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A o)A FAE= LDG (Linze Donawitz gas) 7> AARIEHA(COYE 60% o) 33} LDGEHE COE
g BEshs 7] 348 11883tk COSORBSF CO-PSA (pressure swing adsorption). ©] 9112] 522 7]
%7 A1’3%7H(TEA: techno-economic analysis) & F3I0] ©] -+ 374 & ol F7do] O Aol =2 A& AAsh=
3= 210120} TEAY] 7154 S0 A= 27154 M](TCI: total capital investment) 2} F*J2F]8-(TPC: total production
costyer F9317] YJsto] WA ¥ S E L (PFD: process flow diagram)s $Hd3kar, &2 W ofux] =42 AAlst
5, A2 SR E A5 ARtk TEAS] AA SHelAls F448]5-8(ROL: return on investment) %! FA}3]5
71ZH(PBP: payback period) 2} £ A B =S 4SS, ROISH PBPA 718 & HJ&ks = QA &
7] $)8to] WAhE 2498 $=aE9itth. CO-PSA £7d->COSORB &7 HU} 1 ¥2 ROISH U] W& PBP & I8k 4
AE 95 RAFAE coY 7H2 ROI®E PBPA 7HE & S T+ AR getE et

Abstract— Linze-Donawitz gas (LDG) adjunctively produced in the steel mill contains over 60% of CO. Two processes that
recover high purity CO from LDG were considered: COSORB and CO-Pressure swing adsorption (PSA). This study aimed
to decide which one is more economically feasible than the other by techno-economic analysis (TEA). From the technical point of
view of TEA, the process flow diagram (PFD) was constructed, the mass and energy balances were calculated, and the equipment
type and size were determined in order to estimate the total capital investment (TCI) and the total production cost (TPC). From
the economic point of view of TEA, economic performance such as return on investment (ROI) and payback period (PBP)
was evaluated, and the sensitivity analysis was carried out to identify key factors influencing ROI and PBP. It was found that
CO-PSA is more economically feasible due to higher ROI and lower PBP. The CO price highly influenced ROI and PBP.

Key words: LDG (Linze-Donawitz gas), Carbon monoxide (CO), COSORB, PSA (pressure swing adsorption), TEA (techno-
economic analysis), Sensitivity analysis
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1. Introduction

Linze-Donawitz gas (LDG)= A A A FA7FA~ 2] SIUZ A 60%
oPde] CcoZ XL Qo R, TR AH L] AP0 R AFEE o]
1], 1 YA (Co)E 28 $-dle 4 Ze)7lE ol E
S e A Alx AEEAE AR AU2), WEhE, 4, 2
A A SFHES NEE AR EHE AREEU3]. whEbA,
LDGe] ¥38 COZ v Ao 7 Agah= 2 Bih= 44 5,
AT ELRE ARSI S XS A1 4 9l

W& 5= £7kARRE CO 3= IA 242 FH(cryogenic
distillation), COSORB® &<*(COSORB® absorption), 2! PSA &2}

(pressure swing adsorption) 5¢] TH2-4]. A2 557+ 3742 <y

| ZpHlo] W, T T AT o R ugke] FrgdolA Nk, =&
CO 3|58 RHoFt PSA 32 1| w3 ¥o] destar, =2

FEE 92 7 AL v A W 58S Z=T2).

COSORB ¥4 |4 F=2 AHE-5 = F7 42 CuAlCl,-Toluene
(CuAlCl,-Tol)¥} 22 7571 E-gAo]th3,4]. COSORB 574 oA
COST FBAYTaE A2olA Aoz FHHUTH4]
COSORB 7> A&k gl ofA] Wlsh= £317kA o COE
AABEL, FAE FEleh] fl8te] AREE SITHS].

Kobe Steel Ltdi= LDG (Linze Donawitz gas) =%E] COE &2+
88k CO-PSA 375 Ha3F3ITH2]. CO ®2& $1% PSAC
A AREERE FRARE CO9ke] HEEE Fo)7] S8l =2 Cu' ©]
2o g H ARl Al &Efo] E 55 ARE-SITH2]. Hy/CO/CO,
EFgRNA AT HE 7] S8k Zeolite SASEAIE o83
A 9 Fa o] A= SrHe). 'kl Curt BAE &
A2l CO/CO, R7IA F& MY Fof oF 20 A =F Kol
ATH7]. BRI 5 CO, BT} CO o] Az FaAJo] 73t g
3}etEo] ©AH 0-Al,0, (Cu-Cu'/b-ALO;) SZA S LE 3T
[8]. YA E2A)|9] 79 LDG &3 Y87tz HE] 27) o4t
PSA 78S AH COE Aalsl= whd, o] F&A1: COo o gt $-
3k A o 7 9lalo] Tl PSA FAHCEE I4E CO S A
a5 Sl RS ZRETHS)

Sakuraya 5 47| A9 02 A€ CO-PSA & o835t 57 &
AR, Ak 2, 9141, 5L 7Ishe 7AAHA 83% CO ARrkas
g A oF 99% ol A 68% ©] I &S AATHI).
EFFehE tHdw E71AIA COE PSAT wefsh= 37l
ot 7St AV 37 Aol x] 271544, A4)E- S0l AA]
= e, 95% =2 CO w2H] &S 80 $ton O & FAkeFGITh
[10]. 3FAITE, A 5744 9] A7d3ES B, LDGES-E| CO £8l&
7ol gt 723 A58 k= 719 ot & < gtk
71474 71”43 7HTEA: techno-economic analysis)= 373 7]
ol 7147 2o AAE R3S AES = Sl o 11,
34 52100 MW, 53 Z A E] th5te] ASPEN Plus -
FYEAE o] &ate] FHEAE ska, A o) 28] 8-S

o
o %
M
¥

X

o 1%

Table 1. Feed composition and product specification

7] FAE ARE HoR A on, /AR IE F
Aakir12]. o)A

OJAE T2 CO, 0] A8 500 MW, AlE
st o] AA H7FE Fdto] Co, B ARHE-S $43.32
FARBISITH13]. o] Arellxl= FAm] g 2 u] 5 AlLteRal i

B

9] &(IRR: internal rate of return)S- &3} tH13]. 158 52
Aea e TEAS 3ol st AA 24& Fdselor, =
gk o2 QIAREC] AAThA Riskkel] nhE IRRO| WIS 1
SFATH14]. 79 52 AertasE 53 19 Y4t vidimethyl
ether & WAaksh= 37300 g 71 AAdH7HE Fas1%la, 271
TR oF 2700] 8-5 AbEste] AHAAHA7EE FY38ATH 5] 3t
ARk o5 47 AFoM=[12-15] T BAL Fis E381A] 99kA
L, AV B7HA R AR 937wl 7121 Wt F A
21 W FAlol] Ik J5k o] it

ATl E FHRARE ol&ato] 7]=AR] Wg yHstaL, 7]
=221 FHof|M A& 27| FAM|(TCL: total capital investment)2}
FAYAHA]E-(TPC: total production cost)y= IO 2 A4 71X
BE Fst AAY SHE sAlel aEshs 713 A 3B 77
H[11,16,171 270 &}, =3k LDGEH-E] COZ #-2]5= COSORB
4 CO-PSAE el gt 7= A1/d B 7He aske] oW 7ol
O AAo] w2 A5 A B7HA 351 £ E(ROL: return
on investment)Z} F2}3] 7] 7H(PBP: payback period)= &-&3}]
kst Aojo}, wpxjuto 2 izte #4185 Fote] ofi B4 9l
27} ROIS} PBPel| 71 A J3ke v X =A15 ghetdt Zlo]t,

O

e
i
N
v

2. Process description

E3 A Aol A A == LDG (Linze Donawitz gas) 71412 3
2 Table 19]4] Ho] F2520] AAkslebs(COYE 60% O g 2HA]
tar, o¥ghe] pAE R 7 Qlk. o]l gh A Al A FA7F
9] AnkF el A3t AXEH2,9]. & Aol AFEE 2AS
Table 1914] 171 M} Uj9] o= 3 k& AME3ISITE LDG 71
COZ H2317] 91819 30 °C, 1.4 baroll A AFHE-EITE 99 mol% 7]
10,000 Nm*/hr2] COE “4tsl7] §18te] £-9) 5% LDG2] -2
16,000 52 17,400 Nm*/hro] T}, ]2 3+ 532 99% -2 90% CO
3)grol 27810 AEE Y LDGelE R 2718 o) 23}
St Q31, T 9 & e 3S 3] AsliAE ol AR
<= AA3] S8k AAe] Bgo] BAloltt, AR, # ATl =
AT 39S 1EHEK 43k, AAE LDG 7S 9B R AN sl

o

> o

LDGZHE COE 288 5 & 54 % 744] 3720 COSORB
9% 3 90%5 ZH2}
RoIFEATH2]. ool wef th 2714] F7go] AAE T COSORB-
358 99%, 1] 3 PSA-35E 90%.

N
Q
@
a~)
5]
>
of
2
lo
iy
ki
©
&
x
S
o
2
2
tote
oy
o
©

Composition (mol %)

LDG feed gas Temperature (°C) Pressure (abs. bar)  Flow rate (Nm%/hr) T o N, o,
30 1.4 16,000 or 17400 0~2 60~65 16~22 16~18
CO flow rate (Nm>/hr) Purity (%)
Product gas
10,000 99
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Fig. 1. Process flow diagram (PFD) of COSORB process (99% yield basis).

2-1. COSORB-Z|4=8 99%

IFE, IFEE A7 918 COSORB &5 73 2] process flow
diagram (PFD) Fig. 1914 HojFth 2 34L& CO7IAE Eol6he
714 Z54(G1~G12), 58S E 3= A = FALI-LI,
a8, 71AIg F S WA WS BB (WI~W6) S E
A=) lar, 2709 F5RE 1709] AjAEe] ik T RAL
M= FAlE 718k ¢har, FA1] S gl Ao 7
Sk, SRR, AR E AR elM = 1.5% §5A 48w e A
ojt}, e 79l electronic NRTL (non-random two-liquid)=
ARgEIATE SR AT tiste] delsty] 7)o felE a1
SHA] ka1, AP Aol ZASE W 2] 7] (simple separator)2 22
etk ol g mdy 7L g APANE 4 s A9,
83 ARl ZI

1.4 bar®] LDG= 10719422 719k=] o] 1A S50 2 30°C
A FYGE ek 221 TR oA 5w F A (CuAIC-To) =
12 S5 AR S E 1, 13 S5 el fEE ka2
2 S Re] MR Fo13IE 22F SR> 35 °C, 5.1 baroll A &
gk 22F FE -5 Fote] viEEE 7tAaE QudE A
# 35 °CE HF viEHt.

22} FFEOlA] AR ST A7 (stripper)ell 4] A2 E
FTNOEA FTE BE 7A7E ek o] wjEEtial 7Py et
Wb 22F FFHCE FYHE FTALL)S T3 STAR
ek A2 80 °C, 1713404 ok AR el
HMEEE FFAL10yS F5A AT E FelEe L)
Sdatrh 22F FE Aol A #lEE = 7F el LDG Y
CO2J 1 vol%erk G B2, AT dHellA] Aatsl= co2 3
TE 9%} Hv, AN B EHOR QI8t] £ 9%

olc}.

Korean Chem. Eng. Res., Vol. 54, No. 3, June, 2016

2-2. PSA (pressure swing adsorption)-Zl~E 90%

CO-PSA 37 B 7F2/del|A] o] Fof A|m, 47)1€] PSA &2}
5 o] &3t} COo A= Cu/Cu’ 71 B4 E 6-AL0S ARES}aL,
AR7] WEE 0.9 glem®o|THS]. AT 34 EAP] M= F2,
22 719k, 79t 5-0) PSA 54 AS BARSHA] 9] wlEell Fig. 201
A Rojgs nfel o] vlwa d<=d] BH P} o] CO-PSA 379
Hf §F2 9 baro] 1z, 60 °CollA] =, 7Fda 7heto] W
B2 7}3k42)(COMPI), 7+94=|(TAILTANK 72|37 BUFTANK),
E22)(PSA), 18]l 99% =52 CO A4 (COMP2 and
PRODTANK) 52 & R =g}, 48hd] Rl ghigrt 2k
3}=4 7)Aol 283k SRK (Soave-Redlich-Kwong)S AFE-3153 T}
Fig. 22 90% CO 3553}, 15 99 vol% COZ AAksH, LDG
Q152 23.3 ton/hr®] PFDE Ko},

3. Methodology of techno-economic analysis

of™ 3742 7= AdB7HTEA )= 378 7k WAlellA 7= 4
ZAAIA BFE om0 RSk Aol 23S il Sl Fig. 301
A HolFol, A7 7]/ S AAY SHoE ol B
AUtk TEA= A 572] Aol e 5k A o™, A, 12 oL
AlA TAE destate] Edska, 7P A olA e 8] -5
o 5sh, HF2 0= ol el et Bl S Ak Ajlolt)

71=2R1 SHelME TR e S22 AAEE S v e ®
&7 355 (PFD: process flow diagram)E 3k, ¥ HAE
sto] ZF s 5Aex ] AR U oV A A5 et B3, 7
of thigt T 2 A7 Agste] AR E Ak, AAT IS
g3lo] FE2 07 FFAM|(TCI: total capital investment)E T
U}, TCI:= CAPEX (capital expenditure) = 5% &2 4 Slth TPC

N
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Fig. 2. Process flow diagram (PFD) of CO-PSA process (90% yield basis).
Experimental data . .
_________ - Technological side
|
Y, Stream table _ —
PFD (mass & energy balance) | Mapping & sizing TCI & TPC
»

Process simulator

A
Thermodynamic property |
-

Equipment type and price T

» .
Process economic
analyzer

Sensitivity analysis

Economic assumptions ¥

Economic |side

Economic criteria evaluation
»i

A

PoS (plot of sensitivity)

ROI (return on investment)
PBP (payback period)

Fig. 3. Flow diagram of techno-economic analysis (TEA).

(total production cost) =< OPEX (operating expenditure)i= -1 H],
Tgn], U AH]E T& FAlete] Rt 5, 714 SHolA =
TCIZ TPCE Toh= 2= 8 54 0% gt
AACE (American Association of Cost Engineering) International->
sletge] TCI & clEshs 719 5a5-& ANBISITH18,19]. Class
2 73A A ol et Z7te] A=) 1l Frg el gk A AXAE vER
O FAWE ARES] Witel $E U HEET) =T v e
Class 5t 7159 Al 3743 & vl © 2 block flow diagram (BFD)
Tl 3 E-2 3] 7)ol mEk v A JhdshA S E
A= 2 ATl X = oS FAR] oin] AA] T2 7 -20%0014
+30% 9 2] A EE 2t3, PFDY 2 Ao thsle] factorial
method 22 stochastic method [11,16,17,20]5 AF&-3l= Class 45
283120t Class 47 7] X8 =7} 15% ©]8td wf ofu] 2l
EF3A B, B Skl e o 7 A3Eri18).
AR SHelA = okA] 78k TCISk TPCE o] &-8te] Ak A

e S1R BAN 1A mERTE AA B 2E TCL T

[e)

o

7F <)o) H1E HHBR= FA=2) E(ROI: return on investment) ¥}
3]5=7]1ZHPBP: payback period) 5] ATE A1 SH A=
ofe] A 7HdE0l 3EM, ARE e R E <l

Hm 2
Y

3-1. Technological side

ToI7 374 2] PFDE AdHatal, 3 BARE A4 0% 3ggt $,
ZF Aol tis F 3 2715 3 TCI= AACE Class 4] W
ZFoll 3= factorial method [11,16,17,20]°1 714Fste] thaa} 22
A 2 8ok, HA total installed cost (TIC)E 2t =] 2] F+4 7}
(PEC: purchased equipment cost) 2] 3.3 %3},

TIC = f(PEci-a,.) D
i=1

i=

A7]0llA M FA] G2o]H, ai= A X|H]-8-21*K(installed cost factor)

ofck. M| § AHgEE 7} gt vk, 4R Aol 2
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AXAH) 9} 7H A 87F B SR o2 A AX]H](TDIC: total
direct and indirect cost)= Thad} o] A 2l%IT}.

M M
TDIC = TIC+IDC = ¥ (PEC,-a)+b Y PEC, @)
i=1 i=1

78 AXM]4-(IDC: indirect costy> A =] F_171e] A4t Q)

ZHb)S Feto] AbEslr, B Ao = b=0.89[11,16,17]% 1173
ISt 1 FAM|(FCI: fixed capital investment)i= TDIC®]| A}
H’45(PC: project contingency)= 3810 AlAksit),

FCI = TDIC+PC = (1 +C)§: (PEC,(a;+b)) 3)
i=1

o] 2eA ci= HldT JAEA] YWHA o R 20%7}F #]-8-H Stk
[11,16,17]. TCIx= FCI2} WC (working capital)®] $Ho.2 T %IT).
WCE= FCI9| 97 Hl&(d) REEo= APgsitt.

TCI = FCI+WC = (1+d)(1 +c)§ (PEC,(q;+b)) @)
i=1

HIEQIA)F di= 0.155 Hol ARgs) 2tH11,16,17,21]. A F9%1
QAFES o8k, Eq. (4)= v o] A}

TCI= 1383 (PEC, )+ 1228 3" PEC, )
=1 =1
Eq. (5)%%E] TCR= zF =] 7u](PEC)2F 2t ol thgt 4]
H] AR k(a)ys 4 7 5 Y-S & 7 AU & AFelxE= o]
+ %t B5 ASPEN Economic analyzer (ASPEN Tech, USA)° %
& 73T}, ASPEN Economic analyzere PEC, 9} a5 7]&¢]
A% A5 g Ao R SAA Hatgks AAlskaL glom, 370
AF= (b, ¢, 1L d) &= A Bupkow Al o 1 Al
A TCIZ 75171 15109 A3} factorial methodi= stochastic method
25 =erh
FAJAHR]&(TPC)> ¥ 5 H](RMC: raw material cost), | L <] H]
(UC: utility cost), Z7JH]|(FC: fixed cost) 522 73k 4= Ut} of
U8 Wzke], A'] 8o A9e]) o8 A FHEEr
317g1]5= 1734] (operating labor cost) A1 8] (maintenance cost), 3-
%} 751 (supervision cost), % 2 = (operating charges), 337 H]
H] (plant overhead), & WF¥+2]H] (general and administrative costs) 5
o= g olnk S, 52 FEAIE ARSeke 3 A At
715to] EABIA, APAIZE 0] wA|Fofof o o] 15} 2
HA) A FH](MC: material cost). A3AH]-go]] EZFEA|AHOF STt

TPC = RMC+UC+FC+MC (©)

UCE 375 eluA] 72 Aatglel]l 7FAE 2l8ate] 2 nl-g-5 Ak
=33, FC= ASPEN Economic analyzer (ASPEN Tech, USA)°]l
A Aokt & Aol Al2] MCi= PSA 3782) A nlgo]H, AL
718 2d 0w TPdskal, 27| ulE AR T1Ee ® L] A
Z319lth. TAAM]&(TPCYS vl 7} AF5E (inflation rate: o)°]l
tiujato] Asehs Zlo® (et

3-2. Economical side
ZAAA Be7]5=el RO1 Y PBPE T-6}7] SlaliX:= 714

4959
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GP, = ASR(1+a)" '=TPC(1+a)"'-DC, )

oJ7]ol4] ASR (annual sales revenue)= 7|55 E2] A7kzul=<]
=, 7183l DC (depreciation cost)= 727 FJZHE 58t ASRS
TE AALREZ O] G| 7124 &8st oI7h %}UHOJ,JO]E]— ASRS TPC
o} Zo] mid E7RVEE ()l mt ado] Asdhs Zo® 7MY
3t} DCE straight-line method[19]¢] tw2FA ﬂ-%ﬂr o] it

FCI-V

d
DC,=0forn=L,+1,...,

=

DC, = = for n=1,2,...,L,

L, ®)

M, L= 3d=80laL, v 7Pd

o711 L= A7PazRIGo

ZfA $-9] =71 (salvage value)©]T.

3715501 I (NP: net profity> Q1A (corporation tax)E #12]3t =
Ho]r},
NP, = GP,(1-p) ©

B HAAMES gJv]sich RO 717KL,) Bl B71%
0]o)& A7 = FHkslo] Bt ke TCIZ LR gho2 g ojert,

- 312 O %
Ol 324

1 b ASR(1+a)" '=TPC(1+a)"""
Ly (- (AR TR0 pe )
ROT=100 x—r— ()
e TCI
(10)

9] Aol yi= o] AE-S 2Jn3it) ROR= 7 FARRR E(%lyr)S
olmlakar, 30%/yr oldolebd, A7 8 3P 0% I
k. sHAIRE, AAVY ks 91k kel 71Egke glom, RO
e FAE 231l meh A o] # ok
F213] 5271 7HPBP)S A A7 7§
flow)] Btk thi] FCIZ g <] €t

7]
gt
AtEl 5 55 (CF: cash
FCI

CF

avg

PBP =

(1 +c)§ [PEC;- (a;+b)]
i=1

I o)l o)L
ﬁ;n;[(lfs)-(ASR“ “zw)fﬂc(l o) 7DC,1)+DC,J
(1)
CRATE2) NP(371010) oA Z7Hg7h & hakgho 2, )
A ) 753k AFS ey, pBPE 3d ol A2 HE 5

A4k, AlA A A F el tiste] PBPE= 5t o]ul, RO 10% ©]
& AV Bt 7)1F0 R ARSSISITH 1]

ROIS} PBPY] W= S0zl B= B8k 3l 71 7kl thasled
HMU]—.:J O)Ho] 01x]u]- E-SLXJ i}x%oﬂ}qt 7] 24 _Z_ o]]/q FCIQ]—
TPC, A4 SHeA ASRE] E827d¢] 7|Q1gt}. o] & *ﬂ 011}
(FCI TPC, 18] 3L ASR):= Table MH ANE 7S 3E

skakar giet. =14, ASRE] 7%, #HE Ark=<l covt & d?%ﬂ
HL 1H3FL QO PR CO 7FE oz tAdt) &, 2 A=
FCI, TPC, 12]3. CO 7}2¢] 2824 o)| T3t ROI 2! PBP] w17}
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Table 2. Economic assumptions in COSORB and PSA processes

Parameter Assumption
Financing 100% equity
Plant availability 8000 hr/yr
Construction period 1 year
Startup time (50% plant performance) 4 months
Plant life (L,) 20 years
Plant depreciation period (L) 10 years
Inflation rate (o) 2.5%
Corporation tax rate (f3) 22%
Interest rate (y) 6.0%
Currency 1,100 Korea Won/$
Electricity price 0.1$/kWh
Utility price Fuel price 26.81 $/MWh
Cooling water price 0.5 $/m’
Feed gas price 0.105 $/Nm’
Material price Product gas price 0.5 $/Nm?*
Absorbent price 0.8 $/kg
Adsorbent price 50 $/kg
Absorbent loss (COSORB) 1.5%*
Cooling water loss (COSORB) 2%
Adsorbent life time (PSA) 2 years®

1.5% loss of absorbent was experimentally observed

529 of cooling water was assumed to be evaporated in the cooling tower [23]
€adsorbent life time of 2 years was expected for Cu-Cu‘/q-Al,O5 used in
this study

=5 543 Aot}
Rz BA o] B3 9lsto] ofd BEh xkx)e] AbthA W
FFRH AN x0T TIEE 24 TR () S VA (S)R 28
dy
12
S d(AX/Xpa5e) (12)
o] 2ol x5 BEAA QAFe] 7)FkS SusiT), Aol W
Foll 7]uket iz B34 QRS W91F Ao 2A 1
E 5] WIAEE & 1 Qo] ¥HE 5 Qi) o] e EE

plot of sensitivity (PoS) = HE3FATH11].

3-3. Economic assumptions

10,000 Nm*/hr2] COE 4413817 918 COSORB 9} CO-PSA &
de] AAS 7V $18t 752 Table 20014 HolErt 100% 2k

ZIARE O & AR AL 7P sk, A7 377 Fe A R 8000411,
83 3 204, 10L4 s 7‘7W7‘7I7P—% Zggth Al

7B 19, 2831 Al 3 A /1R 3 Fhl7 Il
TS 50%%E AR 7 et ETRIES 2.5%, oAk
6%, 18] 2L HAAE-E 22%[11,15,17] = AT} o] 7)ol &
7FVEE (a)2 2004 5E 2013 7F4] 1093F2] CEPCI (chemical

engineering plant cost index)[22]5 7= 0= ALFSFATH19).

B CEPCI(2013)7""° j
0] = 1= 9
a[%] 100([CEPCI(2004)J 1]=2.5% (13)

oA o] Aol me WEAdo] A, & AellM= 271
AT AlFAR] ARAS MO R s 6%E ARSI §F

= 91 F 9 el vl 717 Ard wla 325

2 198 1,1009 0.2 77g3K3itt. shA|RE, 2 d5RellM= TCI
GE71FADeAA F2] 22438] 2} /12| 1 R (location factor) & F-A1S8k
AT}, gk, iﬂﬂ FEEZRA(V e $ie Zo® 78t
U] 7178 A7), A=, 78] 3 Yztsro] tiste] 2tz S0l A
3tk LDG ﬂg 1A e AR AR-EE ujo]] gk AR 1t
T34, CO 7182 UiFg-w 7l 7123kt 99% %2 CO
74 & AurA 9] ofF sa = A E QT 5A| 7 S22}
2L TR TRl 2 F2A Ol tiEk 2014 AR Vo R
oAPdet gholtt. o] & 7L 7d®, 77, 35 Tl whet W
o] 7] witel] AE B4 A TPCY] £20% H e oA ROI 2
PBPo]| H|A|= QP sietalgint. #-41] & A4 218191 COSORB
S oMM ] FFAl £ 1.5%, B2 42 2%[19,23]12 71
3, PSA T olA F2A] S 2d 0 = Feit.

4. Results and Discussion

99% w=1=2] 10,000 Nm*/hrol| 3d3skH= COE 12.53 ton/hr ©] &

FE5FE 2=t 99% 382 2= COSORB 573 T 90% 3]
+5 2h= CO-PSA 374 9] LDG AHFH2 217} 21.43 ton/hr
23.30 ton/hr ©] T}, 2 AolA = o] F o] th g TCL, TPC, ROL
9l pBp A¥}Z 7)<t} w3k FCI, TPC 18] 3L CO 712 o2k
Ao g AFEE A, W 7Fsdo] QLB R, o]F 3714 14k
=44l & ROL Y PBPY] RIZH=E AA|ETE.

4-1. Total capital investment (TCI)

COSORB Y CO-PSA +72] PFDEHE] 7} A 75 24
3ta, A715 Aslo] A3 2] 7HPEC)= Table 33} Table 4
oAl 247} RojFET), Z) A X FF(equipment type) © ASPEN
Economic analyzerol| 4] S20] % A BIALE: Fof| A X178 615d a1, TIC
(total installed cost)= ASPEN Economic analyzero| 4] 2014 7]
O 72 AFE 7S AT A X8| 8114 (a) = TICE PECE 1}
i ol o] 2 F 3ol thske] 242 1,663} 1.5901H, AA]u]
B2 77 oF 60% F e & vk T2 Aol gk 7]
£ pilot-scale > AZ7 T} AES gk vEgsto] AHEsISiT.

COSORB 574 2] 7d-9- Fig. 1°] PFDe]lA] EO%—r—xol 2709 &5
w8571 20, ¥27] 2, 7va71, gy 270, 3 270, A7,
AR A 20N, S Al ARRAL, HE7] 270 ] vk
Z TIC= $8.84 million, FCI:= $16.3 million, 12| 2. TCI:= $18.74
million (2F 20629) © 2 ATk Table 3 ZX).

PSA 3742 BTk AR A 270, 571 270, ¥47] 270, 7F
2 A7 270, PSA A 2 A D h(Fig 2 FR). F TICE
$6.93 million, FCI:= $12.97 million, Z22] 22 TCI:= $14.9 million
(©F 164919 ©. 2 AP E| I TH(Table 4 330).

4-2. Total production cost (TPC)

TAA S A7 9 A|gn], &1n], 183 7gn] S oR
AJ%]o] 9101 Table 5% COSORB % CO-PSA 37 2] #}A|5k &
AR R-S BojFTh 99% ﬂ £-5 Hol= COSORB 274 2] 64%
CO FEE 7= LDG 4 F2 16, 000 Nm*/hro] 31, 90% 385
HOJ= CO-PSA 379 LDG 932 17,400 Nm¥/hro] T},

COSOR F7°A 1.5% S5A &4l thst FrA) v]8-2 i
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Table 3. TCI (total capital investment) details of COSORB process
Process  Equipment name Equipment type TIC ($) PEC ($) a;(=TIC/PEC) Size®
ABSORBI1 Packing tower 382,800 122,600 3.12 D:3m; H:12m
ABSORB2 Packing tower 382,800 122,600 3.12 D:3m; H:12m
CONDI1 TEMA shell and tube exchanger 57,200 8,700 6.57
COND2 TEMA shell and tube exchanger 60,600 10,300 5.88
COOLERI1 TEMA shell and tube exchanger 193,500 33,600 5.76
COOLER2 TEMA shell and tube exchanger 140,145 24,335 5.76
HEATER Vertical cylindrical furnace 1,139,600 446,800 2.55
HEEXCHA1 TEMA shell and tube exchanger 94,300 28,200 3.34
COSORB HEEXCHA2 TEMA shell and tube exchanger 93,900 23,800 3.95
(99% yield) PUMPI Centrifugal multi-stage pump 68,500 12,900 531
PUMP2 Centrifugal multi-stage pump 69,100 13,500 5.12
STRIPPER Packing tower 376,600 119,300 3.16 D:3m; H:11m
TAILTANK Pressurized vertical vessel tank 371,400 163,500 2.27 V:440 m?
SURGETAN Pressurized vertical vessel tank 1,432,100 805,100 1.78 V:3886 m’
PRODTANK Pressurized vertical vessel tank 371,400 163,500 2.27 V:440 m?
PCOMP Reciprocating gas compressor 1,535,700 1,358,400 1.13
FCOMP Reciprocating gas compressor 2,071,200 1,867,500 1.11
Total 8,840,845 5,324,635 1.66
Indirect cost (IDC, $) 4,738,925 (=0.892PEC)
Total direct and indirect cost (TDIC, $) 13,579,771 (=TIC+IDC)
Project contingency (PC, $) 2,715,954 (=20% of TDCI)
Fixed capital investment (FCI, $) 16,295,725 (=TDIC+PC)
Working capital (WC, $) 2,444,359 (=15% of FCI)
Total capital investment (TCI, $) 18,740,084 (=FCI+WC)
Size: D=diameter, V=volume, H=height
Table 4. TCI (total capital investment) details of CO-PSA process
Process Equipment name Equipment type TIC ($) PEC (%) a; (=TIC/PEC) Size*
BUFTANKI Pressurized vertical vessel tank 283,900 107,800 2.63 V:220 m®
BUFTANK2 Pressurized vertical vessel tank 283,900 107,800 2.63 V:220 m?
COMP1 Reciprocating gas compressor 2,111,100 1,901,300 1.11
COMP2 Reciprocating gas compressor 1,392,700 1,225,100 1.14
COOLERI1 TEMA shell and tube exchanger 193,500 33,600 5.76
PSA  COOLER2 TEMA shell and tube exchanger 140,145 24335 5.76
(90% yield) PRODTANK Pressurized vertical vessel tank 371,400 163,500 227 V:440 m?
PSA Packing tower 1,780,800 632,000 2.82 4 columns, D:3 m; H:15 m
TAILTANK Pressurized vertical vessel tank 371,400 163,500 2.27 V:440 m?
Total 6,928,845 4,358,935 1.59

Indirect cost (IDC, $)

Total direct and indirect cost (TDIC, $)
Project contingency (PC, $)

Fixed capital investment (FCI, $)
Working capital (WC, $)

Total capital investment (TCI, $)

3,879,452 (=0.89ZPEC)
10,808,298 (=TIC+IDC)
2,161,660 (=20% of TDCT)
12,969,957 (=TDIC+PC)
1,945,494 (=15% of FCI)
14,915,451 (=FCI+WC)

Size: D=diameter, V=volume, H=height
oF 1509]¢l Y= Sk, o A] v]-8-2 oF 3799, 17 H]:= of
2691 0 24 F Aaka]E-2 oF 3659 (=$33.2 million/yr) . % 7|
azhel=

CO-PSA 373 2] Y8 H|= Azt 9F 16099 2= COSORB 3 7d°l
H|gke] oF 129]¢le] ¥ A QHT} o]
SH S W 7|38 8-S on|sict. F2AE ) 3
382%=0] Fasp, F2HAY] e 2d
o] glo] F 3}, o qAu]g-2 oF 23914,
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of A7} oF 53912 Agrtn)-go] Hitect.
72| CO-PSANA LDG - #(=23.3 ton/hr) ol T3t &

H]-8=2> 152 $/tonO = 2HEE T, o] 712 95% =% CO-PSA 37l
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Table 5. TPC (total production cost) of COSORB and PSA processes for 10,000 Nm3/hr CO production

Process Category item Quantity Price Cost ($/yr)
Raw material cost (RMC)? LDG 16,000 Nm®/hr 0.105 $/Nm’ 13,440,000
Material cost (MC) Absorbent (CuAICl,-Tol) 2.19 ton/hr™ 800 $/ton 14,034,240
Utility cost (UC)° Electricity 2821 kW 0.1 $/kWh 2,256,800
Fuel 5.13 MWh 26.81 $/MWh 1,100,282
Cooling water® 2.24 m’/hr 0.5 $/m? 8,960
Subtotal ($/yr) 3,366,042
Fixed cost (FC)! Operating labor 3 persons 10 $/hr/person 240,000
COSORB .
Maintenance 1 155,000
Supervision 1 person 20 $/hr/person 160,000
Operating charges 1 100,000
plant overhead 1 277,500
G & A costs' 1 1,421,155
Subtotal ($/yr) 2,353,655
Total ($/yr)>@brerd) 33,193,937
Raw material cost (RMC)" LDG 17,400 Nm®/hr 0.105 $/Nm’ 14,616,000
Material cost (MC)? Adsorbent 381.7 ton" 50,000 $/ton 9,542,500
Utility cost (UC)" Electricity 2581 kW 0.1 $/kWh 2,064,800
Fuel 0 MWh 26.81 $/MWh 0
Cooling water* 0 m*/hr 0.5 $/m? 0
Subtotal ($/yr) 2,064,800
PSA Fixed cost (FC)' Operating labor 2 persons 10 $/hr/person 160,000
Maintenance 1 153,000
Supervision 1 person 20 $/hr/person 160,000
Operating charges 1 80,000
plant overhead 1 236,500
G & A costs' 1 1,400,146
Subtotal ($/yr) 2,189,646
Total ($/yr)~ et 28,412,946

k29% loss of the total cooling water is assumed, 1G & A costs: General and administrative costs, ™Absorbent loss is assumed to be 1.5%, "Adsorbent life time

is assumed to be 2 years

o] Bl

1 o

oo

=0l Helrh.

4-3. Economic feasibility

ROI®} PBPE AHE317] QlallM 278235 713 B<3te] @A
7HA 2 gk et G710l I (NP, 81 @HEE(CF,,,) ©]
I g sttt 271 ANE 2.5%, 1A 6% 7HY 3 201 F2t]
ASR, DC, TPC, GP, NP, 2! CF+= Table 69} Table 70141 COSORB
4 PSA &7l thste] 242} BojEnt 20478 47 st 2
W= ASR, TPC, GP, Income tax, NP, 12| 31 CFo] th&te] z+z}
A Y2 BT P55 (@=2.5%)00 Wk Ak ghola, FHA]
O A& (g=6%)°ll whet FA7IX 2 T# S gholth o, 10 F<ko
A7PEAB(DOYE w78 ol Ao BEY 14 Straight-line
method[19] 7} 2-&-¥ 1t} ROIS} PBPE 1-3}7] 918t NP9} CF
o] AA7IA] Btgks A8t

Table 67} Table 72| AAN7FA] B gk o]8-3ko] Eq. (10)7} Eq.
(11)°llA 53+ ROIZ} PBPi= Table 8ol|4] Qokste] HojFt) o] &
ZHE COSORB 3743} CO-PSA 42 A2 e1dAdS 4
Hlw e = vk FE A Eo] EA5k= COSORB 578>
7152 £} ZA8A]go] FAF RN /3E CO-PSATHE
=35 & = 9tk CO-PSAE7d-> COSORB 57l Bl slo] ROI
oF vl A= =31, PBP= 28] WAl AFHEE lTE. CO-PSAE 2

n

R O

(|

30% ©]4+¢] ROIS}H 3\ o] U] &) PBPE HojFal glomE A4
EbdAdo] 9l 7o wekEin) ARk B oo A= LDGO]| E
S R 1 R 50 BB Ao B gk Axg 39S £

4-4. Sensitivity analysis

FCI, TPC, Z12] 3L CO 7}l ot ROIS} PBPY] W 412
+20% W21 2] 4 wsgFol| A o] Fol 5t} Table 9+ COSORB
9 PSA Tl tiate] o2 sk B3 1A} Al Aol oigk g A
H3lo) - 35S HofEr) 715 3k(base value)oll A 9] 73 #1°d 7k
5 Table 8014 o]u] A|A| = STt

Fig. 49} Fig. 5= Z+2FCOSORB 374 ¥ CO-PSA &7l th3h
ROI%} PBPY] WIZF T & HoJFT} FCIQF TPCO 57H= ROIE
2713, CO 714 2] 7= ROIZ £7M1 21t} Wil 2 FCISF TPC
°] Z7RK= PBPE 71711, CO 714 9] 7= PBPE 247
t}. COSORB &7 HUTHCO-PSA &7g°] ROIZ} =4 X3},
PBP:= 1 Ritjjo|t}, Fig. 4bollA TPCS] 2538t F7F (20%) 2F CO
7+49) 1 7 (-20%)= ROIE &2 WHE11, PBPY 343t
A58 friste] T Adell PBP7F EAIE 0] Q1A ¢l

PoS 1] Zof|A] F 23 A= V|70t B B4 AtE
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Table 8. Summary of techno-economic comparison for COSORB and PSA processes

Process TCI TPC ASR ROI PBP
COSORB (99% yield) 18.74 M$ 33.19 M$/yr 40.0 M$/yr 15.9%l/yr 43 yr
PSA (90% yield) 14.92 M$ 28.4 M$/yr 40.0 M$/yr 39.5%/yr 2.0yr

Table 9. Absolute values of factors used in sensitivity analysis for 10,000 Nm*/hr CO production plant

Relative changes (%)
Factors
=20 -10 0 (base value) 10 20
FCI (M$) 13.04 14.67 16.30 17.93 19.56
COSORB TPC (M$/yr) 26.56 29.87 33.19 36.51 39.83
CO price ($/Nm?) 04 0.45 0.5 0.55 0.6
FCI (M$) 10.38 11.67 12.97 14.27 15.56
PSA TPC (M$/yr) 22.72 25.56 28.4 31.24 34.08
CO price ($/Nm?) 04 0.45 0.5 0.55 0.6
86 FCI I 12 —6—FC(CI 1
(a) ROI sensitivity --8-- TPC (b) PBP sensitivity --e- TPC
= ~ A CO price 101 & --4--- CO price
60 T 2 N FoA o
g N8 )
Lol \ //
o N .
40 + & A v 6 e

Relative change (%)
Fig. 4. Plot of sensitivities (PoS) for COSORB process.

Foye
SU

(a) ROI sensitivity E A
[l\\ 60 + S L
RRRNY 5 BN
&~

e =
,"A/ \\\“\
/’_’,« 20 7| —e—FCI @
| | --8-- TPC
s -A-- CO price
-20 -10 0 10 20
Relative change (%)

Fig. 5. Plot of sensitivities (PoS) for CO-PSA process.

o] Fek9| 2 F5eH nluE =R, 7127] 9 Ay
A o] AAA o & kS F= xtE gekEr) I of ojske o]
7P 2 QlAk= corbelm, 11 thg-& TPCeth =, COSORB ¥
A3} CO-PSA B2 AAA BRE 9)3)0] AA] 48 w311 ok
Aol co Fl|7} 7Fs3lok sl = 34 % FCI 7} TPC K.tk
g M7ket AEES HolP g B o)A A3l AACE Class 4 5
2] FCI 5 TCLAIEA S thas 5718t < Q.

-20 -10 0 10 20

Relative change (%)
B2 ©— FCI I
(b) PBP sensitivity --&- TPC
10 1 --A--- CO price
8 4

O
t O t

Relative change (%)

COSORB #7 ol thaloIPBP7} 3'd ©]38}<l 7-9-= CO 714 0]
10% 7 1= “d53F711H0.55 $/Nm’ o)), TPC7F -10% 3= sFetat
($29.9 million ©|3}) o o =ETHFig. 4b F%). CO-PSA 4ol tf
5ol PBP7} 3d-& 2381 749+ CO 7o) 10% F = 312314
1}H0.45 $/Nm’ ©]3}), TPC7} 20% 7 = A+<%8($34.1 million ©]4)
o] P th(Fig. 5b F=). =, CO-PSA 742 714 slgout Aat
H|-8-2] ol = E-ataL, A1 g 2 nojZr},

o= Tl’;q = _}l: C}i)\"f Oq
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5. Conclusions

A A oA A E = LDG 7FAE CO7} 60% o4+ 36l
om, T2 AT T AREE ] ghth 99% o]/d2] COE A1-318HA|
Fo A7, g, 54, A 5] AAtel A ALEE = AR
7tEA ARFE ARGSRE AR} 71Fo] oF sul| . & A &
Z8- 99% CO 10,000 Nm¥/hrE LDG £5-E] 22]al7| 3t S5+
J COSORBS} 2874 CO-PSAS] 7|7 AN H7HE T8t o
H FAgo] T AAIS Zh=A] B 5H= Aol

7173 AVIE e 2 71eA]) Sy FAFR FHo R

Slth 714 S = ¥ S5 S (PFD)E |43k 7t

A2 S AAYebar, 27152 (TC), 18] 3 Z8AHm]4(TPC)S
A7) ﬂé}O% TRATARE 33T} AR K Q1 SHelA = oAl T3k
TCI (& FC9} TPCE AHg-3to] Fate 1? (ROI), FALE 57 13T
(PBP)S AkslaL, o] 52 WIZHEE ofe] B2t x5S Mg
7|HA FA st

COSORB % CO-PSATA 2] TCh= 22} <F 206219, 164%1¢10] a1,
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Nomenclature
a : installed cost factor
ASR  : annual sales revenue ($/yr)
b : purchased equipment cost factor
BFD  : block flow diagram
c : project contingency factor

CAPEX : capital expenditure ($)
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FCI

NPV
NRTL
OPEX
PBP
PC
PEC
PFD
PoS
PSA
RMC
ROI

SRK
TCI
TDIC
TEA
TIC
TPC
ucC

wWC

Loy

: cash flow ($/yr)

: diameter (m)

: working capital factor

: depreciation cost ($/yr)

: fixed cost ($/yr)

: fixed capital investment ($)
: gross profit ($/yr)

: height (m)

: equipment index

: indirect cost ($)

: internal rate of return (%)
: depreciation life (yr)

: Linze-Donawitz Gas

: plant life (yr)

: number of equipments

: material cost ($/yr)

: year index

: net profit ($/yr)

: net present value ($/yr)

: non-random two-liquid

: operating expenditure ($/yr)
: payback period (yr)

: project contingency ($)

: purchased equipment cost ($)
: process flow diagram

: plot of sensitivity

: pressure swing adsorption
: raw material cost ($/yr)

: return on investment (%)

: sensitivity

: Soave-Redlich-Kwong

: total capital investment ($)
: total direct and indirect cost (3$)
: techno-economic analysis
: total installed cost ()

: total production cost ($/yr)
: utility cost ($/yr)

: volume (m?)

: salvage value (%)

: working capital ($)

: uncertain variable

: targeted variable

Greek letters

[0

p
Y

: inflation rate
: corporation tax rate

: interest rate
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