of the NCCC staff and Air
Liquide on-site staff.

Incidents of membrane bundle performance decline

Specific events caused membrane bundles to shoeclkne in CQ permeance and GO,
selectivity. The decline in performance was duepttential hydrocarbon, oil, or moisture
breakthrough reaching the membrane.

* Hydrocarbon or oil contamination - After 3 weeks of testing in the PO-5 campaign both
the 12" PI-1 and 1" PI-2 bundles experienced a 20@8eline in the membrane
performance. The performance decline was due tdapunation of the membrane,
possibly arising from compressor oil breakthrougimt the pretreatment system. With the
support of NCCC contractors, the elements and adsbmedia were replaced. Exhibit
41 shows the pictures of knock-out vessel and ilter £lement during the change-out

process.

Exhibit 41. Photographs of Compressor Knock-out Vesel (left) and Coalescing Filter
Element (right)

For the FTU at NCCC, an oil-flooded screw compressas the chosen compression
technology due to economy at that scale. At lasgale, an oil free compressor will be
used and this issue would not apply.

* Moisture contamination - A 12” PI-1 bundle was tested during PO-5 and expeed a
40% loss in C® permeance during the cool down phase. The dedhnéundle
permeance during cool down was attributed to mmshueakthrough during start-up or
insufficient bundle purge time. When the bundle wasmed up and purged at higher
temperature, the GQpermeance recovered to the previous conditiorhokough bundle
purge procedure will be in effect in future befomd temperature exposure.
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Compressor Issues

A sample of compressor oil was sent for analysisricanalytical lab after 850 hours of field
testing with flue gas at the end of the PO-4 cagmparlesting indicated the oil had a high acid
number, so the compressor vendor recommended ayetman. Normally, an oil change-out is
performed once a year or less, however, NOx inflilne gas can react with oil to form by-
products. This issue is specific to the oil-floodaulew compressor installed in the FTU. It will
not impact the full-scale process technology, whiebuld use an axial-radial compression
technology.

Virgin and used oil samples were collected and mdpto DRTC for analysis. The following

analysis was conducted on the samples such asl|\agppearance, pH measurement, FTIR
spectra, IC and ICP-MS analysis. Exhibit 42 showssaal comparision of the virgin and used
oil. The fresh sample had a yellow hue. The usddhad a darker appearance, most likely
resulting from oxidation. Minor corrosion was alsoted in the coalescing filter element, as
shown in Exhibit 42.

Minor corrosion!
Exhibit 42. Compressor Oil Samples and Coallescinglement Corrosion

Based on the oil analysis it was clear that unwdigproduct formation occurred, due to the
nitration reaction between flue gas and oil. Aredative oil, with a higher level of antioxidant

additive, was used in the PO-5 campaign with regaoilasampling and analysis to monitor the

acid number. At the end of the PO-5 campaign, gexwil acid number was in the acceptable
range and no new compounds were detected. The hewa® judged suitable for the flue gas

application and will continue to be used in futaeenpaigns under DE-FE0026422.

Equipment issues

Several equipment related issues were encountareld as a faulty HMI screen, a faulty
pneumatic valve, loose electrical connection, leezisor failure, faulty flow meter, etc. None of
these issues were especially significant and weselved by Air Liquide staff with support from

the NCCC.
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Flue gas contamination

The field test was interrupted a few times in btth PO-4 and PO-5 campaigns due to the
potential flue gas contamination. This section udels the issues encountered due to
contamination.

* Water: When first started in PO-4, the FTU experiencedjfient shutdowns due to slugs
of water in the incoming flue gas causing disruptio the suction pressure and blower
water level. A short term solution was implementeolvever future modification of flue
gas piping is recommended.

» Particulate: The pre-treatment section of the FTU experienagtén pressure drop due
to plate and frame heat exchanger fouling as shovéxhibit 43. The heat exchanger was
cleaned to remove the debris along with the fiftexdia change-out as a precautionary
measure. The ion chromatography analysis of theositgal material showed mainly
sulfate and chloride salts. Additional plates wadeled to the heat exchanger to allow
longer operating time between cleanings.

» Hydrocarbon: Hydrocarbon analysis was conducted with Sensidybes at regular
intervals to monitor the oil and hydrocarbon bréastigh from the activated alumina bed
to the membrane feed. Flue gas was analyzed faiobgbons at various points in the
FTU. Surprisingly, hydrocarbon was also detectetha inlet flue gas from NCCC. It is
important to understand the hydrocarbon sourceretdre of the compound for future
test campaigns in the project DE-FE0026422. Hydtmmacompounds generally have an
adverse impact on the Air Liquide membrane bundfagation performance.

FTU automation

The FTU was programmed to operate autonomously. édewy the complexity of the system
hindered the auto-start sequence in many instamceke future, the skid programming will be
further tuned to improve automation and ease of-sfa
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6. Techo-Economi Analysis

Techno-economic analysis (TEA) was conducted f@ [9%Ve (net) supercritical pulverized coal
(PC) power plant integrated with Air Liquide’s hybicold membrane carbon capture process. A
detailed report on this study was submitted in fiven of topical report® The cost target by
NETL was set at $40/tonne fol'of a kind plant by 2025. The capture cost wasutated with

12” PI-1 bundle, 6” PI-1 bundle and projected 12-2Fbundle and compared with Case 11 (no
CO, capture) and Case 12 (g€@apture using amine). Case study was conduct8@%t CO,
capture from coal power plant flue gas to produce >99.8B % CQ at 2,215 psia pressure. The
TEA study was validated by Parsons Government 8es\iPGS).

The TEA study included four cases utilizing Air lige’s commercial PI-1 membrane bundle
and next generation, higher permeance PIl-2 memia=afdlows:
* 12" PI-1 membrane bundle — Based on field test ftata 90% CQ capture with 12" PI-
1 bundle at the National Carbon Capture Center (MG.3 MWe field test unit
* 6" PI-1 membrane bundle - Based on field test dlata 90% CQ capture with 6” PI-1
bundle at NCCC
* Projected 12” PI-2 Bundle Case 1 — Based on fiestl data from 90% C{rapture with
1" PI-2 bundle at NCCC
* Projected 12" PI-2 Bundle Case 2 - Based on fieldggmance of 1” PI-2 bundle at 70%
CO, (ideal performance) at NCCC extrapolated to 90péoa TEA case

The actual field data was used for the 6” and 121 Bundles at NCCC; however the results for
the 12” PI-2 was projected from actual testing vati” bundle. The PI-2 bundle performance
showed considerable non-ideality due to its lownerkmng density, shorter feed path and higher
permeate pressure. The two projections for Pl-£2weased on the actual membrane performance
at 90% capture as well as the expected performasiog the 70% capture performance data.

Aspen HYSYS was used to model and simulate the mw@&dhbrane hybrid process. The process
simulations were optimized to reduce the overglitaae cost and improve the efficiency of the

process. This TEA adds considerably more rigor ougrpast analysis in 2012 (DE-FE004278).

Detailed analysis included motor losses and updaitating machinery efficiencies as well as

line segment pressure drops. Waste heat from tt@maapture process was integrated with the
power plant to generate boiler feed water (BFW)crédit was used in the operating expenditure
for BFW generation and saving low pressure steahithnormally used to generate BFW. The

material and energy balance was reviewed and vatiday PGS.

The resulting material and energy balance (M&EBpd@as used to generate process data sheets
(PDS) for major equipment, which were supplied he vendors for quotations. Quotes were
received for major equipments from reliable US digpp that account for >75% capital cost.
Capital cost was significantly reduced by obtaingugptes from reliable low cost suppliers vetted
by Air Liquide. A detailed cost quote was alsoadbed for the membrane and skid installation.
Process simulations were adapted based on the wémgldback on equipment efficiency and
motor losses. Air Liquide references/database mwilai equipment configuration was used to
scale the cost for the remaining equipments, whathled about ~25% of the capital cost.
Sensitivity analysis was conducted with +/-20% atoin on the equipment cost.

49
Final Scientific Report — DE-FE0013163



The cost estimation methodology used NETL guidsliteecompare PC power plant with Air
Liquide hybrid cold membrane process TEA casesomparison to Case 11 (no capture) and
Case 12 (capture with amim&).Carbon capture cost was calculated in 2011$ uBBGL
guidelines’® Equipment quotes were received from 2010 to 20t& cost was converted to
2011% using Consumer Price Index (CPI) as listeBdnation 1. CPI index for each year was
calculated based on an annual average.
Equation 1
Cost 2011% = Cost QY * CRh/CPly

Where QY is the Quote Year, GRkis the CPI equipment index for 2011, and &H$ the CPI
equipment index for quote year.

Bare Erected Cost (BEC) was the sum of equipmest, cecondary component cost and
direct/indirect labor cost. The secondary compormodgt was assumed to be 20% on non-
membrane major equipments (compressor, turbines)védve, piping etc. There was no

secondary equipment cost on membrane as the detaigt was obtained on the membrane skid.

Engineering fee and contingencies (process anegtjojere assumed to be proportional to Case
12. Exhibit 44 lists assumptions used for engimgefee and contingencies. Case 12 is carbon
capture using amine process from 550 MWe (net) d¢matl power plant which has been
thoroughly studied by NETL funded projects. Itassumed that the level of complexity for a
plant using cold membrane hybrid process for cardapture will be same or lower than for the
amine plant.

Exhibit 44. Engineering fee and contingency assumigins

Parameter Case 12 Cold Membrane NETL QGESS
(Ref. [4])
Engineering fee 9.3% of BEC 9.3% of BEC 8-10% of BE
Process contingency 20% on £@moval 20% on membrane 5-20% on full size
module
Project contingency 20% on sum of BEC,20% on sum of BEC, 15-30%
engineering fee and| engineering fee and
process contingency| process contingency

Total Plant Cost is sum of the BEC, Engineering, fpeocess contingency and project
contingency’® Capital cost scaling methodology was used to sttaepower plant cost with
carbon capturé.Power plant cost for carbon capture using cold brame process was scaled
using scaling exponentsThe scaling exponents were logarithmically derifretin Case 11 and
Case 12 using Equation 2. Exponents were calculaséty BEC for Case 12 and Case 11
employing the reference parameter.
Equation 2
EXp = IN(RGase18RCease1)/IN(RPease18RPease1)

50
Final Scientific Report — DE-FE0013163



Where Exp is the exponent, RE.: is the Reference cost for Case 12,.B& is the Reference
cost for Case 11, RRe12is the Reference parameter for Case 12, arcase1 IS the Reference
Parameter for Case 11

Equation 3 was used to calculate the scaled BECdiokrmembrane cases based on case 11

Equation 3
SC = RC * (SP/RPF}®

Where SC is the Scaled cost for cold membrane,SRBe Reference cost for Case 11, SP it
scaling parameter, RP is the reference paramete€Cdse 11, Exp is the Exponent calcule
using Equation 4

Quality guidelines forenergy system studies (QGESS) cost estimation rdelbgy was

employed for calculating Total Overnight CapitalQT) and Total As Spent Capital (TAS

from BEC? The estimatiormethod for owner’s cost was used to calculate paymtion costs

working cajital, inventory capital, land, financing cost anther owner’s cost. Initial cost «

catalyst and chemical includethe cost of loading the dryer bed(and other pi-treatment
chemicals. This cost was assumed similar to amiaet [Case 1, however, i is expected that
this cost will be lower than the Case 12. Membramedles tend to age over time. There wa:

aging noticed in the previous cold membrane bunmisted in Delaware Research

Technology Center (DRTC) fol-8 months under DE-FE0004278 projeétdditional membran:

cost was added on an annual basis to account fiobnag@e aging

Exhibit 45shows the cost breakdown of 12'-1 bundle TEA case and 12" Projecte+-2 bundle
TEA case 2. At 550 MWe net power plant ;, economy of scale has die achieved for th
rotating machinery. For the Rlimembrane ca, CO, removal cost is ~50% compared to res
the plant. The C@removal coswas minimized to 22% with P2-membrane showing significa
benefit of using PR membrane bundle

=1V Ao iy

Balance of
Plant

Rotating
Machinery
Rotating
Machinery

CO, Removal
(Membrane,
Liquefaction, BAHX)

CO, Removal
(Membrane,
Liquefaction, BAHX)

Exhibit 45. Cost Breakdown for PI-1 and PI-2 membrane cas
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The costing methodology used by National Energy hfietogy Laboratory (NETL) for
estimating future costs of mature commercial ntta &ind (NOAK) plants / technologies from
initial first of a kind (FOAK) estimates was usedestimate costs for future plarits.

First of a kind estimate (FOAK)

Exhibit 46 shows the total plant cost for FOAK gléor different membrane bundle cases with
total overnight cost and total as-spent cost. Adhmbrane cases were lower than Case 12 (amine
capture). Carbon capture cost was significantlyced with PI-2 membrane bundle cases.

Exhibit 46. Cost Summary FOAK plant

12" Projected 12" Projected
Case 12 12" Bundle 6" PI-1 PI-2 Bundle PI-2 Bundle
(Amine) PI-1 Bundle Case 1 Case 2
Power Plant Cost (k$) $1,365,905 | $1,305,231 | $1,300,951 $1,332,516 $1,326,237
Carbon Capture Cost (k$) $593,496 $356,683 $353,891 $271,151 $254,164
Total Plant Cost (k$) $1,959,401 [$1,661,915 |$1,654,842 $1,603,6 68 $1,580,401
Total Overnight Cost
(TOC) $2,414,736 | $2,043,781 | $2,035,059 $1,974,294 $1,945,923
Total As -Spent Cost
(TASC) k$ $2,752,799 | $2,329,910 | $2,319,967 $2,250,695 $2,218,353

Nth of a kind estimate (NOAK)

Exhibit 47 shows the cost summary table for fouATdases for NOAK plant compared to Case
12 (amine capture). Due to higher maturity of majomponents in the hybrid cold membrane
process, the carbon capture cost is not signifigdmiver compared to the FOAK cost. The total
plant cost was lower for all cold membrane casespaved to Case 12. Carbon capture cost was
significantly reduced with PI-2 membrane bundlessas

Exhibit 47. Cost Summary NOAK plant

Final Scientific Report — DE-FE0013163

12" Projected | 12" Projected
Case 12 12" PI-1 6" PI-1 PI-2 Bundle PI-2 Bundle
(Amine) Bundle Bundle Case 1 Case 2
Power Plant Cost (k$) $1,302,062 | $1,243,011 | $1,238,950 | $1,268,881 $1,262,920
Carbon Capture Cost (k$) | $552,971 $335,159 $333,293 $255,731 $239,980

Total Plant Cost (k$) $1,855,033  |$1,578,171 $1,572,243 $1,524,612 $1,502,900
Total Overnight Cost

(TOC) $2,277,747 | $1,943,121 | $1,935,774 | $1,879,269 $1,852,767
Total As -Spent Cost

(TASC) k$ $2,596,631 | $2,215,158 | $2,206,783 $2,142,366 $2,112,154
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TEA Summary

Exhibit 48 summarizes the plant performance antbararcapture cost for four different cold
membrane cases in comparison to Case 12 (amind]. @@mbrane process utilized auxiliary
power load to drive rotating machinery resultinchigher gross power output. NCCC field data
was used for 12” PI-1 Bundle TEA case, 6” PI-1 Ben@iEA case at 90% capture. 1" PI-2
bundle data from the field was used to project BRhdle performance. Auxiliary load of the
power plant was highly dependent on the Bl membrane selectivity or GQourity from the
membrane. As the CQpurity increased the auxiliary load resulting frgarmeate compressor
decreased. PI-2 membrane cases had ~3% higheraayxdad due to lower selectivity of 1”
membrane bundle tested in the field compared tb &lses.

Even though the gross power output for cold men#ases was higher than the amine case; the
coal flow rate was 2-5% lower than the amine cAseine uses significant amount of steam for
regeneration resulting in larger overall power pksire and coal flow rate but lower gross power
output. The plant efficiency gain was approximatei¥% points compared to the amine case.

Cost of Electricity (COE) and Levelized Cost of &hecity (LCOE) was calculated using NETL
guidelines’® Increase in COE/LCOE was 61-64% for cold membases compared to 82% for
Case 12 (amine). C{xapture cost was calculated using Equation 4.

Equation 4
CO, Capture Cost = (CQEsex— COEase1)/CO, captured

Where COEasexis the COE for the new case (Case 12 or cold manebcase), CQEe11iS the
COE for Case 11, and G@apture is in tonne/MWh

Sensitivity analysis was conducted with +/-20% be tapture equipment cost to assess the
impact on the C@capture cost. First of a kind cost and nth ofralldost was estimated in 2011$
excluding transport, storage and monitoring (TS&M)h of kind cost was ~$1/tonne lower for
all the cases due to high maturity of the technpldgower membrane cost due to scaling or
lower process contingencies was not included in KG&timate. 12" PI-1 bundle case was
estimated at the same g@apture cost as 6” PI-1 case (even though thewid2 was more
ideal with higher efficiency) due to high bundlestalled cost for 6” bundle. PI-2 case 2 was
estimated to be $2-3/tonne lower capture cost ahcase due to reduced membrane cost. The
nth of a kind cost estimate for PI-2 case 2 was438nne compared to $55/tonne for Case 12
amine capture case meeting the DOE target of $4fétby 2025.

NOx was mitigated in the carbon capture processgusold membrane based on NCCC flue gas
analysis, making SCR redundant. Sensitivity analygs conducted to study the impact of SCR
elimination on carbon capture cost. A cost creti&D-$270/kW was assumed for capital cost of
SCR (Ref. [9]). SCR elimination could result in &Ccost reduction of up to $5-6/tonne. This

option needs to be investigated further in futtuelies.
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Exhibit 48. Carbon capture plant performance and cest

Case 11 Case 12| 12"PI-1 | 6"PI-1 12" 12"
(Amine) | bundle Bundle projected | projected
PI-2 bundle| PI-2 bundle
Case 1 Case 2
Gross Power 580.4 662.8 762 758 787 781
Output (MW)
Net Power 550 550 550 550 550 550
Output (MW)
Coal Flow Rate| 409,528, 565,820 537,67¢ 535,02 555,142 551,2
(Ib/hr)
Net Plant 39.3% 28.4% 29.9% 30.1% 29% 29.2%
Efficiency
Increase in 82% 64% 63% 63% 61%
COE/LCOE
FOAK ($/tonne 56 41-46 41-46 40-44 39-43
of CO) *
NOAK ($/tonne 55 40-45 40-45 39-43 38-42
of CO) *
NOAK w SCR 35-40 34-40 33-39 32-37
Elimination #

* Range of CO, capture cost for FOAK and NOAK is presented assuming +/-20% on TPC of CO, capture

equipment cost excluding TS&M

# Range of CO, capture cost with SCR elimination is presented assuming $80-270/KW credit at plant gate

excluding TS&M
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10

Carbon Capture Budgetary Cost ($/tonne of CO,)

Case 12

M Fuel Cost

TEA Study 550 MWe (net) Coal Fired
Power Plant - Post Combustion

12" PI-1 Bundle

M CAPEX low range

6" PI-1 Bundle

- ===
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M Variable Operating Cost M Fixed Operating Cost
L1CAPEX high range

Exhibit 49. Carbon Capture cost breakdown for variaus cold membrane cases in
comparison to Case 12
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Exhibit 49 shows the carbon capture cost breakdawerms of fuel cost, variable operating cost,
fixed operating cost and capital cost. Capital c®@shown in the high and low range to show the
sensitivity analysis with +/-20% on carbon captoost. 12” and 6” PI-1 bundle has identical cost
breakdown. PI-2 bundle cases has slightly highel ¢ost and operating cost due to larger size
power plant but lower capital cost resulting in @he$2-3/tonne saving on the carbon capture
cost.

Possibilities to further reduce G@apture cost below the present DOE target wikwauated in
a separate NETL funded project DE-FE0026422 irfadhewing ways:
* PI-2 commercial bundle development and validatibimproved membrane performance
* Improvements in the hybrid cold membrane proceserae
» Evaluation of SCR elimination option
* Use of steam instead of electricity to power roigtinachinery
» Evaluate possibilities to reduce Nth of a kind restie

7. EH&S analysis

The Environmental Health and Safety (EH&S) analyseas conducted for a 550 MWe (net)
supercritical pulverized coal (PC) power plant gneged with Air Liquide’s hybrid cold
membrane carbon capture process. A detailed repottis study was submitted in the form of
topical report* The emission estimates were based on the prodessasons for 12" PI-1
bundle case coupled with an analytical campaigndwumng skid testing at NCCC. Pollutants
from a power plant are released in the form ofeanissions, liquid wastes and solid wastes. Air
emissions were calculated for SOx, NOx, particslatég and CQ@ The amount of liquid waste
water from the process such as from the coolingetaain and high pressure acidic condensate
from the compressor was predicted based on theegsaimulation and analytical campaign. The
amount of solid waste in the form of dust was assgsbased on the particulate removal
efficiency.

The quantity of waste associated with membrane leumédnufacturing was calculated and was
significantly lower compared to the waste generditech the power plant. The waste generated
was reported for the initial membrane charge whea plant is installed (including 20%
additional bundles for process contingency) andnthearly emissions to account for
manufacturing additional bundles needed due to manebaging.

PC power plant with cold membrane G@apture process

Air emissions are significantly lower for the cattembrane process compared to Case 12 (amine
capture) as shown in Exhibit 50. The improvemennpared to Case 12, is due to both the
reduction in gross power plant size resulting fromre efficient CQ capture as well as the pre-
treatment of flue gas feed to the membrdie emissions associated with the main streams are
summarized below.
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Exhibit 50. Emissions from Cold membrane carbon cajure process

Contaminants Case 12 (Amine Capture) Cold Membrane 12" PI-1 Bundle Case
Air Emissions (Power Plant with Carbon Capture)
kg/GJ kg/GJ T(?;‘r’]})e/g’aer‘;‘r kg/MWh
6 6

(Ib/10° Btu) (Ib/10° Btu) 85% CE (Ib/MWh)

SG, 0.001 (0.002) 0.000 (0.000) 5 (5) 0.001 (0.002)
NO, 0.030 (0.070) 0.017 (0.040) 1,186 (1307) 0.21 (0.46)

Particulates 0.006 (0.0130) 0.0002 (0.0005) 14 (16) 0.002 (0.005)
Hg 4.91E-7 (1.14E-6) 4.9E-8 (1.1E-7)| 3.4E-3 (3.7E-3) | 5.9E-7 (1.3E-6)

CO, 8.8 (20.4) 6.0 (13.984) | 413,223 (455,594) 73 (161)

Liquid Waste (Cold Membrane Carbon Capture Proces®©nly)

LP condensate to 2.8 - 4.1 iVmin (726 — 1079 gpm) — pH 6, Hg and Se impurities

Cooling Tower
HP condensate(s) 0.26 ni/min (70 gpm) — pH 0-1, trace level of Hg

Solid Waste (Cold Membrane Carbon Capture Process Q)

Dust ‘ 268tonne/year

Air - Air emissions comprise flue gas after £&@pture as well as process streams such as
dryer regeneration ga®verall environmental air emissions are signifibaminproved
with the hybrid cold membrane process with reduS€k, NOx, particulates, mercury
and CQ emissions in the treated flue gas compared to @aserhese impurities are
mitigated in the pre-treatment process prior totactimg the membrane. For the SCR +
FGD treated flue gas entering the cold membrangcaPture unit:

o0 SOx are primarily removed through a caustic wadlsipoag step.

0 NOx are removed primarily in the high pressure (ld&)densate and dryer. The
captured CQwill contain the residual NOXx.

o Particulates are eliminated through water condessatnd subsequent fine
filtration

o0 Metals (Hg, Se) are primarily removed in the lovegsure (LP) condensate with
further Hg reduction in the dryer.

» Liquid — Liquid waste is reported from the carbon cappuecess alone. Liquid wastes
from the power plant will not change.

0 Low pressure water condensate from the cold mensbuait is relatively clean
with few metal impurities and can be partially releg to the cooling tower. The
necessary blow down water from the cooling tower lba discharged directly or
further processed if needed with FGD waste water.

0 Hig pressure condensate downstream of the fluegapressor knock-out along
with a small amount of dryer condensate will bedecwith metal impurities.
These streams will need neutralization and posdibtyer treatment along with
FGD waste water. This stream is relatively smathpared to the waste generated
from the power plant.

* Solids— Solid waste is reported from the carbon cappuoeess alone.
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o Cold membrane process will include filtration stépsemove dust before the gas
is sent to the membrane. Disposal method for dedtected on the filter will be
similar to the bag house dust. The quantity of dusélatively small compared to
the amount of dust from the power plant bag house.

o Dryer bed may need special disposal consideratime ssontamination by heavy
metals is possible. However the dryer bed shoutithaough the life of the plant.

o0 Obsolete equipment, such as replaced membranedsyradt. are considered non-
hazardous and can be disposed in a landfill.

Membrane manufacturing

The quantity of waste associated with membrane leunthnufacturing is significantly lower
than the waste generated from the power plant. Waste generated is reported for the initial
membrane charge when the plant is installed (inogu®0% additional bundles for process
contingency) and then yearly emissions to accoomntrfanufacturing additional bundles needed
due to membrane aging as shown in Exhibit 51.

Exhibit 51. Emissions from membrane manufacturing jpocess

Emissions over 3 year | Yearly Emission for Plant Life
(initial Batch) (Years 1-30)
Air Emissions (tonne/year)
vVoC 0.16 0.02
HAP 0.01 0.00
Particulate 0.22 0.03
SOx 0.01 0.00
NOx 0.70 0.09
CO, 2.43 0.30

Liquid Waste (gpm)

Total Water Discharged
with <0.01% solvent 10.05 1.26

Hazardous Waste (gpm)
water/methanol 0.13 0.016
silicones/octane 0.004 0.001

* Air — Air Liqguide membrane manufacturing division MEDAIses a Thermal Oxidizer
(TOx) with 99.98% efficiency to treat volatile orga compounds (VOC) and hazardous
air pollutants (HAP) before emitting to the atmosyeh

* Non-hazardous Liquid —Non-hazardous waste water containing traces eegsbis sent
to the city waste water treatment facility.

» Hazardous liquid waste— Hazardous liquid waste containing methanol/water and
silicone/iso-octane mix is generated from the saivecovery unit which is treated as
Resource Conservation and Recovery Act (RCRA) llazes waste.
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* Solid —Membrane fibers and bundles not meeting the Qué&littrol (QC) specification
are disposed in a municipal landfill. It is exptthat expired bundles can be similarly
disposed.

Possibilities to further reduce environmental fowtpwill be evaluated in a separate NETL
funded project DE-FE0026422 using PI-2 bundles.midiane manufacturing emissions will be
reduced by 80% since the PI-2 bundles have 5x higinedle productivity.

8. Next Phase design

A preliminary design and cost of optimized hybr@mldcmembrane process for the next phase of
technology was conducted. A detailed report on shisly was submitted in the form of topical
report’? Based on an assessment of potential markets antethnology readiness, a 550 tpd
CO, (25 MWe) plant was determined to be an appropsete for the next phase. Typically, Air
Liguide merchant C@&commercial plants for the food and beverage ingiuesie in the size range
of 100 - 1,000 tpd. At this size, the scale up ehmbrane based technology is relatively straight
forward due to its modular design. The same comialereembrane bundles will be used as were
tested with real flue gas at the National Carbopt@& Center (NCCC). Scale up of the non-
membrane based equipment in the hybrid cold merelpaocess such as the compressor, dryer,
turbo-expander, and brazed aluminum heat exchaisgstraight forward as these equipment
items are widely used commercially by Air Liquidedan the gas industry in general.

The primary focus of this work was on the cold mesmnle process for CQcapture from coal
power plants, that being the most promising avesfugarbon capture to reduce greenhouse gas
emission world-wide. However, for the next phassiglg site-specific and regional G@arket
conditions may significantly influence the projestability. Therefore, the technology
development was proposed in a flexible manner irckvbarbon capture was considered from a
range of possible industrial sources including al ¢éoed power plant, a natural gas (NG) fired
boiler, and a steam-methane reformer (SMR). Thepegent quotations were solicited for the
natural gas fired case as that required the lang#dametric flow rate to capture 550 tonnes of
CQO,. The coal power plant and SMR cases were theruateal by extrapolation from the NG
fired case.

Aspen HYSYS was used to develop process simulatidrihe cold membrane process, with
three different flue gas sources: coal, natural gasl steam methane reforming. The primary
difference between these sources was the feed mwaten of CQ. The requirements for each
simulation were the same: 90% &C€apture, 99.99% C{purity, and at a COproduct pressure
of 2,200 psig.

The majority of the variable OPEX was attributedtih®@ power consumption of the rotating
machinery such as the feed compressor, permeatpressor, and COpump. The motor losses

were considered to be 8%. The electricity price \aasumed to be $50/MW-h. The waste
disposal and utility water costs were assumed tm lilee proportion as Case 11 from the NETL
baseline study. The fixed OPEX was a combination laifor, membrane replacements,
maintenance, waste disposal, and utility water.
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A similar costing methodology was employed as tifahe NETL baseline used for TEA study.
>9 The capital cost and operating expense estinfiatesch case are given in Exhibit 52.

80 $60
E o <© Amine, Case 12 - [ Cold Membrane, PI-1
= 20 . B Cold Membrane, PI-1 8 $50 L 0 Cold Membrane, PI-2
“ H I
= NG Boiler g Cold Membrane, PI-2 2 NG Boiler < Amine, Case 12
1] Flue G < Flue Gas
38 ue Gas o
o £ S$40 &
) v o
=
s a
© £ 330 Coal Power [ |
(8]
pe 5 ] é)_ PlantFlue Gas SMR Flue Gas
.20 w
1 g
s 40 Coal Power [ ] E
—_ Plant Flue Gas g $10
8 SMR Flue Gas o)
Q

30 S0

0 5 10 15 20 25 30 0 5 10 15 20 25 30
[a] Flue Gas Source (%CO,) [b] Flue Gas Source (%CO,)

Exhibit 52. Cost details of the cold membrane syste sized at 550 tpd, and for different CQ
containing flue gases [a] Total overnight capital @st [b] Operating expense. Amine capital
cost was scaled from ref [4].

The capital cost was the highest for the low,@@ncentration natural gas boiler source, and the
lowest for the high C&concentration steam-methane reformer source #irgcsizing of most of
the equipment was proportional to the flue gas wmeltric flow rate. For natural gas flue gas
source, a larger total volume of gas was needgtetd the same 550 tpd of G@roduct. While

the major capital cost driver was the rotating pqent, the advanced PI-2 material still resulted
in a small cost advantage. The OPEX was also ielerproportional to the CfOfeed
concentration in the flue gas. Overall, the coldnheane technology is expected to be lower cost
than a conventional amine system.

The overall Cost of Capture (COC) was estimatedsbynming the capital and operating
contribution. The COC was estimated for two différenembrane cases and the conventional
amine case as shown in Exhibit 53 for coal fireg fjas. A sensitivity analysis was conducted by
using a turnkey factor of 2 and 2.4 to establighrdnge for the capital portion of the cost based
on location and cost variability. This range isitgb for construction in the US.
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Exhibit 53. Cost of capture for 550 tpd CQ from coal fired flue gas using either of two
membrane options or the conventional amine process.

The overall cost of capture for the cold membraregss at a 550 tpd scale was estimated to be
between $76 and $84/tonne. The cost was slighthg l®r the novel PI-2 material, and
significantly more for the conventional amine systd he contributions of operating and capital
costs were almost equal for the cold membrane c&sese 12 from NETL study was used to
scale the cost of amine capture at 550 tpd 3fze.

The cold membrane system was approximately $12étémmer cost than the amine system, due
entirely to a lower capital cost. The physical siziethe cold membrane system will be
substantially smaller than a similar capacity anspstem, resulting in a capital cost advantage.
The operating cost of the cold membrane systemshgistly higher than the amines since the
majority of the energy required was electrical. Phnienary contributor to the energy requirement
of the cold membrane process is compression ofgage The amine system had a lower cost of
energy primarily due to steam. At a larger scdle,dold membrane process has an advantage of
energy integration with the host plant by pre-heatboiler feed water with the heat of
compression, lowering the net operating cost sicgmittly as shown in the TEA study. The BFW
credit was not accounted in the next phase studytalthe size of the plant.

The next step to move this technology forward igdemtify a partner site and/or location where
flue gas from one of the above sources is read#ylable and there is a market for the 550 tpd of
separated C9 Additional funding partners will be identifiedirally, a Front-End Engineering
Design (FEED) study will be conducted with consadiem for site-specific details.
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9. CONCLUSION

In the current project, Air Liquide advanced itsspoombustion hybrid cold membrane carbon
capture technology from TRL4 to TRL5. Commercialaid 12" PI-1 membrane bundles were
optimized and next generation novel PI-2 membraas developed to 1" bundle scale. The
membrane bundles were qualified with synthetic flas in 0.1 MWe bench scale skid at DRTC
and further tested with real coal flue gas at O\M&FTU at NCCC.

Air Liquide participated in the PO-4 and PO-5 caigpa at NCCC during 2015 and 2016. The
field test unit was operated for over 3,200 howsdnd) the two campaigns. The NCCC testing
enabled Air Liquide to confirm long-term stabilipf the PI-1 and PI-2 bundles with actual flue
gas and evaluate the optimum configuration of besdl|

Key findings from the test were:

» All the bundles exhibited stable performance dulioigg term testing. Specific events,
likely associated with hydrocarbon and/or moistaomtamination, caused a couple of
bundles to lose up to 30% permeance. The bundleriexzing moisture contamination
recovered full performance after warm-up; howewiétre bundle with hydrocarbon
contamination could not be recovered.

* The 6” PI-1 bundle exhibited superior membrane s performance compared to the
12” PI-1 bundle. The 1" PI-1 bundle showed theatgst degree of non-ideality and
hence, lowest membrane performance.

* Extensive parametric testing was performed on th@l6lL bundle. Parametric testing
showed that the bundle performance can be imprauduer if operated at -50°C (beyond
the baseline performance at -45°C).

 Two bundles in series configuration test with 1221Pbundles did not show superior
performance compared to the single bundle configqurdased on the test condition.

* PI-2 bundle exhibited 6.5-7.5 times the normaliZ$® permeance compared to the PI-1
permeance at room temperature. Projected 12" Puwadle productivity was 4-5.5x
compared to 12” PI-1 bundle with 61-64% £t&rmeate purity.

* The analytical campaign confirmed that impuritiestsas mercury, selenium, and NOXx
were mitigated to below the analytical measurendetgction limit at the membrane feed,
due to removal in the pre-treatment, dryer bed actd/ated alumina bed. Arsenic was
below detection limit in all the samples testedilf&e levels measured in the condensates
were below the blank water sample.

TEA study was conducted following NETL guidelinesdalculate the cost of G@apture from
550 MWe net coal power plant with hybrid cold meari® carbon capture.

The predicted CQcapture costs were:
e 12”7 and 6” PI-1 bundle TEA cases resulted in thptare cost of $41-46/tonne for first of
a kind (FOAK) estimate an®40-45/tonnefor nth of a kind (NOAK) estimate, in
2011$% excluding transportation and storage
* PI-2 was projected to result in $2-3/tonne loweptoee cost than PI-1 due to reduced
membrane cost. The nth of a kind £€@pture cost estimate for Pl-2 (case 2) $38-
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42/tonne,meeting DOE target of $40/tonne by 2025 By conguawj the corresponding
estimate for Case 12 amine was $55/tonne excludamgportation at 2011$.

Other TEA findings are outlined below:

The plant efficiency gain is approximately 1-2%rsicompared to the amine Case 12.
Increase in Cost of Electricity (COE)/Levelized €osElectricity (LCOE) over Case 11
(no capture) was 61-64% for cold membrane casepamd to 82% for Case 12 (amine).
Cold membrane cases utilize lower coal flow rat&s for PI-1 and 2% for PI-2 cases
compared to Case 12 (amine) indicating smalleralvpower plant size requirement.
Auxiliary load of the power plant is highly depentleon the CG@N, membrane
selectivity / CQ permeate purity.

P1-2 membrane cases have ~3% higher auxiliary lesdtd lower CQ permeate purity
or membrane selectivity compared to PI-1 cases.

Nth of kind cost was only ~$1/tonne lower for alétbold membrane cases due to high
maturity of the technology components.

Overall environmental performance is significanthproved with hybrid cold membrane
process with reduced mercury, particulates, SOxx M@ission compared to Case 12.
These impurities are mitigated in the pre-treatnpeatess.

SCR elimination could further result in a €€bst reduction of up t§5-6/tonneas NOx
and CQ can be co-mitigated in the hybrid cold membraroegss

The project work showed the potential for signifitanprovements through initial tests and cost
analysis with the novel PI-2 material. The initf®d}2 results showed a step-change in membrane
permeance with potential to reduce bundle courB@$. This enables further cost reduction as
shown in the TEA study. In order to capture thitugahowever, the new material needs to be
validated by field testing large bundles repreder@aof commercial production. Lastly, a
comprehensive evaluation of novel hybrid processeb costs needs to be completed to ensure
optimal use of this improved material performange.Liquide is advancing PI-2 membrane to
commercial 6” bundle size in DE-FE0026422 in 20032 study funded by NETL.
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12.LIST OF ABBREVIATIONS

AFPC air-fired pulverized coal plants

AL Air Liquide

ASU Air Separation Unit

BAHX Brazed Aluminum Heat Exchanger

BEC Bare Erected Cost

BFW Boiler Feed Water

BP Budget Period

CAPEX Capital Expenditure

CFD Computational Fluid Dynamics

CcocC Cost of Capture

COE Cost of Electricity

CPI Consumer Price Index

CPU Compression and Purification Unit
DOE Department of Energy

DRTC Delaware Research & Technology Center
E&C Engineering & Construction

EHS Environmental Health & Safety

EOR Enhanced Oil Recovery

FGD Flue Gas Desulfurization

FOAK First of a Kind

FTU Field Test Unit

HAP Hazardous Air Pollutant

JT Joule Thomson

LCOE Levelized Cost of Electricity

ug microgram (108 g)

M&EB Material and Energy Balance

Nm? Normal cubic meter

NCCC National Carbon Capture Center

NETL National Energy Technology Laboratory
NOAK Nth of a kind

OPEX Operating Expenditure

PC Pulverized Coal

PDS Process Data Sheets

Pl Polyimide

PGS Parsons Government Services

PO Post-combustion (referring to scheduled testows)
ppm parts per million (volume)

QC Quality Control

QGESS Quiality guidelines for energy system studies
QY Quote Year

R&D Research and Development

RC Reference Cost

RCRA Resource Conservation and Recovery Act
SC Scaled Cost

SCR Selective Catalytic Reduction
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SMR
TASC
TEA
TOC
TPC
TPD
TRL
TSA
TS&M
vVOC

Steam Methane Reformer

Total as-spent cost
Techno-economic Analysis

Total Overnight Cost

Total Plant Cost

Tonne per day

Technology Readiness Level
Thermal Swing Adsorption
Transport, storage and monitoring
Volatile organic compound
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