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Abstract: In this study, a multi-staged pilot-scale membrane plant was constructed and operated for the separation of
CO; from LNG-fired boiler flue gas of 1,000 Nm’/day. The target purity and recovery ratio of CO; required for the pilot
plant were 99% and 90%, respectively. For this purpose, we previously developed the asymmetric polyethersulfone hollow
fibers and evaluated the effects of operating pressure and feed concentration of CO2 on separation performance [1,2]. The
permeation data obtained were also analyzed in relation with the numerical simulation data using counter-current flow mod-
el [3,4]. Based on these results, we designed and prepared the demonstration plant consisting of dehumidification process
and four-staged membrane process. The operation results using this plant were compared with the numerical simulation re-
sults on multi-staged membrane process. The experimental results matched well with the numerical simulation data. The
concentration and the recovery ratio of CO; in the final stage permeate stream were ranged from 95~99% and 70~ 95%,
respectively, depending on the operating conditions. This study demonstrated the applicability of the membrane-based pilot
plant for CO; recovery from flue gas.
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Fig. 1. Schematic diagram of 4-stéged membrane process.
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Fig. 2. SEM images of PES hollow fiber membranes. (a) overall cross-section, (b) outer edge and (c) inner surface.

Fig. 3. Cross-section of prepared 3 inch (left) and 2 inch
(right) hollow fiber membrane modules.
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Fig. 8. Comparison of experimental results with numerical simulation results.

Fig. 9. Photograph of a multi-staged membrane system for
CO; recovery from LNG fired flue gas (installed in KRICT).
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Table 1. Flue Gas Composition of LNG-fired Boiler 5 ERRY 5 P £, 34g, A Sdx A3
Component Before dehumidification After dehumidification Ao} =X A Ao} o) & F Y3 AL A
vol% vol% Atk ol o)fE U vrY EF gioz
o e o A 3F ¥E 2 4ol ge 34 tuEY 24
H,0 182 ) A FHREANA Ao JtastENS o o
CO, 8.8 10.8 A ERe 9 MUt 58 45 B 294
Total 100 100 Ao 2 A 3] =397 5] o}
a8y 199§ %}%l ol A Table 2&
7Hed taA e 49 pilot plant &4 w9 Hel 1gefA B8 2 3he B AL X ZAL
Hato] e 2d Ane $£3 2AR 2RE gL Al A= 157) %49104 AA A Folle 2071
2e A A Ao thste] nms) Hokth Case 1) 1 BE& AMgEol nRd A2 94L& F o) oA
~3% FEE 4FE 6 kgdem’ OB FA 3T 49T 3 & Aol A8H OUE Table 33 49 AoA 10ty
kegfem’2 2§35t £AEe] 4L BT Aggow Ao A7 1449 A o4E Holn YedE &
FA S 4%, Case 2) TFZY gtge case 13} FY3 A3 FEEE Aty 2, oy dAe e
A 19e] E32o) ot L 7hekste] WE(0.2 kgfemd) 3 ol do] FHsith & A4 BALY AdE Ty
°2 FABHE A%, MAYOE Case 3) FFE ¢Y TEALY A4t A AAE nigog v 4uE
case 13} FY8h} 193 209 B3 g e AF of 2&stA Hed ERI) Aetol Z*%EJ“‘? =)
(02 kgdem)) 02§23 A S0t} T3S BEY HjdztAd e & 9 A
olZf ¢] Tables 2~45 HW 2z &9 FF= AFH 47 4ol Al Hol 2E YR C0o8 ZE

Table 2. Comparison of Numerical Simulation and Experimental Results: Case 1 - 1 kegdem’ of Permeate Pressure at the 1% Stage

Stage Qreed [L/min] Qperm [L/min] Qe [L/min} {CO)teea [%] [COz.]pem, [%] [COulet [%] Recovery [%] Module [ea]
T Sim. 500.0 172.7 3273 10.8 28.1 1.7 90.0 15
Exp. 500.0 © 1720 328,0 10.8 28.2 1.7 89.8 20
ond Sim. 206.6 69.1 137.6 28.1 62.7 10.8 74.5 3
Exp. 204.0 84.0 120 28.3 62.7 11.9 91.2 3
41 Sim. 84.4 50.4 339 62.7 85.9 28.1 82.0 1
Exp. 95.0 63.0 32.0 62.8 85.2 28.4 90.0 1
o S 50.4 35.1 153 85.9 96.1 62.7 77.9 1
Exp. 63.0 52.0 11.0 86.4 95.7 63.1 91.4 1

Table 3. Comparison of Numerical Simulation and Experimental Results: Case
Stage

2-02 kgf/cmzof Permeate Pressure at the 1%

Atage Qteed [L/min] Qpern [L/min] Qe [L/min] [CO2)teca [%] [CO2lpemm [%] [COzkeet [%] Recovery [%] Module [ea)

o Sim. 500.0 112.4 387.6 10.8 433 14 90.0 9
Exp. 500.0 112.0 388.0 10.8 43.0 1.3 89.2 10

o Sim. 150.7 80.4 70.3 43.3 71.7 10.8 88.4 2
Exp. 132.0 70.0 62.0 43.0 72.5 124 89.4 3

a Sim. 94.1 55.8 38.3 71.6 91.2 432 754 1

3 Exp. 80.0 60.0 20.0 74.3 88.9 41.2 89.7 1
g Sm 55.8 42.0 13.8 91.2 97.6 71.6 80.6 1
Exp. 60.0 50.0 10.0 88.9 96.8 74.2 90.7 1
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Table 4. Comparison of Numerical Simulation and Experimental Results: Case 3 - 0.2 kgf/cm2 of Permeate Pressure at the 1% and

2" Stage
Stage Qteea [L/min] Qperm [L/min] Qe [L/min] [CO:)red [%] [COzlperm [%6] [CO2lret [%] Recovery [%] Module [ea]
T Sim. 500.0 102.1 397.9 11.3 49.8 14 90.0 9
Exp. 500.0 122 378.0 11.3 433 1.3 91.8 10
o Sim. 119.91 63.1 56.8 49.8 84.5 11.3 89.3 2
Exp. 137.0 53.0 84.0 433 78.5 11.8 70.1 3
57 Sim. 80.07 62.3 17.8 84.5 944 432 86.9 1
Exp. 56.0 41.0 15.0 78.5 95.7 457 89.4 1
4 Sim. 62.25 453 17.0 944 98.2 79.5 75.6 1
Exp. 41.0 38.0 3.0 959 99.7 81 96.4 1

Table 5. Operation Example 1 of Multi-stage Membrane Process (Case 3) -

6.5 kgdem” of Feed Pressure at 1% and 2™ Stage

Pressure feed/Permeate

Feed stream

Permeate stream

2 Stage -
[kgiem®) [CO,] vol% Qfeed [L/min] [CO,] vol% Qperm [L/min] Recovery %
6.5/ 017 I 10.8% 500 43.0% 113 90.0
6.5/ 0.16 2 43.0% 128 77.3% 58 81.5
40/ 10 3¢ 77.3% 61 95.2% 46 929
32/71.0 4" 95.2% 46 98.2% 43 96.4
4 18 HFog w29 BF, AYd o| ¢Sl & dE & 24 WA IIEA L48e ZedA COY
FE5S EE7)7F ol g7 ol EWJE} a & £59 W 2 FFE 2AF Aol of
g5, AxHAA FFA FREY FF45 9 MEE g AFFTEE AN 7kx WY oY 5 4
b ol 2HA AMIE e BE REOA 1Y Ao 2719 WstE 247} Tables S~6904 10.8%3} Tables
b Un gddtA @) Wi Az 4 2ES F% 7~8 A 112%F oz g3t
FE o] AR dAFA g AT T Yoz Tables 5~ 694 = 1 F55¢ FH4EE Case 3
Ae gt 9 2712739 6 kgdem®o| A 659 7 kgdem’E W F}HA]
A 7tA AS EE dojd AE wwdte By 7} 2 Ao Aol Aot 7] COFET}F 10.8%9)]
Zr 271% %0l M Case 13 29 A% 10.8%2e X9 Z7AM FFE 90.0%E A F2hdA 187 2v¢
A S0 Case 39 A$ 11.2%2e oo = EfZd 27t IFE =Yste 2U3 A 4dolA
71859 QA+ UAR Case 19] A5 HFHLE 3 EHHE C02° FEs AU 98.2%A oM, COY
& 90 %oﬂxi 96%] ¢5F BPYoH, Case 29 A4 Z EAFL 43 Lmin AL A & Uy 2%
HF 3 FE 90%AA TE7F 97%E HmALY Az 2] 99%35} U7t Fe COY BEE 27EAY CO,
o AdA+ L% EXAE WEA7A 2o mekA FE7F 10.8%% 7] W s Ayzhg
£ A7 SEE e 99% o4, & 90%0]4 Table 54 &} SUT 2A0A 199 TF &L 7
o 24 ‘31%71 A A= Case 39 4371 7H8 AA kg/om’2 W3}sle] AAFTAH EHEA e 2A
e AE ¢ & Ik & A7E Table 69 YEPATE. 2 A3} Tables 5~6
AqA Ee AAYD Fa gl ol EA FF wivix
3.3. CICtA Pilot plant 282 20 el COo FHETF 718 Hol 199 F3F oA
Tables 5~82 Case 3 (1T 2©e] EFHEE 02 9] COY BTl 43%00 A 372%E AsE AL ¢
kgdem’ 02 ZHH e UAOE HA HREY FE F 9t 28y 19 BEE §#9 AL 113 L/mind
2 BA A9} FYIA FASHEA GELE G 3R A 137 Limin® & 7185t ol B3 A4l
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Table 6. Operation Example 2 of Multi-stage Membrane Process (Case 3) - 7.0 kgf/cm2 of Feed Pressure at 1% Stage

Pressure feed/Permeate Stage Feed stream Permeate stream
2
{kgg/cm’] [CO2] vol% Qfeed [L/min] [CO:] vol%  Qpem [L/min]  Recovery %
7.0/ 0.17 1™ 10.8% 500 37.2% 137 94.4
6.5/ 022 2 37.2% 162 75.6% 74 92.8
45/ 1.0 31 75.6% 77 94.3% 52 84.2
33/ 1.0 4* 94.3% 52 97.0% 49 96.9

Table 7. Operation Example 3 of Multi-stage Membrane Process (Case 3) - 6.0 kgf/cm2 of Feed Pressure at 3" Stage

Pressure feed/Permeate Stage Feed stream Permeate stream
2
[kgdem’] [CO2] vol% Qteea [L/min] [CO:] vol%  Qpem [L/min]  Recovery %
6.0 / 0.17 i 11.2% 500 43.7% 115 90.0
6.0 / 0.13 2" 43.7% 138 79.1% 50 65.6
6.0 /1.0 3 79.1% 62 95.2% 39 75.7
3.0/ 1.0 4" 95.2% 39 99.2% 27 72.1

Table 8. Operation Example 4 of Multi-stage Membrane Process (Case 3) - 4.5 kgf/cm2 of Feed Pressure at 3" Stage

Pressure feed/Permeate Feed stream Permeate stream

[kgf/sz] Stage [CO,] vol% Qfeed [L/min} [CO,] vol% Qperm [L/min] Recovery %

6.0 / 0.17 1" 11.3% 500 47.0% 110 91.5

6.5/ 021 2" 47.0% 139 78.4% 60 72.0

45/ 1.0 3" 78.4% 68 93.9% 39 68.7

33/ 10 4t 93.9% 39 98.3% 31 83.2
% olatster a9 F4EL 90.0% A 944%E F7) & ol
g on 3FHEe 43 L/minol A 49 Lminl 2 &7} Table 49] Case 39 4= A CO, =7} 112%
ste Ag AU 35 BEE 3% AEE 2L A Aol dejzl AFAE Table 79 Jepiglon 59
129 48 E F7HAZ Ao g 6% B He F g 2794 399 TF ¢HTHE 45 kgdem' 2 W3}
TE 9% F AT HIDAY Coe = YA A Ao dojA AE Table 8] YA 1
98.2%A A 97%= 23|17 FolA= AAE BT o Az AA FHFEL 90%AA 91.5%E F7HEAA T
H3 A dgos ¥ nioe g 2799 34 =571 99.2%1 A 98.3%FE 43R e CO,
o) Z7t e JeREe HelMe FEsiAR %o 27 Liminol A 31 L/min® & F7lsty 91&S &
238 R HEFE /tALYE FHEE A4 051% & ok mebA ojHg gYHEE Fi dste
S HAE £ Y. ol AAde 2L FFE FF 0.8 «¢=9 3o&, srEs HAHA =Y ér
FHA 129 FF 48L F7HA7= S Table 60l %%% AL B3l & F AU o) HA¥E F
Ao Asel Zo] wirtavt 2L WA RS 249 = 3 Azd o 222l FA pilot plant7t CO, 1,000
S BHsAA HEEY 979 7MY FH F Nm /day TES H7tAE EUE 99%¢ CO% ¢%
T 323 2AasA Hel A Co, IF F=It % FEE 0%E A F UEE HAASA AAHNUS
Z25A 20 VA E 17 B 5 B9 7 < FYstAth
234 5M 2 A3 Tables 5~691= JERYA &%
i

o] W FAFZ9 EE7} 14%AA 1.6%E =713
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