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Al 719 2dske] ARl o] AkslErAS] HlES A AAIZ S E EAIZE Hal Qi) o]el wje}, V]| EAshE
sl HkdA g A7 P 2 g o ikslekAE WA e Sl e olakslRrAS] Al A% o Ve
o] JaslRal, dAl B FolA ARl 27t dojutar Qlok. sk o]st A A wlET A HaE 7HHE L
Z o AISlEARS) WSS Y ¢ e dalslela, A S0 7R ARl disiAE ofe] WO E A} o]
FoIH|ar i}, ole] W}, xR 71 28 S SRl Pressure swing adsorption(PSAYL}, FH Tl Tl
A ARgo] o]FAR AL Gl v el 3 EE AREEt] oiksRka, ksl Wl FAE EElshe B dTE0] 7Y
ol girh. sl o] 7 F72] 38 K solng = FAel didt A EAFCE AR 2] HiE 7k 5 7
A oldRl TR ZIAlel tiste] Agad ReS vk, o] B Al tisl] 2 HA3F W AAN FE oE
A= A o] oA Ygth, B =goAs olabslels, dAalsles, 4 W OE VAES XS o VIAE
gPdoR FA7RARE AE 7hssh dakslels:, a9t e Aol Qs oilsleAg HElshE PSAY B S
ARG ASEY BES /s, o] BEE ARESte] Thee AU eEE A F 2% HRHsE JEE) AAdE
BRI, 1 A, A 7RAS] A0 2000l 14% AEY BS TAE FElshes ET AEE ARES|of 3,
CO8F CO2l 27d0] 30% FERZ A A9 CoE WA Eelehe Aol st 43E 45 & AUtk &
FrollA 185t A2 Sl 2t 71A19) 2 AAVE EA ] 7k 2] o Aol Ees & T s Blolth

Abstract — At present, carbon dioxide (CO,) emission, which causes global warming, is a major issue all over the
world. To reduce CO, emission directly, commercial deployment of CO, separation processes has been attempted in
industrial plants, such as power plant, oil refinery and steelmaking plant. Besides, several studies have been done on
indirect reduction of CO, emission from recycle of reducing gas (carbon monoxide or hydrogen containing gas) in the
plants. Unlike many competing gas separation technologies, pressure swing adsorption (PSA) and membrane filtration
are commercially used together or individually to separate a single component from the gas mixture. However, there are
few studies on operation of sequential separation process of multi-component gas which has more than two target gas
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products. In this paper, process simulation model is first developed for two available configurations: CO, PSA-CO PSA-H,
PSA and CO, PSA-CO PSA-H, membrane. Operation optimization and economic evaluation of the processes are also
performed. As a result, feed gas contains about 14% of H, should be used as fuel than separating H,, and CO, separation
should be separated earlier than CO separation when feed gas contains about 30% of CO, and CO. The simulation results can
help us to find an optimal process configuration and operation condition for separation of multicomponent gas with CO,,

CO, H, and other gases.

Key words: Pressure Swing Adsorption, Membrane Filtration, Multi-component, Gas Separation, Operation Optimization,

Economic Evaluation
LA 2

AR o] AB R A A 23] FH o X RE T glom, o
of wpe} A AlA| th=2 ‘Jr‘j)rﬂ WE JgAelA olrlsleki v
Zol& Zloll FelIsitt. ol AbslekAE T2 gl A 5O 34
ARE Yol Ageh= 34 2 g ollA] vk g gith1]. o2k
TN o AEREAE Fol7] s o) aksleka "E*E]%Zé—% 2
Bk 7397 Urh2]. B3t olaksleka He] M= AT &
WA, 7)ol T2 AR 318 Rl ok BAl 9 2435}
A+ 2o % Pressure swing adsorption(PSA)2] bed <ol whehA]
step—% scheduling 3K= 17, bed AHAlell #$t 1D 9 2D BAF A

3], olAkslERA: FES =ol7] 918 FAA - 5 PSA 370]
%"HLO] A=A QLA A 37l PSAE 083t olAlsRlA H
o] Ag-E a1 Qa1[4], ol A w7k~ F9 o)Al3lEAS EAL
3IA 7] HES S5 AT E AL QTS

sk she A 21o) HA SWO]‘/]- compressed natural gas (CNG)
A 3 59 A, AFZR] o akstekad] A o] 9ol 1A
.O_E oitslerAl HiEE EY 7 e YakslRr A, 4 5o $
A7} 2] Aol A= ofe] 1A o' AF7} o] Fo]A| 1L 9l
o} ool datslekant 4 Foll A s 1 Bde S
AR Tt eUA Aoz AREF O, HAF3 ol A 2] Selnt
So]u solid oxide fuel cell (SOFC) 5-2] A5 A X| o)A o]gfst 7}~
S5 888 5 A FHa, oA AAel dist v]go] FrlsHA|
WA Arkslebagl A4S wE FE o] d8shks 2 ool &
oA Hlth GAaksleris 2 H74 5ol Linz-Donawitz
converter gas (LDG)E w2l ¢F A2 HoJx] 11 §la1[6], T B>
FollA F2 i 7= vt 7], PSA 59 0431 F7g0] ATE
UTH7-9]. 714 F2] #FFollA PSAS) B 22l E & vk AHek= 8t
ojHZ|= I tisiA = A7 vk 3l OU%, L 1__} AT H4
g} A% EAISTH10].

o] 9} o] o|ilslekAis} YAalsleka W 424 Fele] Telx = 7
Fof| W2 AF7F Ho §lon, o] Al 71| 71A1E A ks <
&37g ) tist Rl ol y] B 5t of 7] s, o] %57
AR 2 vl HAsE FAFrR o] 3 ¥l 29 HA| ek =
T2 FroHE = QISIt o]l dt ATt A FFelA 71A 2ElE

nEE o =5 FuARE AFEE 5 o, ol s ATE Ak
o= v 242 71Ael thaix = frAkskAl 283l 4= Al 7
ol 3-8 HL7F KTk & < Qlvk webA, o] s=ellM= ofak
B} ATSIERA, G hnol] vl AAs) 2] wgh 7R 23
sk Z1AE EH"LEE ato] 714 o] AE53S RdEet,

H|-g- AL E 24 #4353 vlE 5]*&% &3t Jﬂt
A xlEsto] e chd 71A1 2] A& A e 1
o= AE JAE lo] A7E XStk
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2-1. 7 =M H B2 3Y 2™

HA 2 =FolA] Ee] g g 710 232 ol 2} 2K Table 1).
olglst 249 7tAE WYt o] f= T2 w2t 7149l Co,,
CO, H,9] 557} A3s] =11, o] Al 714 glel= et do] obd
N,o} CH7} 3= o] Q7] wiiEo|th.

714 28 3ol A=393 &8 FH, PSASH 1 2
5ol vk w8 374 Aol 94 CO,, CO, Heoll tisl 242} #-2l%

e AR A9 OMM 20| YERTH(Table 2).

A A2F7g 2] A, A& el AR g8 Ales 74
312 ko Bl #aly Z*i TR dAS o) & HolBE A
Aldol §lat, cogt N4 Be4o] Akl R w87t 7kste] of
& 7oA Attt B3t slet F 392 A= COo, FElel

T2 o] H=HI[11], FA thd 7kelM CO,8 557t 33%E, B
Eg_zsl 2= Eg}t 1;H/\1—O] 3~13% x%l:[ ] Ey_\:} 350]-}\1
A% ehrhar Hol A e]ekqitt. whEhA] o] =Eoll A= PSAS) B
9] 7 7] 378E olg3te] 71A we] BAbE it

2-1-1. PSA
PSAE 574 71A1E FABhs FAAIE ol &-3te] b Ztolel wt
2 529 alol & o] 438l 7kAE EEldl U= 71Ee|th F3o]
] Z = 2242 extract, S20] & H& £ raffinatez} 1l 30}
o] =Ho A9 PSA 4L [12]12 7Hre & 33t tiA 712 e
NOx, SOx 58] B5=5o] ¥3 o] Qx| ¢ka, S5 w3k A3
7] wiiell MA] ¥4, Bl 52 TS sl YR

Ch(Fig. 1).

] i 7 57 1E BEl s Ee] FRE R R a,
TN extract7} 2= AA] raffinate”} WA viEE AL, 1 H
o] srobA A extract} THA] Lo Al ftt. we] ol 7R AR
A7 o] 53t

o] +=3-ol| 4= PSA short-cut modeling[12]=- A[4-5}¢1 gPROMSE

Table 1. Input gas data

Description Values Units

Flowrate 177000 Nm’/h
Temperature 25 °C
Pressure 1 Bar

Composition

H, 17.3 mol %

CH, 1.2 mol %

CO 33 mol %

CO, 335 mol %

N, 15 mol %




Y 8 B o Bl FAL ol 87 TR Y1A9) BelgA 29 A5 2 A %) 33
Table 2. Existing gas separation processes
Sep. process size(Nm’/hr) CO, separation CO separation H, separation
Absorption 5000~800000 MEA, etc - -
Adsorption 2000~300000 zeolite 13X, etc Cu+ doped zeolite zeolite SA, etc.
Membrane 30~150000 cellulose acetate, etc - Polyamide, etc
Cryogenic 800000~ -
ab Plpwvessel
o= oninon Tads (6)

D—

()

Gas mixture
Feed compressor
P54 vessel
Target gas
— | product

Product e
Vacuum pump compressor Gas holder

Fig. 1. Process flowsheet of pressure swing adsorption.

o] g3l BElS FAIFTH13). o] BEe] B4 AlEH oA ARt
ul-9- ZF o, o]o] e} HA gl = ;M Algto] 4] Pt A
o] Q. o] B2 7|29 4-step Skarstrom cycle[12]S 7133}
=4, o] cycle 71k, &2, 2 A 9] 4-step O 2 A L)
Short-cut modeling®| 4= ©] 4-stepS AA| &3} B2po] = 5
o v, 7t E3 steps F{olA] <FEP o=, 71stat 97|
steps FolAl H2P o ® HA| ), Bl TP sk AFFES
o3 Z2Ti12].

1. B step> batch process® 7Fg 3},
. batch processt= fixed volumes 7171 vesseloll 4] Lofwtt,
. bulk gasS} adsorbed gast= A= F S ©|EL}.
22} Fofli= Sl residual gas7} Hol 1A Tt
. &22 adiabaticd}A| ot}
B gasZt S = Slo] 7hssitt

719 short-cut modelingS AHS-$F =7 thEA], £ =
= multicomponent gass AFHE-50] £e] 228 F/3330t). o]e
w2}, bicomponent?] [12]¢}= TFEA, AHZ2 71 6= 7181 B
9] P& ol oL, FARFS 24 HoE WHtE RdY 2
(DH6)> A short-cut modeling®] mass balance 23} Extended Langmuir
isotherm 2] ©] T}, Short-cut modeling®l| 4] &2 A4S 3=
o12] isotherms AFE-E 4= 1=, ¥ =X+ COo,, CO, H,
PSA 55 st7el| BARtE R 71 d 2rolan, 2 dElA Qe
Extended Langmuir isotherm[14]2 AF8-3F3A T 2] (1)~(4)%= short-
cut modeling®| A1 2] B2 2] o)1, 2] (5)8} (6) F2, &2
9] F2 A 2 71AFES AXkehs Alolth.

[ NN, B VS N S ]

£ =m, +q,+s, )
m,+q,=u,+r,+t, ®)
Fomistn = Sn Tt ©)
Errovaner.n = Uy T, @
= ananﬁpW;ZSd (5)
" 1+yb,PY
.

1+3'b,PY
n

o] =Fof| X PSAE CO,, CO, H, Al 7140l B AF-E %I}, CO,
PSAE g 4E7 F2AIR zeolite 13XE A3 [12], CO PSAE
Cu doped zeolite 13XE AME-3ISITH6]. H, PSA= zeolite SAE AF
B3I 15].

2-1-2. 9 24

714 v el Eoj o 71l B R Zjold| wlEbA] 7] A7F
T u e 7zolth v £t ¥ 71AlE permeatent F
, e TR xaka 2 Yohs 1A E rejectet gt o]
oA e 2 2] 342 [1615 7N R 3Tt AR o] =i
Ol 728 ebeo] W, w228 ARgste] #EE o 7t
27| =7t S Hel7] ditel & 3587 w58 47] S8
E HS WA v AQ R s, o] & Wl BES ARES] £
W Q5= v]go] ul$- oA Hrh. weba 2 =Eelse
3719 v 2] BES AN R0t S =ols WS AR
SFATHFig. 2). PSAS) FAFHAl 45718 Av 52 714 Al
e Bt Fe8Ed BES AuA H, o] BgellA H, 71AI7F B
Filsle] 3Hth(Fig. 2).

ul 2g] Zelgo] ARg-H 218 Grahamel] 2Jal A|QkE 7)) 412

1+

K

o Fatol] W5t A5 vl o fieg o] dwAl 71A| B e Al
WS B AR AR Zlolvh v 2] BE 9] B4
TFAE AAeF 7 A2 B R wpq kS v
fn i Xn, izfn i (7)
o= ®)

7hEe & olnh B 2 V1A EEei Y Adw] g 10]m R

>3X,,i=1 ©)

Target gas product
~ l_l\
A I_I /

Gas mixture
Feed compressor Membrane 001

B

Membrane 002

%
N =
Membrane 003

Fig. 2. Process flowsheet of membrane separation.
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Membrane rate 54| 2]-S 23]

pn(Preleresl_Pperm perm)Amemb (10)

n,i “*n,i

Z f perm perm

o) ¥ T S 9lom, 19) A FH HFHOR 7} 4Rl
permeate - =&

memby, feed resi
Amembp) :
erjc;rm: i - i ann,z (11)
A;nem pn+zfn1je;rm
n
2 98 5 9k 919 4% B9 $4 43 §A 9D B feed,
permeate, reject 3 717 ¥2] 472 4L 4 ol HEHow 1,2
o] A vk DAl EelHe® dol7 ] flal vhae] o] ARGt

£ =5 (12)
BEs AlE v o 7Pde vk 2t

$-4 vk Ee] 25 YoM feed?} permeate / reject= 2] E 2]
Z1AE B ¢ o] dckar £t 714 *5”‘557 of] F}e] §lod
dzAgo] glom, o] 2 el FA FE 1% el Ashs 1L
A Eket. oA A8 A w1 el & FES AL
o} gekx|gl o, o]of whe} vt Fe] REeA e £EE Ysitt

ol
o] 71A = 718t 71419 compressibilityE F-A1315 2.1 o]=

A =4 HlelA §18-5= ol

2-2. X3 ZA| 7Y

A17)9] B ES AFR-310] CO, PSA-CO PSA-H, PSAR ©]o]]=
A< PSAT 7 case®} CO, PSA-CO PSA-H, B} £2] 2 o]o] x| &=
sto]BE| = T caseoll thalA] gPROMSE A3l LS 53}
HTH17-19]. o] B&E ARg-310] gPROMSOl WAE HA 3} wrs
A3l 29 HA B JaeIgich ARER 7P PSAS) Bt el
ok o] 2] w7 ellx] Adrgsioict.

2.1-1. 5017 27
- Aol ol B o 7IAY 2 W G

- Z} 2] 57g oA 2] Fels(Langmuir parameter, permeability )
-5H, 57 5 2

- 71ek 8- Ak B4 g

2-3. X3 ZH| T
2-3-1. EFHSP“

A SARTE B 0 AN P 5, AT 4
3} e Sgsh el A4 vl gl HAv) S 24l %

ind ind ind ind
min Totalcost = ( 1+ Csne + Cpbuzld+ Cnpb + Cujfute)ZCLup + anp

J J

(13)
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o] w) A B8 AA B2 4] v]L 4 18-S v H,
=] H]&-of site cost, building cost, offsite cost, ?l?ﬂﬂ] oo A
sk A4 &R ARksle][17] A7k BlE-o%2 ARksl Aot}

A3 Bl £ 08-S 7 AR AR Clach. 51T

299) 2] w1 g} & 8o thdk ARRE (14)~(15)0] eIt
Cor™ = Coree Eigy” (14)
Lump
comp _ pcomppcompp.comp + ( ))
CoomP =BRGP R G exp(7 2223+0.8In 757 (15)

2-2-2. Aok

TEHORE FEV il gk Aok 27lo] Sofkith gt
59 735 7F & i Z1A el wet ok 23S 285kl o] 9]
o= ] gl et F7HAR1 Aok 2310 Sk

2-2-2-1. PSA

PSAS] 7%~ CO,, CO, Hy9] Al 71415 H-2lslA| a1, 717} o
3 59l 8 V)ES U2 Z*%o}oit‘r Short-cut method®|A]
2A 9] s} & AS Al 0.7~0.8 o)) Hi= AE 21
© = 3t} 2 (16)7 (17)2 CO, PSAIAM 9] =529} =& A4k
oln], FaFet mele] oJ3) cost T 2] 0 & WskeTt CO9} H,elA]

5 22 AR 2312 A88isi o, 1,0l - 8 Aldhe 072 oF
2T I,
co, Co,
recovery“?>= l%:rwz >0.8 (16)
in, CO,
0, | €O,
purity®@>= LT 507 (17)

0, CO
>, )
n

F7HH 02 PSAL] 7% vessel2] 7] A A430] 10~50 cr/s Ao 7}
oo $H}H20]. o]0l Wt 7|A] A5S F7HAR AleF 20 E S
VSl ar (18), o] Aok S TE3H7] $135) vessel®] diameter 2}
length H]-&°] 713 A S % ¥lgh= 7/1 < 9] S8l L/D H& Alekx
A% A7t (19). B8 PSAE 5ol wle) 1 BEE A8}

&), o] w9 ¢F=e 0.666KTR= A= AAEATH20].

10<v,,,<50 (18)
Lmeter

rateofvessel = >2.0 (19)
meter

P> 0.6660 20)

2-3-2-2. 1k By
722 A 34 R sizing B WS- Aol A B HAS

Agletares S A0S sk kot
recoversz >(0.7 21

purity *>0.7 2)

3-1. 222
25} Aol okA, 71 EHeIM o 24 20E A8t E
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Table 3. Operation conditions for process modeling

183 B3R 71A19] el =9 H4s) 5l A 87t 35

Table 5. Operation optimization result of all-PSA case

Process ~ Operation cond. all-PSA PSA-memb hybrid  unit Process Modeling result Optimized result ~ Unit
Pressure 6-1 bar Pressure 1-6 0.8-14 Bar
€0, PSA Adsorbent weight 850 kg/vessel Adsorbent weight 850 1414.7 kg/vessel
COPSA Pressure 7-1 bar Purity 74.2 70.0 %
Adsorbent weight 500 kg/vessel kg/vessel CO, PSA Recovery 80.8 90.6 %
Pressure 7-1 50-1 bar Capital cost 74.0 55.7 $
Adsorbent weight 300 kg/vessel Operation cost 19.6 6.2 $/yr
H, . Membrane area I 800000000 cm? Unit sep. cost 429 16.5 $/ton
separation
2ond 800000000 cm? Pressure 1-7 0.9-1.7 Bar
3rd 800000000 cm? Adsorbent weight 500 461 kg/vessel
Purity 83.7 87.0 %
Table 4. Simulation result of process modeling COPSA Recovery >l 80.0 %
: : Capital cost 30.1 29.5 $
Process ‘ all-PSA  PSA-memb hybrid ~ unit Operation cost 27 27 $/yr
Purity 4.2 % Unit sep. cost 17.8 17.8 $/ton
Recovery 80.8 % Pressure 1.0-7.0 1117 Bar
CO,PSA  Capital cost 74 M$ Adsorbent weight 300.0 173.1 kg/vessel
Operation cost 19.6 MS$/yr Purity 493 51.1 %
Unit sep. cost 429 $/ton H,PSA  Recovery 88.5 93.1 %
Purity 83.7 % Capital cost 4.5 33 $
Recovery 75.1 % Operation cost 0 0 $/yr
COPSA  Capital cost 30.1 M$ Unit sep. cost 34.1 24.1 $/ton
Operation cost 2.7 MS$/yr
Unit sep. cost 17.8 $/ton
Purity 493 82.6 % S0}, et gollA 2 sk QIS SRR & 8] o] Fo
Recovery 88.5 33.0 % % H, PSA?] =5 HAF ol vX]R] H3I3THTable 5).
H, PSA  Capital cost 4.5 59.9 M$
Operation cost 0 6.6 MS/yr 322 uF 2|24
Unit sep. cost 34.1 27712 $/ton

F3 399 8-S FUSYE o] W £ 21

o
22
_O'L
2
o

o] w2] 2 272 2 =ollA] AR 9] Ths) e 29 S
71 7hg tPdo R siglom, kA H A ejzgio] obd Zlo®
FAs 4= QY AN 7182 © 7 PSAS} v B2 & AR £
SolnE, HAskE sl7] 7o) 271271 0% ARgE] $18te] 9}
o] Fkalgit. o] 4 Z7do| wje} gPROMSE R ¢ A=
o}l ¢} 24 TH Table 4).

CO,9} CO PSA2] 7-5-olli= =59} =&l A8 2L A
oLt ulgo] wol vgith. B35k H, 8] 9] A-5-oli= PSAS) |t
2]y B H)E o] d el =8} oA A7 L=, PSAS]
789 o] Z1ER vl A vUgkar, k2w ] A9 go] wike-

SHA| Uit

R

3-2. #H A3t A
3-2-1. PSA A537
71 RdE Aol nlwste] 29 oy} FAtAo] MslehHA
H|-g-o] @o] Zhasigitt. 29 el A5 F21 2 o] 6~7 bar
of| A 1.44~1.732 bar= 7H43hH hEel &=
3, 71 Al &2 9Fo] | bark T} Sobx
Al =] ATk L8 CO, PSAS] & 2HA| o
CO, T&S ¥ol o]F Fel3 oM S = &
A717] QA Aoz wolrk Anka o ¢he] Ha

ﬂ—‘

=
_I}H
ﬂll(‘
2
5
rir
=
uO

u} 2237 A4510) 4912 00,9 CO #2540 F FAU &
& BOIEQ H, Bele] A9 F8 AREAL BYSAT 0|2
Q13 =} wxjo] HoLA F FAplgo)] Z7hgon, AxH oz 7]
A 2] el 82 Zol 59t 1 919) ATEE 3219149 2

Table 6. Operation optimization result of PSA-Membrane hybrid case

Process Modeling result Optimized result ~ Unit
Pressure 1.0-6.0 0.7-1.3 Bar
Adsorbent weight 850 1676 kg/vessel
Purity 74.2 70.0 %
CO, PSA Recovery 80.8 91.4 %
Capital cost 74.0 5847 $
Operation cost 19.6 6.2 $/yr
Unit sep. cost 429 16.7 $/ton
Pressure 1-7 1-1.5 Bar
Adsorbent weight 500 1081 Bar
Purity 83.7 70.0 %
CO PSA Recovery 75.1 95.7 %
Capital cost 30.1 414 $
Operation cost 2.7 3.6 $/yr
Unit sep. cost 17.8 20.2 $/ton
Pressure 1-50 1-44.2 Bar
Membrane area 800000000 1286445500 cm2
Purity 82.6 88.7 %
H, PSA  Recovery 33 70 %
Capital cost 59.9 81.5 $
Operation cost 6.6 5.9 $/yr
Unit sep. cost 2771.2 2123.6 $/ton
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Fig. 3. Separation of H, using two-stage PSA.

o} FARSHATH Table 6).

3-3. Zdap oE

3-3-1. H, 2] o 2%

A3} A3, 0,2 Co EE 33 o] T7}sta
%3] o] 71E R} vrobd gl el  EAIE glo] F vl
go] A SIet. sAIRE H, 71419] 734 PSAR w28 uli= =t
ol - vy vk e 38 AR uls ) 82 EEh
gn]g-o] vl = A vtk 2 2] 39S AR 9= ] 8o
U BppE s $-4 88kl PSAS] = 5E #017] 913l H, PSA 2%
Ay FA4E 7148 B8-S Ak BoHFig. 3). 71 23}, PSAS
AR A A TS TE 70% o) GAsI o, 1 A
2] TIH]8-0] 1308E oAl Hof n]g-A O v EgH o]t
(Table 7).

a2y

=
#2]9} PSA B H] G&24o]H, CO%t CO 9t k= Zlo] &
AES 9S4 9l

3-32. 7140 w2 =4 2%

A Aellxl= 714 2/30] 7Hd B FUlE CO,-CO-H, A=
A 71A E2] 5785 AT sHARE CO,9 COSl S5 Aol&= A
2| ekor eloll M H, Hel7} v g&Holeh= AL AFsIglors
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Table 7. Optimization result of two-stage H, PSA

I'PSA 2" PSA Total
Pressure (bar) 1.9-1 3.0-1
Adsorbent weight (kg/vessel) 410.9 141.2
64.4 74.9 74.9 74.9
Result 80.0 90.0 72.0 72.0
2.5 1.0 3.5 348
83.3 47.1 1304 130.407
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Table 8. Optimization result of alternative cases
CO,-CO sep. CO-CO,sep.  Unit

Pressure 0.8-1.5 0.7-1.8 Bar
Adsorbent weight 1417.3 569.0 Kg/vessel
CO,PSA  Purity 70.0 89.0 %
Recovery 90.6 80.0 %
Unit sep. cost 16.5 11.1 $/ton
Pressure 0.9-1.7 0.7-1.8 Bar
Adsorbent weight 464.7 1034.9 Kg/vessel
COPSA  Purity 872 78.0 %
Recovery 80.0 85.0 %
Unit sep. cost 17.9 309 $/ton
Total annual cost 19.1 19.1 17.8
Gas heating value after separation 147.8 147.8 130.0
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¢ feed comp. output P M adsorbent weight

Fig. 4. Sensitivity analysis of feed compressor output pressure and
adsorbent weight with respect to CO, product purity.
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Fig. 5. Sensitivity analysis of cost with respect to CO, product purity.
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Table 9. Optimization result of different feed gas composition case
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CO,-CO sep. CO-CO,sep.  Unit

Pressure 0.7-1.7 0.7-1.3 Bar
Adsorbent weight 684.311 473.9 Kg/vessel
CO, PSA  Purity 75.5 82.8 %
Recovery 76.7 85.4 %
Unit sep. cost 25.1 12.6 $/ton
Pressure 0.7-4.3 0.7-1.3 Bar
Adsorbent weight 3332 1711.5 Kg/vessel
COPSA  Purity 93.6 70.0 %
Recovery 49.7 93.7 %
Unit sep. cost 432 21.6 $/ton
Total unit sep. cost 68.3 342 $/ton
Total annual cost 24.2 16.9 M$/yr
Gas heating value after separation 174.0 137.8 KJ/mol
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1 A3} 43%2] CO7F E3HE 79 7hA2] AF- CO-Co, A=
#e]eh= Zlo] vl &% 1 A A YEFTE CO, 2] 9] -9 12.58/
ton, CO 2] 2] - 21.6$/ton%HE CO-CO, A1 28] 71 o ),
o] CO-CO, A= HE|e we] =&o] 1 %7] wloltt. o=
ntA o 2 ofe] FHe] VAlE el 24 7P 71AINE
F2] M= rule-of-thumboll = YU X|3k= A¥jo|t},

42 E

o] =1EellA= CO,, CO, H, B! 71} 7]A|150] 23k 7kE ol
© 2 &} pSAS} 2 2] Fg-S AME-EE CO,, CO, H, 71412] 21
T3S BaletaL, 24 #HA3kE Bl AV 8718 5 7k
g o5 7k ] oA A 9 e BAE Aol 1 A v
CO,%k CO PSATE F33] AA1Ade] Qlgl ot Hy w21 2] 73-¢- PSAS}
b ig] F 49 25 AAldol glo] Hyt 0% 352 =Y A H,
s s o= Zlo] ks A ik B3t o, Co2 F
7}k 30% F 2 Hs2e A, COS A Heldhs Zlo] AAdow
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Nomenclatures
Indices
n : components
ind : indirect costs
i : membrane stage
j : equipments
comp  :compressor
vessel  : vessel
feed : feed for membrane process
perm : permeate for membrane process
resi : reject for membrane process
parameter
a, : Langmuir parameter [kmol/ton]
b, : Langmuir parameter [bar']
che : site cost
C;'Ziud : process building cost
Cf;',db : non-process building cost

Cf;fii,e : offsite cost

Fy™  : compressor drive
comp ) .

Fj; : compressor material parameter

F¢o": compressor total capital cost calculation factor
cap

P : permeability of component n
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variable
vessel it gas flow of component n [kmol]
m,, : unadsorbed flow of comp. n on adsorption step [kmol]
u, : unadsorbed flow of comp. n on desorption step [kmol]
q, : adsorbed flow of comp. n on adsorption step [kmol]
T, : adsorbed flow of comp. n on desorption step [kmol]
S, : outlet flow of comp. n on adsorption step [kmol]
t, : outlet flow of comp. n on desorption stp [kmol]
P,,h” : partial pressure of each component n at adsorption step [bar]
P,,lp : partial pressure of each component n at desorption step [bar]
Wl weight of theoretical needed adsorbent [ton]
f,v,ﬁfjulc,,,, : product gas flowrate of component n [kmol]
fgif:,fw, : flue gas flowrate of component n [kmol]
Ceap : capital cost [$/yr]
Cop : operation cost [$/yr]
Colec : electrical cost [$/kW]
E;yY  : compressor power of compressor [kW]
Voas : gas speed in vessel [cm/s]
L% length of vessel [m]
D¢ diameter of vessel [m]
P vessel output pressure [bar]
£ : flow of component n, membrane i [kmol/hr]
X, i : fraction of component n, membrane i
A" - area of membrane i [cm?]
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