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AL Air Liquide

BAHX Brazed Aluminum Heat Exchanger

BFW  Boiler Feed Water

DOE  Department of Energy
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HMI  Human Machine Interface
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Nm®  Normal cubic meter

PC Pulverized Coal

Pl Polyimide

PO Post-combustion (referring to scheduled testiois)
PPE Personal Protective Equipment

ppm parts per million (volume)

MEDAL Membranes DuPont Air Liquid@ounded as a joint venture, fully acquired byiAl1992)
NETL National Energy Technology Laboratory
NCCC National Carbon Capture Center

ug microgram (18 g)

SCR  Selective Catalytic Reduction

TEA  Techno Economic Analysis

TRL  Technology Readiness Level
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Executive Summary

Air Liguide is developing a novel, cost-effectivegt-combustion C@capture technology based
on pre-concentrating flue gas in a cold membramp $6 60% CQ@ followed by further
purification to Enhanced Oil Recovery (EOR) gradailiquefaction step. The liquefaction step
is well understood due to Air Liquide’s extensivgerience in cryogenic based gas separations,
specifically with the CRYOCAP technology for G@apture from oxy-combustion power plants
in Callide, Australia and Ciuden, Spain. The ted¢bgy development to TRL 5 involved testing
the cold membrane step at 0.3 MWe scale with adlualgas at the National Carbon Capture
Center (NCCC) under the NETL funded project DE-FERIB3 (CQ Capture by Cold
Membrane Operation with Actual Power Plant Flue)Gas

Air Liquide participated in two campaigns:
* PO-4 campaign from October to December 2015
* PO-5 campaign from May to November 2016

The equipment was delivered, installed, and comomssl at the beginning of the PO-4
campaign. The Field Test Unit (FTU) was operated deer 3,200 hours during the two
campaigns. After completion of testing, the FTU wasatherized for later use in an alternate
NETL funded project, DE-FE0026422.

The NCCC testing enabled Air Liquide to:
1. Confirmlong-term stability of PI-1 commercial bundles with pre-treated acflued gas
2. Evaluate theptimum PI-1 configuration for CO, capture
3. Verify contaminant (NOx, metals) emissiacs-reduction
4. Confirm the potential of novel PI-2 membranesdduce membranearea

The membrane bundles described in the followindetakere tested at the NCCC with stable
long-term performance. Various sized PI-1 bundlesewested to understand the effect of the
geometry parameters on the separation performdtie2.is an exploratory membrane material
with exceptionally high C@permeance.

Bundle type Testing type Duration of test

12" PI-1 bundle Long-term single bundle test and 2 bundles in serie | ¢, 0 (PO-4)
configuration

6” PI-1 bundle Long-term test and parametric t€$d,capture rate, 900 hours (PO-5)
permeate pressure, feed temperature, and swegp rate

1" PI-1 bundle Long-term test, parametric test {€@pture rate) 350 hours (PO-5)

1" PI-2 permeator Long-term test 700 hours (PO-4)

1" PI-2 bundle Long-term test and parametric t€€Dycapture rate) 1,400 hours (PO-5)

In addition to the bundle testing, analytical caigpa were conducted during both the PO-4 and
PO-5 campaigns to measure the contaminants HgSAsSNOx and SOx at selected locations
throughout the process.

Page | 6



The NCCC staff contributed to the project succesmfthe initial hazardous operability study
through the final shutdown and storage in place& NECC contribution included spot checks of
the FTU, contractor-provided maintenance, remoteta danonitoring, and analytical
measurements ranging from routine gas analyzebrasibns to assistance with trace analyses.
The NCCC's assistance and support is gratefullyaskedged.

Various technical challenges were mitigated by esapon of the NCCC staff and contractors
with Air Liquide staff. A few issues, mainly redat to flue gas contaminants, such as water
slugs in incoming flue gas, need to be mitigated more robust manner. A separate “lessons-
learned” document has been prepared at the NEEQgeast, and will be issued shortly.

Key Results

» The PO-4 campaign was devoted mainly to the long-teerformance stability
verification of a 12” PI-1 bundle. Exhibit 1 showse 500 hour long-term test of the 12”
PIl-1 bundle tested at 90% G@apture, 200 psig, and -45°C. The measured bundle
productivity exceeded the target of 455 fm by more than 30%, with an actual
productivity of approximately 610 Nifhr. The permeate GQpurity also exceeded the
60% target.
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Exhibit 1. Long-term Steady-State Test for 12 PI-1 Bundle at NCCC
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» All bundles tested generally exhibited stable panfance during long-term testing. There
were however, specific events, associated with doahbon and/or moisture
contamination, which caused a couple of bundldsde up to 30% permeance. Bundles
experiencing moisture contamination recovered pdiformance after warm-up. The
bundle with hydrocarbon contamination could notrbeovered; this appeared to be
related to improper olil filling of the compressbut the investigation is ongoing.

* The separation performance of 17, 6” and 12" Pldhdies is compared in Exhibit 2. The
exhibit also includes data from a 1” PI-2 moduleeT” PI-1 bundle exhibited superior
performance, compared to the 12" bundle, the higieformance is attributed to the
higher length-to-diameter ratio, which allowed &or ideal counter-current flow. The 1”
bundle exhibited the worst performance due to demiht bundle manufacturing
technique, which did not allow for an ideal courtarrent flow.
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Air Liquide Membrane testing at NCCC (90% CO, Capture) Air Liquide Membrane testing at NCCC (90% CO, Capture)
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Exhibit 2. Membrane Bundle Performance Comparison aNCCC
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» Extensive parametric testing was performed witif 8161 bundle, mainly during PO-5.
An interesting observation during the parametrstitg was that the bundle performance
improved even further when operated at -50°C (bdyibre baseline performance at -
45°C).

 Testing of two 12" PI-1 bundles in series configima did not show superior
performance compared to the single bundle conftgura

* The PI-2 bundle exhibited more than 7 times themadized CQ permeance compared to
the PI-1 bundle. The projected 12" PI-2 bundle paityity was 4 to 5.5 times greater
than that of the 12" PI-1 bundle, but with slightowver CQ permeate purity (ranging
from 61 - 64%). The 1” PI-2 bundle projections approximate due to the highly non-
ideal flow and permeate back pressure associatédtia smaller bundle design used in
the NCCC test.

* The analytical campaign confirmed that impuritiescts as Hg, Se, and NOx were
reduced to levels below detection limits in the rbesne feed, due to removal in the pre-
treatment condensates, dryer bed, and activatedirdubed. These contaminants were
mainly removed in the pre-treatment steps as @etail Exhibit 3.

Exhibit 3. Contaminant Distribution Based on Analytical Results

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

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

Arsenic was below the detection limit in all thergdes tested. The flue gas was treated
by both Flue Gas Desulfurization (FGD) and pre-sbar such that SOx levels in the
incoming feed were negligible.

Page | 8



1. Introduction

Air Liquide has developed a post combustion cartepture technology based on a hybrid cold
membrane and liquefaction. In the current projd2E-FE0013163, this technology was
advanced to TRL5 by testing with real PulverizedalC@#C) flue gas at the National Carbon
Capture Center (NCCC) in Wilsonville, Alabama. Higstream of flue gas was provided from
Alabama Power, Plant E.C. Gaston, Unit 5. The O\WWeVlapproximately 6 tonne/day of @O
Field Test Unit (FTU) was located in the Pilot Bayarea of the NCCC. Flue gas from plant
Gaston was pretreated in a SOx polishing pre-semubip the NCCC to reduce SOx down to 2
ppm before it was sent to the Air Liquide FTU. Aiguide participated in the PO-4 campaign
from October to December 2015 and the PO-5 camgeagm May to December 2016 with over
3,200 hours of testing.

The purpose of the 0.3 MWe FTU was to test Air ldiguhollow fiber, polyimide based,
membrane bundles for GCQrapture at cold temperature (-30 to -45°C) andsdbdate the
superior performance observed during previous tastair Liquide Delaware Research and
Technology Center (DRTC). The FTU was designedréstyeat and compress the flue gas with
an oil-flooded screw compressor followed by addiéibpre-treatment, and GQ@eparation with

a membrane. The testing was conducted with comaidrandles based on the PI-1 polyimide
fiber and exploratory membrane bundles based orhitfidy permeable PI-2 polyimide fiber.
The feed stream was split so that 95% of the fagwas sent to the commercial PI-1 bundle and
a slipstream went to the novel PI-2 bundle. Thédwesfrom the PI-1 bundle was expanded to
generate cold for the process. Air Liquide has msite experience in liquefaction through our
field testing in Callide, Australia and Ciuden, BpaThe field test at NCCC focused on
membrane performance validation and excluded laptefn testing. Analytical campaigns were
conducted to trace the impurities in flue gas tgiothe FTU.

Exhibit 4 lists the membrane bundles that wereetesit the NCCC with stable long-term
performance.

Exhibit 4. List of Membrane Bundles Tested at the K€CC

Bundle type Testing type Duration of test

12" PI-1 bundle Long-term single bundle test and 2 bundles in serie 640 hours
configuration

6” PI-1 bundle Long-term test and parametric t€$dcapture rate, 900 hours
permeate pressure, feed temperature, and swegp rate

1" PI-1 bundle Long-term test, parametric test {€@pture rate) 350 hours

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

1" PI-2 bundle Long-term test and parametric t€€Dycapture rate) 140%ours

All of the above bundles were tested at 90% Cé&pture from the PC power plant flue gas along
with parametric testing. In addition to the bundésting, two analytical campaigns were
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conducted to measure the contaminants mercuryjiarselenium, NOx, and SOx in the gas and
liquid samples.

Section 2 provides a description of the Air Liquitibrid capture technology and a description
of the FTU at the NCCC. Section 3 describes the FaEdeptance testing, installation, and

commissioning. Section 4 describes the membrandléuesting results. Section 5 describes the
analytical campaign to track the contaminants i@ HTU. Finally, Section 6 describes the

challenges faced with the operation of this noeehhology and makes recommendations for
future design.

2. Air Liquide Carbon Capture Technology

2.1  Hybrid cold membrane process

The Air Liquide hybrid CQ capture process combines a cold temperature memloeration
with partial CQ liquefaction as shown in Exhibit 5. The commeréialmembranes, operated at
temperatures below -20°C, were shown to have 2timds higher C@N, selectivity, with
similar CQ permeance, as compared to ambient temperatureataper This improved
membrane performance is the enabling factor fomifieid membrane and partial condensation
process designed by Air Liquide. This process esablver 90% C@recovery from air-fired,
PC flue gas at a capture cost approaching $40/t@mekwith greater than 98% G@urity.

To Stack
Power
Plant Cold
Expansion
Flue Gas 5 CO, Product
c - - >99% CO,
| Pretreatment |_‘ ompressor 2200 psi
and Dryer l J,—p 9
BFW | Heat Exchanger |
Lt ,l\ Recycle
-3510 -45°C N, Rich
100-200 psig . .
18% CO, Liquefaction
Membrane BFW
COZ Rich >60% COZ

Exhibit 5. Air Liquide CO , Capture Process Schematic

The full scale hybrid process is designed to peattthe flue gas by removal of NOx, dust, SOXx,
and compression to 216 psig (16 bar). In this @seccompression is necessary to increase the
partial pressure of C{n the membrane feed. An oil free axial compressarsed 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 cessmn is used to heat make up water from
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the condenser in the power plant steam cycle andrgee Boiler Feed Water (BFW). The flue
gas is further cooled with water in a shell ancethkat exchanger.

The flue gas is dried to remove moisture and aie@dormation at cold temperature. The dryer
beds eliminate moisture in the flue gas down belgwpm. The compressed dried flue gas is then
sent to the Brazed-Aluminum Heat Exchanger (BAHXYbol the membrane feed gas down to
the desired temperature. Flue gas at high presaléepsig (16 bar), and low temperature, -45°C,
is fed to the hollow fiber membrane. The L£€klectively permeates through the membrane,
producing a C@rich permeate stream (greater than 62%) at lowspre. The C@depleted
retentate gas exits the membrane at high pres&wmmall portion (3 - 5%) of the retentate gas is
delivered back to the permeate-side of the memhiaaet as a sweep gas. The remainder of the
retentate gas is expanded in a turbo-expanderdiattte incoming flue gas and the liquefier feed
in the BAHX.

The permeate stream is compressed in a centrit@apressor with waste heat recovery for
BFW generation. The compressed permeate streaanigesthe BAHX for partial liquefaction
and to the liquefier column. Liquid G@ondensed from the liquefier column is furtherifoeol

in a distillation column to meet the oxygen speeifion for Enhanced Oil Recovery (EOR). The
CO, product from the distillation column is pumpedhe desired pressure, 2,200 psig (152 bar).
The off-gas from the partial condensation columnhw30% CQ is recycled back to the
membrane feed to increase the &@pture rate.

2.2  Description of 0.3 MWe field test unit

The 0.3 MWe FTU was designed to exhibit the supgrasformance of Air Liquide hollow fiber
membranes. Exhibit 6 shows the block flow diagrdrthe FTU.
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Flue Lp

Gas
Power sl HP treatment
Plant F

|
|
: Liquid Ring Oil Flooded
|
|

Blower Compressor

|

Heat
Exchanger

2x12” PI-1 Bundles
(series or parallel)

v
v

PI-2 Permeate

«— o
&

1” PI-2 Bundle
Exhibit 6. Block Flow Diagram of FTU

Y Will not be used at full scale

Flue gas was received frothe Alabama Power, Plant E.C. Gaston, Unitoal ired power
plant. The flue gas veatreated withSelective Catalytic Bduction (SCR) to remove NC
followed by abag house and Flue Gasesulphurization (FGD)}to subsequently remoy
particulates and SOX.he flue gas ws further treated in a pre-scrubbeitteg NCCC to reduce
SOx down to 2 ppm.

The Air Liquide 0.3 MWe FTltonsisted of the followin

Liquid ring blower: The flue gas ws sent to the liquid ring blowéo boost the pressure 10
psig.

Low pressure treatment: The flue gasunderwent low-pressure treatmeatremov: water in a
knock-out vessel and particulate a dust filter.

Compression:The flue gas wa.compressed to 200 psig in an oil flooded screwpressc. The
oil was separated from thitue gas and recycled baco the compressor after cooling &
filtering.

High pressure treatment: The flue gas was treated at high pressto remove moistui in a
dryer bed andhydrocarbon (oil residudn an activated alumina bed. The flue gas was elé@am
a fine dust filter to remove arparticulates

Brazed Aluminum Heat Exchanger (BAHX): The flue gas was sent to tBAHX to cool the
membrane feed gas to 45 The membrane feed gas at high press@@) psi, and cold
temperature, was sent to the hollow fiber membianeelectively permeate C, on the low
pressure permeate side. The high presst, rich retentate gas was expanded in a .
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Thomson valve and sent to the BAHX to cool the mow feed gas. The low pressure permeate
gas was also sent back to the BAHX to cool the fgsed

Membrane: Two membrane materials (PI-1 and PI-2) were teatethe NCCC. Commercial
127, 6” and 1” PI-1 bundles from MEDAL'’s existingrgduct line were tested for flue gas
separation. In addition, PI-2, a novel materiathw## to 5 times the projected bundle
productivity, was tested in a 1” module. Commersizle (6”) PI-2 bundles are being developed
under a separate DOE funded project, DE-FE0026#422¢sting at the NCCC in 2017 - 2018.
The bundles were arranged so that two PI-1 buradiekl be tested in series or parallel or single
bundle configuration. A slipstream of flue gas wast to the PI-2 bundle for testing.

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

The equipment such as the liquid ring blower, thél@oded screw compressor, and the Joule-
Thomson valve will not be used in the full scalarpldue to their low efficiency. Oil free
compressors and turbines will be used at largeescal

3. 0.3 MWe Field Test Unit Installation and Commissioimg

The 0.3 MWe FTU was designed, constructed, andptacee tested in Newark, DE over the
Budget Period 1. The FTU was transported to the §8@€ three skids and installed in the Pilot
Bay 3 area. The unit was commissioned using athagrocess fluid such that the majority of
start-up issues could be identified and addressdord the flue gas was available. All major
equipment was successfully operated and no maijdrasdxs were encountered.

3.1  Equipment delivery and installation at the NCCC

The skids were prepared for shipment by carefukagiog. Any pieces that extended out past
the approximate 30’L, 8.5’'W, and 10.5’'H boundanesre removed and packaged on the skids.
All exposed glass and electronic components webbleuvrapped to protect against road debris.
Crates were mounted on the skids so that ancidguypment (tools, PPE, and spare parts) could
accompany the transport. Lastly, custom plastigstavere secured to the skids. Transportation
was scheduled with a freight shipping service awith the pick-up from the fabrication shop and
the delivery to the NCCC site were witnessed by KBnguide personnel. A picture of the
membrane skid being lifted onto the trailer-truslshown in Exhibit 7.
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Exhibit 7. Membrane Skid Being Lifted onto the Traier-truck at the Fabrication Shop.

As part of the technology collaboration agreemeith WCCC, a detailed scope of work was
prepared for the installation and commissioninghwiggard to NCCC and Air Liquide’s
respective responsibilities. The installation pexted smoothly and with good
communication between NCCC and Air Liquide. A pretof the Air Liquide 0.3 MWe FTU
installed at the NCCC Pilot Bay 3 is shown in Exthéb
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Exhibit 8. Air Liquide Field-Test Unit Installed at the NCCC

In Exhibit 8, Label 1 indicates the compressor skabel 2 indicates the pre-treatment skid, and
Label 3 indicates the membrane skid.

3.2  Commissioning and shakedown of the FTU

A commissioning checklist was drafted based onateeptance testing at the skid fabrication
shop and on the best practices of MEDAL engineedth vegard to commercial membrane
packages. The checklist directed the commissioteagn as to the instrumentation that must be
checked, the appropriate method for first-timetatarof each piece of equipment, and how to
confirm proper function.

A Job Safety Analysis (JSA) was conducted prioany hands-on work. A JSA is a systematic
method of identifying potential hazards and aligniisk mitigation practices. Required PPE and
risk mitigating practices were agreed to with the@C team. The work was executed safely,
and no safety related issues occurred.

Commissioning was conducted with air as the progasgo check the functioning of each piece
of equipment sequentially. Once the issues weratiitkxl and resolved, all of the process
equipment and instrumentation was operated forrakVeurs continuously. Commissioning
continued after the flue gas was made availablehkeyNCCC. Additional equipment issues
related to the blower and compressor were idedtdied addressed.
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The pre-treatment skid and compressor skid weremgesioned initially with the membrane

skid in by-pass mode. Flue gas was analyzed focumgidownstream of the dryer to ensure low
mercury content before sending the gas to the BABXavoid corrosion and embrittlement
issues. The mercury concentration was below thectleh and corrosion limits. The flue gas
was then sent to the membrane skid, allowing fer fihal commission step. Two 12" PI-1

commercial membranes were used for commissionimpth the bundles were previously

qualified in the 0.1 MWe DRTC bench scale skid, nmgethe performance target. The bundles
exhibited superior performance in the FTU compdoethe DRTC testing. This completed the
commissioning of the FTU.

Once all of the issues were resolved, 24/7 autanaperation was possible. The system was run
continuously for over 450 hours with no alarms pst (over 850 hours of total operation,
initially interrupted by process trips and Plants@a outages). Lastly, data logging and limited
remote access were successfully achieved.

4. Membrane Bundle Testing

4.1 12” Pl-bundle test

A 12” PI-1 bundle was tested in the FTU at the NC{€ cold temperature performance
validation, long-term testing, and a two bundlesaries testing. This section describes the 12”
P1-1 bundle testing at NCCC.

4.1.1 Cold temperature performance validation

The cold membrane test was conducted mainly with-&®iched flue gas (18% GO9% G,
balance M), at -45°C, 200 psig, and 1.5 psig permeate predsased on the optimum conditions
identified from bench scale testing at DRTC. A bdowon the permeate line allowed the
permeate pressure to be adjusted in the range5of &. psig. The effect of sweep was also
examined by delivering a small fraction (up to 486}he residue stream to the permeate side of
the membrane bundle. A portion of the permeatefrgas the membrane was recycled back to
the inlet of the blower to increase the J8ed concentration to 18%.

Exhibit 9 shows a summary of the bundle produgtigihd 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 operatentieenbranes 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 permeatnss to the compressor suction, limited the
permeate pressure. The membrane performance gidoneate pressure, 1.5 psig, was therefore
estimated, using a membrane model for the NCCCctasdition. The NCCC skid was designed
to overcome this limitation with a blower on thempeate line.

Exhibit 9 shows the actual performance of Bundliedi the NCCC field test, which was even
higher than the estimated performance at 90% €&Pture and 1.5 psig permeate pressure. This
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result suggested that non-ideal flow patterns withie bundle can be reduced by operating the
bundle at lower permeate pressure (non-ideal flffeces were not considered by the simulation
model used to predict the NCCC performance).

NCCC Actual
P
- 70%
90% CO, Reco.v.ery BUNDLE E
600 - ;ie;(;imp05|t|on 18% €O, and 5% \ A
Feed Temperature -45°C
Feed Pressure 200 psig
M Feed Flow Rate (Nm3/hr
0/} ( /hr) - 65%
500 +—m \.uz ruul.y {70) I
' Flow Target - 455 Nm2/hr
400 — -
Purity Target - 60 o
Y TavE 60% 2
9
i
=
300 L <
2
- 55%°"
200 No Sweep T 3% Sweep ) NoSweep  3%Sweep 4% Sweep
Optlmlzed Bundle Performance Estimate at NCCC
7 psig permeate pressure 1.5 psig Permeate pressure

Exhibit 9. 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
actual).

The bundle performance in the field exceeded tlogept target. The bundle productivity target
(set 30% higher compared to the previous basekmfomance) was 455 Nifnr and the C®
permeate purity requirement was 60% (to be followgdurther purification in the liquefaction
unit, not part of the field testing). The membr&wendle E exceeded the performance target with
a productivity of 610 Nrfthr, and 68% C@purity, at 90% C@capture.

4.1.2 12" PI-1 bundle steady state test

Steady state testing was conducted for 500 hosrshawn in the Exhibit 10, 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 timetierFTU. The operating conditions were 18%
CO;,, 9% Q, balance I at -45°C, 200 psig, and 1.5 psig permeate pressur
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The achievement of this important milestone is sinawExhibit 10a and 10b. The data shows
that over the 500 hour test duration, Bundle F wpsrated at 90% CfQcapture, with both
productivity and purity exceeding the target valuéé degradation in the membrane
performance was seen over the entire run.
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Exhibit 10. Steady State Test of Bundle F at NCCC
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4.1.3 Two bundles in series configuration test

Two bundles in series configuration were testedhhe 12" Bundle F as the first stage and the
12” Bundle E as the second stage as shown in BxhibiNote that the Bundle E had similar
performance to Bundle F, based on previous testindpe DRTC. The retentate stream (R1)
from first bundle was sent to the feed side ofsbeond bundle. The permeate streams from both
bundles were combined to form the total permeatast (P mix). The feed gas was 18%,CO
9% O, balance M at -45°C, and 200 psig. The permeate blower cootdbe operated due to
the design limitations, resulting in a higher peateepressure of 7.5 psig. The Stage 1 bundle
was operated at approximately 70% f£L£@pture and the Stage 2 operated at 60% caPture to
achieve an overall 90% G@apture. The total productivity was 679 fhr with 60% permeate
CO, purity. The productivity per bundle was 339 fin.

FEED (18% CO,) Bundle F R1 Bundle E
N} Stage1 Stage 2 > R2
| -70% Retentate ~60% (2.8% CO,)

Recovery

b

Sweep

Recovery

P2
> mix (>60% purity)

Exhibit 11. Two Bundles in Series Operation at NCCC

Permeate

Exhibit 12 shows that the single bundle producfivitas higher than the two bundles in series
(productivity per bundle) at the same operatingdtiions. Based on simulation, the two bundles
in series were predicted to meet the performanggetat lower permeate pressure. Still, their
use in series was inferior to the single bundléguerance.

Exhibit 12. Preliminary Comparison of Single-BundleVersus Two Bundles in Series

Bundle configuration | Productivity per bundle CO, purity
Single Bundle 450 Nithr 60%
Two Bundles in Serieg 339 Nihr 60%
(679 Nni/hr overall)

4.2 6” PI-1 bundle test

A PI-1 6” bundle (Bundle G) was tested at the 0.B3/&FTU at NCCC. Both parametric and

long-term testing was conducted on this bundlertvide an engineering design estimate for
membrane separation performance at cold temperature

4.2.1 6" PI-1 bundle long-term and parametric test
Long-term testing was conducted by measuring perdioce over 900 hours with 18% ¢3%

O,, balance M at -35°C, 200 psig, 1.5 psig permeate pressureé,a 90% CQ recovery.
Exhibit 13 shows stable bundle productivity ovelO%urs of testing at 90% recovery. The
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bundle productivity at 90% capture was approxinyag40 Nnt/hr, versus 610 Nivhr for the
12” bundle. Thus, the productivity for the 12” bilmdvas only 2.5 times that of the 6” bundle
even though it has approximately 3.7 times moréasararea. This is one of the indicators of
more ideal bundle performance with the 6” bundle.
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CO, Purity (%)
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Bundle Productivity (Nm3/hr) and CO, Purity (%)

Parametric <——— Parametric —>

0 200 400 600 800 1,000 1,200
Time on Stream (Hour)

Exhibit 13. 6” PI-1 Bundle G Performance StabilityOver Time

4.2.2 6" PI-1 bundle, effect of feed temperature

Parametric testing was continued on the 6” PI-1dbarvith varying feed temperature. The 6”
PI-1 bundle was tested with 18% &@% G, balance M at 200 psig feed pressure, 1.5 - 3 psig
permeate pressure, and 70% JCf@covery. Exhibit 14 shows the @@, selectivity and
normalized CQ permeance at varying feed temperature. The/lI{selectivity increases with
decreasing feed temperature, due to highes €flubility and conditioning effect at high GO
activity. The normalized C£permeance shows a minor drop and then increaskeslecreasing
feed temperature due to the high L£dgtivity. This is the first time an Air Liquide mibrane
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. Thigptill be
evaluated further with future studies.
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6" Bundle NCCC Field Test
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Exhibit 14. 6” PI-1 Bundle Parametric Test

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

4.3 1" PI-1 bundle test

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

Parametric testing was conducted by changing the rE€very 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 presgxhibit 15 shows
the CQ/N; selectivity and normalized GQpermeance versus GQ@apture rate. The GO,
selectivity and normalized Gpermeance dropped by more than 20% as the captigravas
raised from 70% to 90%. This indicated that thddndle had less ideal flow than the 6” or 12”
bundles, due to different membrane manufacturictprigues and a lower length-to-diameter
(L/D) ratio.
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Exhibit 15. 1” PI-1 Bundle Parametric Test

65% 70% 90%

100%

Long-term and parametric testing was conducted égsuring the performance at 18% £ 0%

O,, balance W at -7 to -42°C, 190 psig feed pressure, and h5sig permeate pressure, for
different CQ capture rates. Exhibit 16 shows stable bundleopeidnce over the 350 hours of
testing at a 70% capture rate. The membrane conig effect can be seen by the gradual

increase in the C4N, selectivity and the normalized permeance oveB8&hours.
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4.4 17 PI-2 permeator test

The PI-2 fiber was initially synthesized at a latale 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 permeata ivatalled in parallel to the PI-1 bundles
and tested with a slipstream of the feed. The memd 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 hoursolt temperature. The feed to the PI-2
permeator was similar to PIl-1 (18% €0% G, balance N at -41°C, and 200 psig feed). The
test was conducted at 50 - 55% L€apture rate and 1.6 psig permeate pressure. FBe P
permeator had inefficient counter current flow daethe limited number of fibers and lower
packing density. Therefore, the permeator was éoperat a lower C@capture rate to obtain
meaningful data. The COpermeance and selectivity were calculated based aross flow
model due to the lower packing density. At a loaptare rate, the choice of the membrane
model (cross-flow versus counter-current flow) was critical.

Exhibit 17 shows the CQOcapture rate and G(ermeate purity during the long-term test. The
P1-2 permeator experienced feed temperature vamidti the initial 210 hours due to temperature
control loop tuning, manifesting in the @Q@urity variation between 50% and 80%. After this
initial adjustment period, the permeate &urity was stable at 80% for the remainder of the
test.

NCCC Field Testing PI-2 1" Permeator
100

90

.y

r'*}\‘ ——CO2 Capture Rate

CO, Capture rate and Purity (%)

CO2 Purity

0 100 200 300 400 500 600 700 800 900
Time on Stream (TOS) hours

Exhibit 17. 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 Exhib® The normalized PI-2 permeance was
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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
and selectivity from 200 to 800 hours is potenyiatiue to drift of the C@ analyzer.
Unfortunately, the analyzer calibration schedulpsé during that period. The membrane
performance calculation was very sensitive to slgftanges in the gas composition or flow rate.
There was an apparent drop in the,(@@rmeance and an increase in 0 selectivity after
750 hours. This drop in permeance was noticed afsfrutdown, suggesting a likely correlation.

NCCCField Testing PI-2 1" Permeator
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Exhibit 18. 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” Pd&dmeator from the field was shipped back
to DRTC and tested to confirm the performance drdjne permeance had decreased by 30%
after testing at NCCC, but with no deterioration tbE CQ/N, selectivity. The drop in
permeance was attributed to the potential feedaooimation to the membrane, as discussed in
Section 6.1.

4.5 1" PI-2 bundle testing

By mid-2016, synthesis of the PI-2 fiber had beealexi up such that small (1”) commercial
type modules were manufactured. These modulesfeged to as ‘bundles’. A 1” PI-2 bundle
(#3-2) was tested at the NCCC. Parametric and feng-testing was conducted to assess the PI-
2 membrane separation performance at the cold teype. The parametric testing was
conducted with flue gas composed of 18%,Cl3 G, 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.
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For this bundle, the performance was strongly ddpenhon the C@capture rate. Exhibit 19
shows the normalized GOQpermeance and G, selectivity declining with increasing GO
capture rate. This indicated significant non-idélaw within the bundle. The PI-2 GO
permeance was normalized with the PI-1,Qérmeance at room temperature. A similar
decrease in the back-calculated permeance andtig@jeversus the C@ capture rate was
noticed with another PI-2 bundle when tested witbo1CQ feed (not reported on here).
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Exhibit 19. PI-2 Bundle (#3-2) Parametric Test

It was noted that the permeate pressure was htgharexpected due to the limited port size of
the module. The permeate port size was limitedneydimensions of the shell and collar which
make up the 1” bundle. Previous 1” PI-1 bundldingsin Section 4.3 demonstrated a drop in
membrane performance at higher capture rate doertadeal flow within the bundle. Due to the

method of construction, the 1” bundle #3-2 also teddtively low packing density (compared to

the 6” or 12” PI-1 bundles). The lower pack densiaused higher cross flow in the bundle,
resulting in a deviation from the back-calculatednpeance 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 caséghe techno-economic analysis were
conducted with PI-2 membranes, using the performa@®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 bein@3-2) to assess the performance
stability. The long-term test was conducted witlefhas, 18% C£7% G, balance M at -34 to
-42°C, 180 to 200 psig, and with 90% ECEapture rate. It should be noted that there waseso
temperature and pressure variation between the statadue to the PI-1 testing in parallel,
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discussed previously in Sections 4.1 — 4.3. The @@meance was normalized with the PI-1
CO, permeance at room temperature. As shown in Exhitfitand 21, the GQpermeance and
CO./N; selectivity were stable over 1,400 hours. The @€meance was approximately 7 times
the PI-1 permeance and the £ selectivity varied from 30 to 40. It is importatietimprove
the selectivity of PI-2 membrane bundles in theifeitin order to improve the efficiency of the
overall process. Some improvement is expected mhately as the bundle manufacturing
method changes.
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Exhibit 20. Normalized CO, Permeance over Time for the PI-2 Bundle
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Exhibit 21. CO,/N, Selectivity over Time for the PI-2 Bundle
Exhibit 22 shows the projected 12” PI-2 bundle parfance at 90% CfQcapture using the 1”
P1-2 bundle test results from the field. The pctn was made using Air Liquide’s proprietary

bundle simulation software. Field data at 90% @0 CQ capture were used to project to the
12” bundle performance with 4 to 5.5 times the Ridhdle productivity and 64% G@ermeate
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purity. The PI-1 bundle productivity for the 12" mlle was 600 Nrthr with 69% CQ purity as
shown in Exhibits 9 and 10.

Exhibit 22. PI-2 Projected Performance for 12" bunde

Normalized CO, CO,/N, Projected 12" PI-2 CO;, purity*
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 Nriihr 64%

Data (ldeal case —

TEA Case 2)

(5.5 times PI-1)

*Projected 90% C@capture performance, target performance was gréste 4 times bundle

productivity improvement and greater than 60% pate@urity at 90% capture.

4.6  Bundle comparison

A summary comparison was made between the diffénemdles tested at the NCCC with similar

feed conditions. The comparison was made for flae @mposed of 18% GOr% Q, balance

N, at -40 to -4%C, 190 to 215 psig feed pressure, 1.5 to 3 psigipate pressure, and at 90%

CO, recovery. Exhibits 23 and 24 show normalized, @@&meance and G, selectivity for
the different bundles tested at the NCCC. The, @@rmeance was normalized with £0
permeance for PI-1 at room temperature. The EEmeance and G, selectivity decreased

in the order from 6” PI-1 bundle, 12" PI-1 bundledal” PI-1 bundle. This shows that the 6”
bundle is more ideal compared to the 12" and 1"dteinThe 1” bundle exhibited the worst

performance due to the different bundle manufactutechnique, low L/D ratio, lower packing
density, and high permeate pressure. As expedbedl't PI-2 bundle showed superior £0
permeance (more than 6.5 times PI-1) with higherdbi productivity. However the GIN,
selectivity for the PI-2 bundle was lower thanddlthe PI-1 bundles as shown in Exhibit 24.
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Air Liquide Membrane Testing at NCCC
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Exhibit 23. Normalized CO, Permeance for Membrane Bundles Tested at 90% CO
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Air Liquide Membrane testing at NCCC
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Exhibit 24. CO,/N, Selectivity for Membrane Bundles Tested at 90% C@Capture

The relatively poor performance of the 1” PI-1 biendompared to the 6” and 12” bundles
suggests that the bundle performance can be imgréorePI-2 bundles by using a different
manufacturing technique, called forming, and a argh/D ratio. The techno-economic analysis
was justified by the two different cases of Pl-2nde, with Case 1 from actual field
performance at 90% capture rate and Case 2 exategofrom the more representative PI-2
performance at a 70% capture rate.
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5. Analytical Campaign

Analytical campaigns were conducted at the NCCGhan PO-4 and PO-5 test campaigns to
measure trace impurities in the gas and liquicastieat various points in the FTU. The samples
were collected and shipped off-site for metals laqudd analysis.

PO-4 Campaign: Flue gas samples at various locations were digepteghared, and analyzed
according to the Method 29 prototoLiquid samples were collected and shipped to Etem
One Laboratory for analysis of mercury, arsenitersam, nitrates and sulfates.

PO-5 Campaign: A carbon injection bag house was installed on tHa@€. 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 iras® the detection limit by 10 times. MEST-M
Sorbent traps were used for collecting gas saniptemetal analysis based on recommendation
from EPRf. The trap for the flue gas inlet was heated wmidi¢ondensation of moisture in the
stream. All other traps were at ambient condition&fter sample collection, the traps were
shipped to the Energy & Environmental Research &eotr analysis of mercury, selenium and
arsenic. Each trap contained two sections of swnipaterial. 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 Analyzged by NCCC during both
the test campaigns PO-4 and PO-5. A Nafion dryes wsed to dry wet sample streams before
sending them to the analyzer.

Exhibit 25 shows the simplified block flow diagrashthe FTU, indicating the locations of the
various analytical points. Flue gas was compresset pre-treated before going into the cold
membrane for C@separation. Sample point 1 represents the low pregkie gas from NCCC
provided to Air Liquide’s FTU. Sample point 2 wadeetlow pressure condensate liquid sampled
from the knock-out vessel downstream of the liquig blower. Sample point 3 was the flue gas
downstream of the blower knock-out. Sample poinas liquid sampled from the knock-out
vessel downstream of the oil flooded screw comre&ample point 5 was the compressed flue
gas entering the dryer. Sample point 6 was thenexgéion gas exiting the dryer bed during the
regeneration cycle. Sample point 7 was the dry dla® fed to the activated alumina bed. Sample
point 8 was the dry flue gas fed to the membrane.

! US Environmental Protection Agency, “Method 29 eths Emissions from Stationary Sources”,
http://www3.epa.gov/ttnemc01l/methods/method29.html

2C. Dene, N. Goodman, “Evaluation of Sorbent Maisrfor Flue Gas Mercury Measurement”, EPRI Tecinic
Update, Dec-2007, #1014046.
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Exhibit 25. Simplified Block Flow Diagram of 0.3 MWe FTU with Analysis Sampling
Points

Exhibits 26 and 27 summarize the analytical resuttsn gas and liquid samples, respectively,
for the PO-4 and PO-5 campaigns. Exhibit 26 shdwesnhetal impurities, Hg, As, and Se in
micrograms per normal cubic metag(Nm®), in the gas samples along with NO and,N&vels

in ppmv. Exhibit 27 shows Hg, As, Se, nitrates antiates in milligrams per liter (mg/L) in the
liquid samples. The metal impurities were lowertie PO-5 campaign after the bag house
installation upstream compared to the PO-4 campaign

Exhibit 26. Analytical Results from Gas Samples

Sample Point Hg As Se NO NO,
(Mg/Nm3) (Mg/Nm3) (Mg/Nm3) (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 27. 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.
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One of the challenges faced in the analytical cagmpaas that the incoming contaminant levels
varied over the sampling duration. Only two of thee sample points could be analyzed each
day due to the long sample collection time. Becaighis variation, an accurate mass balance
for any of the particular species was not achieziabhe ranges reported in Exhibits 26 and 27
for metal impurities represents samples taken #rdnt points in time, one month apart in

campaign PO-5. These levels varied by as much 8% 2PBhe values reported for NOx also

varied widely over the 30 minute measurement domatExhibit 28 shows the approximate

contaminant distribution based on the analyticalits of gas and liquid samples presented in
Exhibits 26 and 27. Arsenic was below the detediioit in all of the condensate streams.

Exhibit 28. 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 (<0.0Q/Nm’), arsenic (<0.02g/Nn’)

and selenium (<0.02g/Nm®) were below the detection limits at the dryer eudnd membrane
feed. Arsenic was undetectable at all sample pamtee 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 eamplysis, approximately half of the
mercury was removed in the low pressure conderssatehalf was removed by the dryer beds.
The majority of selenium, approximately 85%, wamaoged in the low pressure condensate
while the remainder was removed in the high pressandensate and dryer beds.

Total Suspended Solids -The low pressureondensate streams were evaluated for total
suspended solids (TSS). These were found to bevible detection limit (<0.40 mg/L). This
low level was attributed to the efficiency of thewnbag house installed at Plant Gaston 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, N@cts with @ at high pressure to form NO
resulting in higher N@and lower NO levels after the compressor (samplat®). NOx was
also accumulated in the dryer bed and was reldastx flue gas return during the regeneration
period as shown in Exhibit 29. The dryer regeneratvas at low pressure where N@as
converted back to NO. As the bed was regenerat€d, was released with a maximum
concentration of 350 ppmv in the regeneration ghs. NG was more gradually released, with a
maximum concentration of 80 ppm. The overall NOraantration of the dryer regeneration gas
peaked at 400 ppmv. After mixing with the exhates,dghis corresponded to less than 100 ppmv
as the regeneration gas was 20% of the entire eklgas of the test unit. NO and NO
concentrations were very low at the membrane feliicating NOx adsorption in the dryer and
activated alumina bed.
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Exhibit 29. Dryer Regeneration NOx Analysis

The nitrate concentration was low at the low presg&mock-out (sample point 2) and high at the
compressor knock-out (Sample 4), indicating thatNI©, formed at high pressure reacted with
H,O and Q to form nitric acid. The pH of sample point 2 wiaswhile 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 wassaidbed on the dryer and removed in the
regeneration step. Finally, 20% was removed byattizvated alumina bed. Air emissions were
based on the maximum NOXx concentration measurebeimegeneration gas. Since NOx was
mitigated in the process during compression andtrpament, 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 2@icating the flue gas contained little or no sulfur
species. This was unsurprising considering thegmas of the upstream FGD and pre-scrubber
units.

6. Challenges in the Field and Mitigation Steps
This section lists the challenges faced in the P&d PO-5 campaign during membrane bundle

testing with flue gas. The challenges were mitigaby cooperation of the NCCC staff and
contractors and Air Liquide on-site staff.
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6.1 Incidents of membrane bundle performance decline

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

Hydrocarbon or oil contamination - After 3 weeks of testing in the PO-5 campaign kb
12" PI-1 and 1” PI-2 bundles experienced a 20%idecdin the membrane performance. The
performance decline was due to contamination of membrane, possibly arising from
overfilling of oil in the compressor. Visible oiesidue was noticed as far downstream of the
compressor as the dryer inlet. The test was stoppédthe decision was made to replace the
coalescing filter elements and adsorbent mediahWhe support of NCCC contractors, the
elements and adsorbent media were expediently aegblaExhibit 30 shows the pictures of
knock-out vessel and the filter element duringdhange-out process.

4

Exhibit 30. Photographs of Compressor Knock-out Vesel (left) and Coalescing Filter
Element (right)

For the FTU at NCCC, an oil-flooded screw compressa@s the chosen compression
technology. At larger scale, an oil free compressidirbe used and this issue would not apply.
The compressor oil separator removed over 99% efothfollowed by further removal in the
knock-out vessel. The pressurized flue gas entéredbottom chamber of the knock-out vessel
and exited the top chamber through a coalescitey.fiViost of the remaining oil was intended to
be removed in the bottom chamber of the knock-essel with less than 0.001 ppm exiting the
top chamber with flue gas. Instead, a high levebibivas observed in the top chamber. It was
suspected that the coalescing element had brokesowmrehow degraded. The coalescing
elements from both the oil separator and the kroagkvessel were replaced. A compressor
manufacturer representative also made severalisite to inspect the machine and optimize the
lubricating oil parameters.

The FTU included an additional coalescing filted alumina adsorbent media downstream of
the compressor. Liquid oil residue was noticedhat inlet of the dryer. The additional filter
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element downstream of the compressor knock-out al&s replaced and the adsorbent media
was replaced due to possible oil breakthrough.

It is well known that efficient oil removal aftepmpression is essential to maintain membrane
performance. In addition to the above described ipagent replacements, bi-weekly
measurements of the oil mist levels were conduatigal Sensidyne tubes. These tubes broadly
detect “hydrocarbons” based on #Qo Cr* redox reaction. The quantitative accuracy of the
hydrocarbon levels (ppm) depends on calibratiorthef tubes with the specific hydrocarbon
species. This was not possible for the proprietamypressor oil. Discussion with Sensidyne
indicated that the measurements would be semi-tjaawe, such that the reported levels in
Exhibit 31 are approximate.

Exhibit 31 shows the expected and measured oildeatevarious locations shortly after re-start.
The oil level was slightly higher than expected detveam of the compressor and coalescing
filter, but was below the detection limit after theal activated alumina adsorbent step. It was
crucial that oil was below the detection limit retmembrane feed, downstream of the activated
alumina bed. The test was restarted and the gasemi$o the membrane bundle after validating
that the oil was below the detection limit at themfrane feed.

Exhibit 31. Oil Level Measurement Using Sensidyne Ubes

Location Expected oil level Actual oil level
Sample point 5 (downstream of compressor) 0.001 ppm ~0.25 ppm
Downstream of coalescing filter Below Detectionitim ~0.15 ppm
Sample point 8 (downstream of alumina) Below Dévectimit Below Detection limit

Moisture contamination - A 12” PI-1 bundle was tested during PO-5 with 18%,C7% GO,
balance N, 200 psig feed pressure, and 1.5 psig permeassyme The bundle was purged at
8°C, before starting the test. The bundle experierecd@% loss in C@permeance during the
cool down phase, as shown in Exhibit 32, when éneperature of bundle dropped to -45°C. The
CO,/N; selectivity of bundle increased from 49 to 80 dgrthe bundle cool down phase. The
increase in C@N, selectivity was expected due to the cold tempegatperformance
enhancement effect. The decline in bundle permeaag cool down was attributed to
moisture breakthrough during start-up or insuffitieundle purge time. When the bundle was
warmed up and purged at higher temperature, the g&@meance recovered to the previous
condition as indicated by the arrow in Exhibit 3he CQ/N, selectivity drop during warm up
was expected and similar to the previous valuedditfonal testing was planned with this bundle
at low temperature but the test plan was abortedtduhe Plant E.C. Gaston, Unit 5 outage at
the end of the PO-5 campaign.
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Exhibit 32. 12” PI-1 Bundle Test Showing Likely Mosture Contamination

A similar event occurred with the 1” PI-2 permeatmwards the end of the 700 hour test during
PO-4. The permeator lost 25% permeance after dare-at 600 hours testing time. The
permeator was returned to DRTC where the performanss was confirmed. Similar to the
previous case, when this permeator was purged igégrat 50C with dry N, the permeance
was recovered.

6.2 Compressor oil

6.2.1 PO-4 campaign

A sample of compressor oil was sent for analysiartcanalytical lab after 850 hours of field
testing with flue gas at the end of the PO-4 cagmpalesting indicated the oil had a high acid
number, so the compressor vendor recommended @efmart. Normally, an oil change-out is

performed once a year or less, however, NOx inflilee gas can react with oil to form by-

products. This issue is specific to the oil-floodslew 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 ddpto DRTC for analysis. The following
analysis was conducted on the samples:

Visual appearance -Exhibit 33 shows appearance of virgin and used Tdike fresh sample
looked yellow. The usedil had a darker appearance, most likely resulfiiagn oxidation. There
was minor corrosion in the coalescing filter eletreshown in Exhibit 33.
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Minor corrosion!

Exhibit 33. Compressor Oil Samples and CcEIIescinE;Iement Corrosion

pH measurement
The oil samples were extracted for two days witloieed water. The pH of the extracted water
was measured and found to be considerably more&cdpid 4.2) than the fresh oil (pH 6).

FTIR spectra

The oil samples were analyzed with FTIR (PerkinElmreontier IR Spectrometer). Used oil
showed three additional peaks compared to virdinlbis possible that NOx in the feed stream
reacted with the paraffinic oil to form nitro compus.

IC and ICP-MS analysis

IC analysis of the used oil did not show inorgamicite or nitrate compounds. ICP-MS analysis
of used oil showed sodium and potassium slightijhér and zinc lower than that of the virgin
oil. These slightly altered levels were not thoutghbe a concern.

6.2.2 PO-5 campaign

Based on the oil analysis it was clear that thems wnwanted by-product formation due to the
nitration reaction between flue gas and oil. Arrmative oil, with a higher level of antioxidant
additive, was used in the PO-5 campaign with regoilasampling and analysis to monitor the
acid number. At the end of the PO-5 campaign thed usil acid number was still in the
acceptable range. The used oil was analyzed witliR Fahd there were no new compounds
detected. The new oil was judged suitable for the §as application and will continue to be
used in future campaigns under DE-FE0026422.

6.3 Equipment issues

Several equipment related issues were encountawed as a faulty HMI screen, faulty

pneumatic valve, loose electrical connection, leseglsor 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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6.4  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.

6.4.1 Water

When first started in PO-4, the FTU experiencedquent shutdowns due to slugs of water in the
incoming flue gas causing disruption to the sucpoessure and blower water level. As a short
term solution, a vent valve at the bottom of a Widen the NCCC feed pipe was opened to
release any water build-up. In the future, modifma of the flue gas piping should be
considered for effective drainage of all low poimisere water can collect.

6.4.2 Particulate

The pre-treatment section of the FTU experiencetidri pressure drop due to plate and frame
heat exchanger fouling as shown in Exhibit 34. Tbat exchanger was cleaned to remove the
debris along with the filter media change-out aspi@cautionary measure. The ion
chromatography analysis of the deposited matehalved mainly sulfate and chloride salts.
Additional plates were added to the heat exchangeallow longer operating time between

cleanings.
" / - @,‘ ‘
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6.4.3 Hydrocarbon

Hydrocarbon analysis was conducted with Sensidybes at regular intervals to monitor the oil
and hydrocarbon breakthrough from the activatedhada bed to the membrane feed. Flue gas
was analyzed for hydrocarbons at various pointhenFTU. Exhibit 35 shows the hydrocarbon
levels measured in June and July 2016 after remgjaitie activated alumina bed versus those
measured in November 2016. The sample points ganesto the schematic in Exhibit 25. The
hydrocarbon levels were higher in November at sampints 5 and 8 indicating breakthrough of
hydrocarbon from the activated alumina bed. Sangwents 1 and 3 were analyzed for

Page | 37



hydrocarbon due to high levels measured downstre&urprisingly, hydrocarbon was also
detected at the inlet flue gas from NCCC. The spmegpecies has not yet been identified.

Exhibit 35. Hydrocarbon Analysis

Sample point Hydrocarbon level: Hydrocarbon level:
June - July 2016 November 2016
1 — Flue gas inlet Not measured >5 my/m
3 — Compressor inlet Not measured 8.5 nig/m
5 — Compressor outlet 8-10 mg/m 23 mg/n
7 — Dryer outlet <5 mg/f 3.5 mg/nd
8 — Membrane inlet Below Detection Limit 0.3 — @n/n?

It is important to understand the hydrocarbon sewamd nature of the compound for future test
campaigns in the project DE-FE0026422. Hydrocarbompounds generally have an adverse
impact on the Air Liguide membrane bundle sepangherformance.

6.5 FTU automation

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

7. Conclusions and Action Iltems

Air Liquide participated in the PO-4 and PO-5 caigpa during 2015 and 2016. The field test
unit was operated for over 3,200 hours during tixe@ campaigns. The NCCC testing enabled
Air Liquide to:

1. Confirm long-term stability of the PI-1 commercialndles with actual flue gas

2. Evaluate the optimum PI-1 configuration for £€apture

3. Verify contaminant emissions co-reduction (NOXx, atet

4. Confirm the potential of the novel PI-2 membraressduce membrane area

The NCCC staff contributed to the project succesmfthe initial hazardous operability study
through the final shutdown and store-in-place. N@&CC contribution included spot checks of
the FTU, contractor-provided maintenance, remoteta danonitoring, and analytical
measurements ranging from routine gas analyzebra#ilbns to assistance with trace analyses.
The NCCC's assistance and support is gratefullyaskedged.

Various technical challenges were mitigated by esapon of the NCCC staff and contractors

with Air Ligquide on-site staff. A few issues, mbjirrelated to flue gas contaminants, such as
water slugs in incoming flue gas, need to be mi¢éidan a more robust manner. A separate
“lessons-learned” document has been prepared akethesst of the NETL, and will be issued

shortly.
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