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— STEP 1. Process definition
* Process specification

- CO5 direct hydrogenation for methanol production

- Target product: methanol (99% purity), feeds: pure CO,, Hy

* Developinent of a process configuration

- Unit operation: reaction, G/L separation & recyele, L/L separation
- Major equipment: reactor, colunm, compressor, heater/cooler ete.

— STEP 2. Knowledge-basedmodeling of the process

» Process simulation and surrogate modeling

- Stoicluometric reactor and swrogate modeling for vt operation

* T echno-econamic and envir onmental analysis

- Mass/energy balance & sizing and costing of equpment

- Evaluation eriteria: Unit production cost (UPC), carbon efficiency,
energy efficiency, CO; reduction

— STEP 3. Development of the computer-aided platform
* METAL (methanol process: Techno-econonic analysis 1ab.)
- A luerarchical structure and graphical user nterface (GUI)
- User4nteractive interface operated by mputvalues
- Sensitivity analysis function
— STEP 4. Application +
+» Analysis on the Cuw/Zn/Al'Zr catalyst
- Uit operation results & techno-economic analysis
- Cage studies on operating pressure and temperature
+ Global sensitivity for the CO, dir ect hydrogenation pr ocess
- Assessment by CO; conversion and methanol selectivity
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Bl et T ole) 5EOR B o shiit wgvlw AeBui e s ArEc(et 1517).
A& 55 24 2xd mEay] 919 sEelA stdnm B4 FAE S5 18] wART

Er=(1-V)F" Viel.j=5p

[

314 17]

n

F”=WF" Viel j=38p

7

[

314 18]

n

E™=FY Vel j=5p.j <2

re

o71M, F'y sk Fyy & E&7(splitter) j=Sp oA Wg712 Aesels sgEe = 523 27
(splitter) j=Sp oA #H7|® & TFeolH, Wi wi7|7ts B&olH, ol 23E ¥4
THES Yt

&3t 2,

5
7k~ B0, #EE(MeOH) & Al 7H4 4% A€, ol Yehds A2

rlr
[of
ulid
flo
]
M
s

u)
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[0094]

[0095]

[0096]

[0098]

[0099]

[0100]

[0101]

[0102]

[0103]

[0104]

[0105]

[0106]

[0107]
[0108]

[0109]

[0110]

[0111]
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B Y BB A B =D
il el

im

oA7IA, F v e & E8°Y, Fp < dA7]E 09 & E8°1H, Fea < AAHE ve&e] &

fot
ulid
S
o

2.2 oAl AH] (Energy consumption)

a9, A7), WARsh e fUdEE 4B, SE/9AY R SREeA avse] Siel w4 5
WASAL BB JAsh A o U@t 4@ vheh ol wgTlel F7b olUATt FFHA
o}

I > &2 ox
2 7 e

B PR dEe £ Bt Wt RULEE Aus givie gl folser Bk o XA
Agsle faUEe] g AS) da, B WAAT Aspen Plusdl A 9 B HoleE AT 53
W 95718 AGete] 4719 FeE AgEE AUAE et el Aw.

YRT”}Z Fm o y=1/r
E,=— T ' (p -1| j=Cp.k=Ec
< (}f B 1)".?_,1' p_,.'

out

I, RE 71A ggeld, Py ok P 2 77 ] B

3k 359 d¥oln, yi& 1.42 7M=& Bl (specific heat)2] Hl&o|t;, SWA &S U3 ol
Ao 2% WiE ¥

ol7lolAd A xS Algdle] AxP e o WIS Aalsfol du}. Lk, F|E oA ARFHE Z=v]|9 e
Fakal 222 A}R3Ete] AASITE, Z7)olE A 9H(LP), =4 (P), IH(HP) 7] 5 37X 8ol &A%, 7]7]
o] zps st wep dEEn 2¢H(50bar) oA FEdl= FEHE P £7]2 Abgst= vbd | gak ord
(lbar)oll M #Esls SHEL LP 5715 5

(584 2]

z Ju fF;?(T;m . I;hr)
=t Je Ht k=St

—FE 1.
= sl j=ClL k=Cw
'ffk(Thm _:I'}m.'i")

AZIA, e = WA 4 §%ola, U = AMEEE WA deln, T = A 2=olt. 4 &%

I} o] fevho]l E(Shomate) g4 & AREste] AR

rr

flo
v
oo
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[0112]

[0113]
[0114]
[0115]

[0116]

[0117]
[0118]

[0119]

[0120]
[0121]

[0122]

[0123]

[0125]

[0126]

[0127]

[0128]

[0129]

[0130]
[0131]

[0132]

ZIESI 10-2022-0049248
[58t4) 24]

i, =A+BIF +CEY + DAY + E@")”? i=C0O,,CO,H,0.H,,jeJ

#,=A+BI"+C(I")" i=MeOH.jeJ

o7t SHgelA AnjEE duAle e 29 o, £, 9= 24, 2 53X £ T OYs sd 8
olof o) d&gs Weu. $F7I9 FERAHA AFEEE oAlUAE A #9181 Aspen Plus$t o & =7 4
e v= f °

%4 (5, 0,09} MeOHS] H]&)S Abg-3}
Az S 7FARE . Aeldly] uied & =
Fere] oA an] AL thed) P2,

ojf
Auf
i
o
rO
o,
ol
ot
flo
=
5
ol
Aui
=
AL
o

E, =2 F"(75679% +8,756) j=Dc,k=Cw

i

(584 27]

E, =Y F/'(43.527y +1L.771) j=Dc.k=St

A7IA, v TRELE Eol7te & &5 Wi HEEe] HlEolt,

3 947} AAF (Cost calculation)
wgkeo] g Co, A4 FAste] FAALIHTPO = AR A7HC0), 9 97H00), A L7HMC) T 371 ¢
7bgE o2 FA

(5814 28]
TPC = aCC +0C + MC
(5814 20]

_ s(+9)"
ks —

A7IA, aE AEHES AL AEGVIR Fste d AMSEHE AERSHLAS WY, F8h (29)3 2ol
o] FHE(n)T o)AE(s)S AFE3te] ALtett. Q74 R gEE 242 209 1092 7HE ek A8 Y
7HCO = AAFL7HDO) 9 HE L0 2 FAR T (584 30).

<

A

TAHOR, DG TRk A, AR A, AS R A}, wids dEE WES Eddet, 106 SAR] B 5
W gEka dEE veS R bCek 10 vl A HS(PE) I AL B 2fl(p)er FAIT(FE
2] 31-32). TFulgk An] H]§ HolE{i= Aspen Process Economic Analyzer 28 A€ =, 6/10 1Ab 7F2 (5
8h4) 33)2 A&3sto] F&o] wskdel wel 24

[}
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[0133]

[0134]
[0135]

[0136]
[0137]

[0138]
[0139]

[0140]

[0141]

[0142]

[0143]

[0144]

[0145]
[0146]

[0147]

[0148]

[0149]

[0150]

[0151]

[0152]

[0154]

ZIHSd 10-2022-0049248

o714, B 9} Bl AA/7 wgd UF AR B2 Qlelm, PE S & Al dlolEs} oln] 2R s)F
Apelel A zbzt polgk gu) w g sk, £ 97H00)E 1y $du(FOSH 7bE £ou (Vo) = TAE
T4 $du(FO)E A7l 745 2 gsh gaAss, spE $odu (0= feeE vee s,

o714, B = A Egulel tig AEFARRlela, e = FEHEUES] @I}, e = W4T droln

MC = Z*?éf-{f

=t

A71M, ¢ BeE il o wg Fuj wgol}
2.4. 37} 71% (Evaluation criteria)
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[0155]

[0156]

[0157]

[0158]

[0159]

[0160]

[0161]
[0162]

[0163]

[0164]

[0165]
[0166]

[0167]

[0168]

[0169]

[0171]
[0172]

[0173]
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B uR2 24 g oduA gr By obydl B whele] Ateld gl HE dHoJEE ARgste] AttE = vl 7HA
B7F N9 A, & G284, oA &84, 0, da)Ss ARt wieke o] oo k] (UPC)+= TPC

[t 38]

UPC — TPE

Oy ot reon

CE — TreonFanon

Tco dco,

g 2nl@ slo] FF(C0, H)T AER) ) F5 JUAE Agaed Atad. o
e oS AR ees YAshed UAst dvh EEHOR A§HEAS e,

I
EE = MeOH ™ MeOH

Skl 3 By

ielf jeJ k=KE

_‘f_
=< WE7kee] 3 dEE wjEss 00,5 web, HmES FEeE vl 9% ComlEs wET. 0, #
£

F(CR) #2 &4 T AL 2 v 00 ol Atk

e
8
Lo,
o
oft
tlo
=
Auj
=
)
i)
dlo
=
iy
i)

o L co, — (@, CE S +Z Z UkEr.lr)
CR= L

Dozt ieom

4714, vk FEE kel 9@ 0, WE AFolM, Fa & H2l7] j=SpRAES] wE 0,0 & fraFolut.

3. =

>

Z 7B (Platform development)

3.1. ZWE % (Platform architecture)

METAL (Methanol process: Techno-economic Analysis Laboratory) ZHEL Ab&dl d#o] o] 2yS AES
o MEHJY, o] Z2HAFL 6714 W5 (S, 0, FvF, Fu Hg 2 Ay de2xe g, mlE +8)&

_15_



[0174]

[0175]

[0176]

[0177]

[0178]

[0179]

[0180]

[0182]

[0183]

[0184]

[0185]

% 4ol4) AW vheh ol WETAL ZAEE Al A A7 WA, F ZeAlx AA A, WE 29y 2 =d
E Q= QEsolsz TG, AFE AN FAFS AL A o ZEady ddojst Aws Fe ofE
Zoleld B7el A TR

WETAL E9Fe 72 98 % 29 REE YUY, 99 RE 1/0 A% Oetails) A AR 0, 7
%, o) %, A% 24 5 69 22 WeE Agad

osiv] §e Algete] &AL (05 19 M e A iR dE BET 4 44T 5 Ao

AREARZE 1/0 Al%-(Details) o] F3kell li= Start ME& S8k METALS A3} oux] S&FERE ofyz
BAA, 7NeA, S84 AFE AEsH] fa A4 AxS AP

I A AEYeld Aa(dl: = 5F, oA AHIE, 0, MiEE, ¥&)= 1/0 Details ¥ spkel A4 5l
2EHER A

TPC, UPC ¥ F8 ¥]§ F2lo v|& 7|d=g ¥gst dubzel 7
0, 7+2)9) 37 T2~ A7 P adoz =
<]

3.2. e H (Parameter collection)

A, 2d® 2 d &% Aee 22 oA e vy s & S1-S30A4 &ld 4 9lth. Aspen
Process Economic Analyzerolx A& SGEeel (A7), £7] 2D dz<9)e vrtel 1 (0, W& AsE 879
3 S4oll foFEo] Qlk. 719l 0, WiE Al AATF=(38%), AeH(23%), ¥R (20%), A7V (17%), A
(192 49 20199 = A7|Ede] oA wxag vgom AbEg slojvt. A (o st 2 A
) AAZbzoA s Ao ZHEAT. 719 1S58 S6= 7IE ARl (370kmol/he] €0, &5H)E

Belolate] Qe 1B Pl ] 0§t §F FFgel hA AR FA 2L ek,

2> ol

[ S1]

Heat capacity: it = A+BT +CT" + DI° + ET <

Ha¢ COz¢ CO« H20«
A< | 33.06618¢ 24.99735¢] 2556759« 30.002¢
B« -11.3634<| 55.18696¢ 6.09613¢ 6.832514«
Ce | 11.43282¢ -33.6914< 4.054656¢ 6.793435¢
D« | 277287« 7.948387¢ -2.6713¢ -2.53448¢
E€ -0.158564 -0.13664< 0.131021¢ 0.082139«
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[0186]

[0187]
[0188]

[0189]
[0190]

[0191]
[0192]

[0193]

[ S2]
Temperatur  Heat capacity | Temperatur Heat capacity
e (K)~ (J/mol/K)+ e (K)« (J/mol/K)+~
50.00 - 34.00 700.00 ¢ 73.86
100.00 - 36.95 §00.00 - 79.76
150.00 - 38.64 900.00 - 84.95
200.00 - 39.71 1000.00 - 89.54
27315 ¢ 42.59 1100.00 - 93.57
208.15 ¢ 44.06 1200.00 - 97.12
300.00 - 44.17 1300.00 - 100.24
400.00 - 51.63 1400.00 - 102.98
500.00 - 59.70 1500.00 - 105.40
600.00 - 67.19
[3% S3]
Compounds+’ Molecular weight (kg/kmol)« Heating value (kJ/mol)+ Carbon number+
COy~ 44.010< 0< 1€
CO« 28.010« 283.24« 1«
CH30H« 32.042« 638.55¢« 1«
Ha+! 2.016+ 244+ 0«
HxO« 18.015¢« 0+ 0«
[ 4]
Utility type ¢ Emission factor (kg of CO2/MT) [4]+ Unit price ($/MJ) [5]
Electricity 0.155% 0.01667<.
Steam« HP+' 5 0.0025«_
Lpe e 0.0019¢
Cooling o 0.00003«
waters'

!: the CO:z emission factor by electricity is calculated by considering the energy mix of US electricity generation
in 2019 (Energy Mix; of natural gas (38%), coal (23%4), nuclear (20%5), renewable (17%). and o1l (1%6))-
2. it is assumed that heat utility is only made by the natural gas+'

[¥ S5]
Equipment type”  Equipment cost ( PE") ($)
Compressor’ 1.602.400«
Heater#1+ 5.000
Heater# 2+« 118,700+«
Reactor+ 751.300«
Cooler 203.400¢
Flash tanl+ 40,900+«
Distillation columne 445.300«

_17_
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[0194]

[0195]

[0197]

[0198]

[0200]

[0201]

[0202]

[0204]

ZIHSdl 10-2022-0049248

[ S6]

Direct costs<! 330%«
Purchased equipment+ 100%*
Equipment installation & setting* 55%:
Piping#’ 27%s+
Civil & steel 6%+
Instrumentation & control« 23%:¢
Electrical systems (including insulation)< 66%¢
Yard improvement & building+ 55%:«

Indirect costs¢ 87%:*
Engineering*’ 23%¢
Construction+ 24%:+
Legal and contract fee+ 16%«
Project contingency: 26%*

Fixed operating costs< 37%:
Operating labor+ 24%:¢
Maintenance« 3%+
Operating changes« 4%«
Plant overheads 7%

4. Cu/Zn/Al/Zr Zwo o] A& (Application to Cu/Zn/Al/Zr catalysts)

Yol =23k nlel o], METAL ZHELS AFAEo] 2L FHuje 7|3, A%, 3744
Agto gy Zuf WA ufg 7] ARt d@AlCl A AFAE !
o] METAL ZHE9] 715S Amst] 93l 0, 43 v Fn
=k, 0, 9% = 370kmol/h, (0, W3k = 25.7%, MeOH Me% = 61.3%, A% = 250° C, &A5gd =

S50bar 5¢ MINHFEE VERACE AP, I, AQAesS Y uE 2EL 392 A EAT.

4.1. AlEHelA A3 (Simulation results)

&= 5% Cu/Zn/Al/Zr EviE AR&shs diekE: A 49 &4
e 2 Aes, L/L e A B4 55, duXA

13 oA #eld 4= vk, = 59 o], 370kmol/he) CO, EEoNA 322kmol/he) wlghs 3ES5 A7 93
1082kmol/he] Hy, EFo] Hagrh. fJolA Awd M9 27k 25TCellA 199CE J5d w A (Cp)ellA
grelo] 10bar (=E® #3)olA S0bar(ZEH #4)2 F7kHeth. €0, F43H8 S3 vighs Ao I whgolet=
AR wfiEoll ~ER #6°] R 336 T2 sttt e 0, 93 9 wlE & (3%)0] Yol 27] o
H #12)9] 38 JhFo] wHEUIE Al AlEsEQlar, ol#€A B o] AlEdo R Qs (0, #iEe] 29%kmol/h
(_}_\_EE] #10)_/] 7(17(—17440 QJ

dlol # Ao 15l

o
oft
3
m

\

£ 6 (RHE W9 4Evlel Be A WS S5 AT g Bekel e Ay culw e v
el e kol e Azt Hael AR LPuE aTHYLe & 5 At

TS & 6 (beF Zol, F e &8 e wkg 3t s B o] FEEE Audt. 53] G/L &

TE 293 Tl/y HP 5715 ARgsl A&3 2EZ- (X 59 #11)S 30~250CE 7Fgste 39, SREY ARd
HEE S5/ 2yl 178 TJ/y LP $718 Avsl t&ge] aek wees der. £33 & 6(c)E BE 7
27 2 7P 0, WEFS YERY. FAFeRE /L BT E #lE 280 Ya Aed Axr) o}

C07F 7 MEER, A3 0, MiEo] AA WEFe) 3545 AN AT 3 T F G/ EelTE &4 17 (0,
MEo] 1Y B Fow AAdont Uy 2v7h B Ui,
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[0206]

[0207]

[0208]

[0209]

[0211]

[0212]

ZIHSd 10-2022-0049248

4.2, 71=H-AAH 2 2744 A7} (Techno-economic and environmental results)

Cu/Zn/Al/Zr FviE ARES HEES AL 3789 71, AA, 874 H7F Aade £ 1o 2ok vk, AAg

&S = 14-1690A e 4 ok, Folxl 231(C0, ¥+ = 370kmol/h, 50bar, 250, CO, W3 = 25.7%,
dEhE el = 61.3%, ME & = 30l WEeS 322kmol/he] HIER AbEhE FA Y A &S 8ThE
FAHEJT. olHF w @4 5282 0, AF Fast T4 A g HEHEAT. e 0, AF T4
3t w4 @edE 7 oA uke FRHC0E 0= WMEE7] 91 RIGS whE, A 7holl A MeOlE A
g wigks H)S Aloletr] flal ohEe] oAy A 7t Fadk CAMERE SRt ddd dad fFauEe] del
Atk 2 A oUA E&S ~6202 FAH ] CAMERE 4ol wls) FdiF o & FEolth (~36%).
[% 1]
Carbon efficiency [=b/a] (%) 87
(a) Feed CO; (kmol'h) 370 (130.269.6001)
Required H: (kmolh) 1.082 (17.450.4960)
(b) Produced MeOH (kmolh) 322 (82.617.0931)
Energy efficiency [=c/(d+e)] (%) 62
(c) Product energy (GJl/v) 1,648,738
(d) Feed energy (GI'v) 2112214
(&) Utility consumption (GJ/v) 563,189
Electricity (GIlv) 69.223
Steam (GIy) 493.966
Cooling water (Mkg/v) 24575
CO; reduction [={a-(f+g)}/b] (kg CO:/kg of MeOH) 0.946
(£) Direct CO: emission (kg/vr) 13,412,266
(g) Indirect CO; emission (kg/vr) 38.,586.579
Total production cost (TPC) [=h+itj] (SHr) 63,078,020
Capital cost (3) 12.062.043
Capital charge factor (v1) 0.1175
(h) Annualized capirtal cost 1.417.290
(1) Operating costs 4,097 833
Fixed operating cost 1.078.434
Variable operating cost 3.019.419
Electricity 1,153,952
Steam 1.128.207
Cooling water 737.260
(j) Material costs 57.562.877
COz purchase 5.210.784
H: purchase 52.352.003
Unit production cost (UPC) [=(h+it+j)/c] (S/kg of MeOH) 0.763

T X 12 Cu/Zn/Al/Zr FviE AMESte] FdEE WEs A A 0, HAES BoErh. (0, Fa%e
00, A3z zpgtel] whe} ARE T2 B A9 oluR] Avge] 7lxste] AxtE AT F 0, FaF
(MeOH®] kg & CO, 0.946kg)~> Cu/Zn/Al/Zr & Abgstol F8¥= (0, A3 43t 4o &2 (0, #
7H(-2.475)% ¥ CAMERE &4l wla] 847 oldSs AlFdhs

Sy} =2 ouUx] AR Qg uh) gk X—. 22 C0, Ml EFS HolEt).

A7 % 12 AA B A9E BT dedl, 974wl Al ¥E PO kgd 0.763EH R
AAE AT, 1PCe F8 7ozt AAZH|($ 57.6M/yr, TPCO 91%) o)™, W% JH|($ 3.0M/y, 5%)¢ A
AFEB]E($ 1. Ay €8, 2%)°] 1 HE Qo k. B, Hy, FuldrbE €0, el 7k oF 108 &3] aivt

o] HeZ v @Wol &mlsh= g7gol7] wiZell COo, vid7ke] of 10Wfel Eot= AR A7k Afstal vt
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[0214]

[0215]

[0216]

[0218]

[0219]

[0221]

[0222]

ZIHSd 10-2022-0049248

TFARoZE He 1,056 kmol/h ($3/kg) €ell, 0,9 370 kmol/h ($0.04/kg)S YE= An|gth, o] AL A
S8 FAT AN AYE o83 B Ar|EEE AET] "ol 71 Wl vls) Ful v]go] dA3 =vie
o]

of frelsior dtt. gk ztolol wiel F717F 69 o) Bad F5-(F, 49704966 GJ/y 71, 6749223 GI/y A
[ P S

N,
5
b
of\
N,
lo ¢
>
o
G
o
e
S
s
oo
f
v
M
N

4.3, 7%= B2 (Sensitivity analysis)

B oo o AAFHe hE FAF LS Bf /1% F shbE AHSAT FUAR WANA e et
E(F, S 4% EE AAY sehlE)E Wgsel Mg A% $9% & Aok Aol oF Eof A
847k o, Bl U Ao Auigrel} MEE £aE AASH, BUFS Bh &L, olUX TE, URC
o WaE AFon A EADT. VAL Fa AT = RAWL, WAL TRFC] WAL BA 239

Ak B A A¥E HAFO(E 17-21).

webA Cu/Zn/Al/Zr FujEe] AR e 2E9 oA AMgE = 77HA] t& AbEE WEUT. A7) AHEES
BRAOR CuiZn:Al:Zr 9AHI7} 2:1:1.2:0.19) Cu/Zn/Al/Zr EWE A8t FHE A% 2A(S, 443-
583 K ® 1-9 MPa)ellAl Fr} H5& H7He Gao 59 #9ES 7122 sGith. o] 715 Abel] #Byb oy} 7749
A Abelel digh A9 2 3 20 QokEo] vk, A oFE 7oA (0, WS 257t FIHEe] ne

Srkete W vEg dEe et oghs fRHoR (0, Wy WEs HES ugt 2HAN BE
Z7kaksict.
[ 2]
Constant pressure Constant temperature
Base

Casel Case2 Case3 Cased4 Cased Case6 Case7

Temperature (°C) 250 210 230 270 290 250 250 250
Pressure (MPa) 5.0 5.0 5.0 5.0 5.0 3.0 7.0 9.0
CO» conversion (%) 25.7 14.8 20.7 27.9 299 20.2 29.6 36.2
MeOH selectivity (%) 61.3 69.1 64.6 56.2 41.1 44.9 734 84.6

MeOH yield (%) 15.8 10.2 13.4 15.6 123 9.1 217 30.6

4.3.1. th& 29 ZFu] &4 (Analysis of the Cu/Zn/Al/Zr catalysts at different temperatures)

Cu/Zn/Al/7r Zoie} CO, Fast W8S AMESlY] Fald HeE A TAo] thE 2% HA A dAs= AL
2 ZEAT(E 2, A 1-4). &4 F AqUA &84, 0, 74 R UPCF 22 olefgh Abalol] digh pAlgh
ARE 3 STIA FRIE ¢ k. ® STelA ioi—zr% A o] Al 3= THE B &Y WES (S,
324kmol/h, ©& EEA = 88%)o] ALEA=dl, €0, W 27.7%, HWEHE A8 56.295 A4S 7IE A
gloll AFEF Fuirt A3 Al A AbE 3(15.6%) 0 HIB oFiF $-d3 wERE: & (15.8%) S EAARE, 7

rT}J
>

1 °f
dl= A Sl A Al sehegol waAE= ARl 3ol Wla) ek (322kmol/h) S A AAEHG. 2 S
e ld: A3 B gd)ol P F2 34 sH(A: AdE, 384 Ev AAR)SR o + gleng,
S nlastar AP E Bl dgs)op gt
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[0223]

[0224]

[0226]

[0228]

[0230]

[0231]

ZIHSd 10-2022-0049248

[ §7]
& Case 1 Case 2« Base- Case 3~ Case 4+
Temperature (°C)<’ 210« 230+ 250+ 270< 290«
Pressure (MPa)- 5.0¢ 5.0« 50« 5:0¢ 5:0¢,
CO; one-pass conversion (%)« 14 8« 20.7¢ 25.7¢ 23 7¢ 299¢,
Methanol selectivity (%) 691« 64.6- 613« 56.2¢ 411+,
Methanol yield (Catalyst) (%)~ 10.2¢ 13.4¢ 15.8¢ 15.6¢ 12 3¢
Carbon efficiency (%0) 79+ 85+ 87+ 88~ 87«
Feed CO; [stream #1] (kmpl/h) < 370¢ 370~ 370< 370+ 370¢
Required H [stream #2] (kmol/h)< 1,060¢ 1,074¢ 1.082¢ 1,085¢ 1.087¢
Recycle [stream #12] (kmpol/h)< 7,104« 5274 4321 4,140+ 4.441<
Produced MeOH [stream #15] (kmol/h)< 294« 313« 322« 324~ 321«
Energy efficiency (%) 56 60+ 62« 61 59
Product energy (GJ/y)< 1,504,722+ 1,599,451 1,648,738« 1,658,066 1,642,284+
Feed energy (GI/y)- 2,068,237+ 2,096,834« 2,112.214« 2,117,014« 2,121,641«
Utility consumption (GI/y)< 631,538« 581,185« 563,189 586,538« 640,292+
Electricity (GI/y)< 68,149+ 68,848+ 69,223« 69,341+ 69,454+
Steam (GI/y)< 563,389 512,336 493 966+ 517,197« 570,838
Cooling water (Mka/y)- 28,234¢ 25,604 24,575¢ 25.635¢ 28.310¢
CO; reduction (kg COy/kg MeOH)~ 0.838< 0.915+ 0.946+ 0.938« 092«
Direct CO; ernission (ke/y)- 24233 772¢ 17,196,932 13 412 266+ 12,231,284« 11,092,517+
Indirect CO; emission (ko/y)< 42767 288 39,682 389« 38.586.579« 40,040,431+ 43379159«
Total production cost (TPC) (5/y)+ 62,442,314 62,835,955+ 63,078,020+ 63,276,074 63,634,219
Capital cost (3)~ 12,935,906+ 12,380,255+ 12,062,043« 12,003,174« 12,130,851«
Annualized capital cost (8/y)= 1,519,969 1,454,680~ 1,417,290+ 1,410,373« 1,425,375+
Operating costs ($/y)« 4,449 463+ 4,199,608 4,097,853« 4,183,869+ 4,412,310
Fixed operating cost ($/y)+ 1,156,564 1,106,884« 1,078.434¢ 1,073,171+ 1,084 586«
Variable operating cost ($/y) 3,292 899+ 3,092.724¢ 3,019,419« 3,110,698« 3,327.724«
Electricity ($/y)- 1,136,048+ 1.147.691¢ 1,153.952+ 1,155,906+ 1,157,790«
Stream ($/y)< 1,309,829+« 1,176,899+ 1,128,207 1,185,744« 1,320,628+
Cooling water ($/v)~ 847,022« 768,134« 737.260< 769,048 849,306+
Material costs (8/y)< 56,472,882« 57,181,667< 57,562,877« 57,681,832« 57,796,534+
CO; purchase cost (/) 5,210,784¢ 5,210,784+ 5,210,784« 5,210,784« 5,210,784«
H; purchase cost (8y) 51,262,098 51970,883 52,352,093« 52.471,048< 52,585,750¢
Unit production cost (UPC) ($/kg MeOH)~ 0.827< 0.783< 0.763- 0.761- 0.773<,

T 7(a)E 579 Al Akl oluA]l &uET oy E&S vtk FAHoRE AR 1] U
71 e AI(56%) S B4 UAl g0 714 e A3(62%)Z veERITH
vl At 1253 E 7 AR AR, 7S Ahﬂ]i—“ﬁi Abel 42 7 s Hol Aol ©
v = 5% #Zo] dH #28 Y=
e AuE 5 vk 1 A B A Tro_o_i °J6H 6]E1 #20] 4 ¥3l7b FdiEo] ~EY 27t
CTolA HE 25(F, 7)o &3z
?8}1 19 A}fﬂl off 1oH W zHér?}
715 =5
g

ol
2 %

Fow Qg My Awgo] Hri. (250 C)
& Al 33 4 WS AR R BT
E]E]% iﬂ]ﬁ,}t}, *O] ’\H’ﬂ 4o = vl B Aled FFel® T8t
2HES 7 00, WlEFAE v
stoll Al oFEskar Q. 3 S7el urERE whel o], 57kA] Aol digk 1A 0, lES 25 FHE
2 = 0. 946kg CO, 4 CO, 71:]:'./;\_ %}:O] 7}‘2 —?——’F'S]—

L= 7(b)i= 57FA Abel Zpztel digh wigke Ak, & Ak, UPCE dEbdith. 3419 HPQ‘r Fo] F A=
] )

Al 1ol ARl 5744 62.4-63.6 M$/yel W lolA sl 57 Pf‘“:} X}‘ﬂ-"% =17] 1= <=
A FFol 7 st7] wiZol A 34 dF 7P w2 ki, 2 fEE Ll 9F @XéﬂE +9 vl
&2 71 AMElClA 7HE W Aotk R Cu/Zn/Al/Zr FuiE AFES ek AN FA ] AAA, EA o
G2 Cu/Zn/Al/Zr SiE ARERE Ade &9 (A 2e =3 2 Acd vE) S Al Me 2 A

ww)e] Aelo] oja] AHTHE A& el Al 39] UPC7E 7HE Wk

4.3.2. T& gHo A Zuf A (Analysis of the Cu/Zn/Al/Zr catalysts at different pressures)

& Cu/m/Al/zr Ele) AE e wsle] Wl 9o ARE ok Aolth. AMF Adh: ® sselA el
@ 4 AT Al 6 % 73 ol ;s 2AGA AFHE Atelt HdA 920 4% telo] we] greuv
W) A AEd 2EYe] ¥ S A8 HEAE FohE AR "ol Folsiok B
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[0232]

[0233]

[0235]

[0237]

[0238]

[0239]

[0240]

ZIHS3d 10-2022-0049248

[ S8]
Case 5~ Base- Case 6= Case 7-

Temperature (°C)= 250 250= 250+ 250-
Pressure (MPa)-’ 3.0¢ 5.0 70 90
COz one-pass conversion (%o)-’ 20.2¢ 25.7¢ 29.6¢ 362«
Methanol selectivity (%)~ 44 9« 613« 734+ 84.6¢
Methanol yield (%)< 91« 158« 21.7¢ 30.6-
Carbon efficiency (%)~ 83 87~ 90~ 92+
Feed CO: [stream #1] (kmol/h) < 370+ 370+ 370+ 370+
Required Hy [stream #2] (kmol/h)+ 1,073« 1,082+ 1,087« 1,092+
Recycle [strearn #12] (kmolh)- 6,005 4321 3471+ 2,546+
Produced MeOH [stream #15] (kmol/h)-' 305¢ 322¢ 331¢ 340
Energy efficiency (%)~ 56 62+ 65+ 67
Product energy (GIAy)- 1,561,535+ 1,648,738 1,692,827« 1,740,803+
Feed energy (GI/y)- 2,094,948¢ 2,112,214« 2,121,046+ 2,132,101«
Utility consumption (GI/y)e 670,348 563,189+ 504,365 459,357+
Electricity (GI/y)+ 43 455« 69,223 117,531« 142 946+
Steam (GI/y) 626,893 493 947+ 386,834 316,411
Cooling water (Mks/y)-’ 29,657 24,362 21,647 18,606+
CO:; reduction (kg COvkg MeOH)~ 0.878« 0.946+ 0.961+ 0.982+
Direct CO; emission (Kg/y) 17,616,454« 13,412,266+ 11,210,747« 8,497,269+
Indirect CO; emission (kg/v)<’ 43,864 693« 38,586,579« 37,499,749 36,056,263+
Total production cost (TPC) (3/%)- 62,828,563 63,078,020~ 64,610,118+ 64,704,901~
Capital cost ($) 12,633 864« 12,062 043 17,042,860+ 15,354,834
Annualized eapital cost (8/y)- 1,484 479¢ 1,417,290+ 2,002,536+ 1,804,193«
Operating costs ($/y)¢ 4,209,154 4,097,853+ 4,825.808+ 4,844.929¢
Fixed operating cost (/)< 1,129,720+ 1,078 434+ 1,359,206« 1,224,583+
Variable operating cost ($/y)- 3,079 434¢ 3,019 419« 3,466,602+ 1,620,346+
Electricity ($/y)- 724 392 1,153,952« 1,959,235 2,382,913«
Stream ($/y) 1,465 324« 1,128,207+ 857,958+ 679251
Cooling water ($/y)- 889,718+ 737,260~ 649,409 558,182«
Material costs ($/¥)~ 57,134,930~ 57,562,877 57,781,774« 58,055,779~
€Oz purchase cost ($/y)+ 5,210,784« 5210,784< 5,210,784« 5,210,784«
Ha purchase cost (5/) < 51,924,146 52,352,093 52,570,990+ 52,844,995<
Unit production cost (UPC) (3/kg MeOH)~ 0.802< 0.763~ 0.761 0.741-

T 8(a)st Zol, #E dEo] 555 Aed 2EH o] fasy] witel, 2 dEe] Abd 5olA] A
A S el whEl avEE fEEe FEe gt ey ARgd el Tkgk whEl bE71e] qhg ol
Stk 2X7F ShEe wEl AnjEE A2EY] o2 fAdit. F FYEEE LvEe At 5ellA AME TR
AaAT, g2 e vs] arph =2 A | goi=] gu7t Frskeh. dAA o R = 8(b)et &
o], wlgkge] Hul AAFAH 7)& o] Bfolx B3t 7P w2 UPC(0.7412 ¢ /kg WEHE)Z o]ofRt).

b

>~

5. oS}t A FA3E 9% Euje] %7] ©A ~389d (Early-stage screening of catalysts for CO,
hydrogenation)

2 oage] wWgd %S 27| AFNE SN AEE S Ved, $3AH, AAY T

Aol 7hgstth, o] ZTEFL Zu| /S A%k AN Exel WEks dAsE o F85, A Bl
7]3** ﬁxﬂxq Bl S %7}3}@ ojn] !

= 9= M8 A& UE H &5 Hl&olA C0, Wk 3l wgE deiio] 7]k IPCo] EEXE RojEr. 7 =1
o Rl = ZHy WME=s IPCE YERM, Hy 7FAel wetk 0.1
9(a)~9(d)ol “epd M Zmutds wastoe] 0, Me vghs Aedo] gl wel UPC7F ashs As

I

gk, dad 387 Fule] A9 8~100%° o] Z= vhFeh wiwhS MEAdS BARE €0, WIS 40%E EA
2o, W o] 1098 WE A 9/ Fulo Bt kA AFHRel, H, FF HEL (0, 4%}
A AAYS ZAAste vl sastt. o] 7ol 2~32el/kg (= 9(a)9k (b)) AelQl A, wWEhE &0
30%21 7Hd EEHQ Ful(#5)E AMEE] 4 UPCE A1 71A(0.26-0.32 8] /kg) Btk A A 3] =qr).

Zujo] Wee &2 HEA Y wEge] IPCE (0, Wy we MeAd wel gk, & o 4
7140 $2/kg Q1 A% (&= 9(b)), CO, ¥F 14.8%, e Helx 69,192 Zvf #11, C0, W3 25.8%, HE<

AElm 40.9%¢1 =) #278 FA3F WEE F=& (5, ~10%)S A&3c. ek Zu) #11¢] UPC(MeOH 0.659 ]
/kg)= vl #272] UPC(MeOH 0.55%9 %] /kg) Rt} oF 20% =hth. = 9(c)9] WA 211 71 =2 HesS A
F 714 (kgD 0.36%e])S YERATE. & 9(c)9F o] 8t AbdoA WEE &) 10% nIRl AMZ2E FHE
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New material
discovery

echno-economic Scale up &
. ent:

. 'analysis
» Process simulation

ment strategy

Difficulties Difficulties
= Requires numerous trials and replicates = The optimal operation policy is unknown
= |nvests effects of Temp.&Pres., conc,, physical state = Exists multiple process schemes by operation policy

(b) New platform for catalyst R&D and process economic analysis

Material
discovery

Sunogate modsling TEA enging Catalyst comparison l

Cptimal catalyst
selection

Capable of = Precise simulation using surrogate models
= Comprehensive analysis with four evaluation criteria
= FEasy use with a user-friendly interface

EH2

— STEP 1. Process definition
* Process specification

- CO; direct hydrogenation for methanol production

- Target product: methanol (99%6 punity), feeds: pure CO,, Hy

* Development of a process configuration

- Uit operation: reaction, G/L gseparation & recycle, L/L separation
- Major equipment: reactor, column, compressor, heater/cooler ete.

— STEP 2. Knowledge-hasedmodeling of the process

* Process silmulation and surrogate modeling

- Storcluometric reactor and swrogate modeling for vt operation

* T echmo-economic and envir onmental analysis

- Mass/energy balance & sizing and costing of equpment

- Evaluation criteria: Unit production cost (UPC), carbon efficiency,
energy efficiency, C'0; reduction

— STEP 3. Development of the computer-aided platform

* METAL (methanol process: Techno-economic analysis 1ab.)
- A luerarchical structure and graphical user interface (GUIL)

- User-nteractive interface operated by mputvalues

- Sensitivity analysis function
— STEP 4. Application +
* Analysis on the Co/Zn/Al/Zy catalyst
- Uit operation results & techno-econonuc analysis
- Case studies on operating pressure and temperature

* Global sensitivity for the CO, div ect hydrogenation process
- Assessment by CO; conversion and methanol selectivity

EH3

Reaction G/Lseparation & recycling L/L separation

Condenser

Splitter

H, CO,
co,

Heater

Distillation
column

co,

Mixer

H; Compressor Heater/Cooler

Reactor
H;0,
CH;0 Rehoiler
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)
N

k1

= CO, Feed amount

= Conversion/selectivity
= Temperature/pressure
= Vent-out fraction

= Economic parameters

EHS

Reaction

METAL platform architecture

Front-end interface

Backbone modeling

Process scheme &
Data allocation

= Unit operation results
= Mole flows/Total cost
= Energy consumption
= CO3 emission

Screenshots of METAL
Process Resutstab

= Unit production cost

= Detail cost contribution
= Energy efficiency

= COj reduction

= Cost sensitivity analysis
= Process performance
= UPC on COyH; price
= Basefdt. comparison

G/L separation & recycle

System Resuks tab

=
o

L/L separation

ZIHS3d 10-2022-0049248

#CH;0H
(F'MEDH)
” &
Stream number 1 2 3 4 5 6 T 8 9 10 11 12 13 14 15 16
Temperature [*C] 25 25 25 199 250 250 336 30 30 30 30 250 30 35 35 105
Pressure [bar] 10 10 10 50 50 50 50 50 50 50 50 50 50 1 1 1
Mole flow [kmol/h] 370 1,082 1452 1452 1452 5773 5122 5122 4455 134 4321 4321 667 13 323 3
H, 0 1,082 1,082 1082 1082 4,277 3291 3291 3294 99 3,195 3,195 0 0 0 0
co 0 0 0 0 0 2;m 208 208 208 6 202 202 0 0 0 1]
COo, 370 0 370 370 370 1,292 960 960 950 29 9 921 10 10 0 1]
H.0 0 0 0 0 0 0 332 332 0 0 0 0 332 0 0 332
MeOH 0 0 0 0 0 3 329 329 3 0 3 3 326 3 322 0
=96
@ 45 ®) 350 € 5
3.10 .
= 30 — = S
z 2 £
= 25 — — =
- -
g 203 § £
o 20 2
c 1.55 g g
2 5 ©
T 15 [— i u 2 c
: : §
o £ 8
a =] £
B g ¥
° & o)
Ll o
Reaction G/ sep. L/L sep. Reaction G/Lsep. L/Lsep. Reaction G/Lsep. L/Lsep

B Annualized capital cost
Operating cost

W Eleciricity M HP steam

B LP steam
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Recycle flow (kmol/h)

F1

L)
—_—

Utility consumption (TJly)

0| 4 t t ¢
Case 1 Case 2 Base Case 3 Case4
— Ltility consunption Recycle
— Energy efficiency

8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000

Case5 Base Case6 Case7?
mm Flectricity Steam
— Recycle  — Energy efficiency

= 68

Utility censumption (TJly)

&2
61
&0
59
58
a7
85

—+ 85

Recycle flow (kmol/h)

T3 B3RS

!
o1
Fa

Energy efficiency (%)

Energy efficiency (%)

E

ZIHS3d 10-2022-0049248

68 o ) ¢ oe
Z 66— 2= fos B
3 ) s
y 64 80 £ | 080 g

5 8
g 82 | 78 E 078 g
: 80 76 E 076 ﬁ
g 58 74 Lorsa §
= =
g 56 72 E Lor2 5

0 ; l70 —o7o

Case 1 Case 2 Base Case 3 Case4

Bm Annualized capitalcost

Material cost W Operating cost

— MeOH product — Unit productioncost

E

r 0.86

Total production cost ($M/y)

084
(174
0.80
078
0.76
074

Unit production cost ($kg)

Case 5 . Base : Caseal Case 7
= Annualized capital cost

74 -+ 072

Material cost ™ Operating cost

— MeOH product — Unit production cost
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B0
s &

MeOH Selectivity(%)
©
a

MeOH Selectivity(%)

30 40 S50 B0 70 80 90 100 10 20 30 40 50 60 70 80 90 100
CO2 Conversion(%) CO2 Conversion(%)

MeOH Selectivity(%)
MeOH Selectivity(%)

10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
CO2 Conversion{%) CO2 Conversion(%)
Current MeOH market price ($0.26-50.36/kg MeOH)
Unit production cost(UPC, $kg MeOH)

I I
01 02 03 04 05 06 07 08 09 10 11 12

@ Au (10 al %6J(Zn0Zr0;) (C:2.0%, 5:100 % T:220°C, P:8.0MPa) [46] P CusZn Al 20, (C27.7% 5:56.2%, T2T0°C, Pi5.0WPa) [28]
B in:0: (8 W%)Zr0s (C: 5.2% 5:98.8%,T:300°C, P:5 OMPa) [47] @ Pdiplate Ba:0x(C:17.3% 5:51 6%, T:250°C, P:5.0MPa) [S7]

© g (10 at %Y(Zn0Zr0:) (C:1.0%,5:95%, T220°C, P:&.0MPa) [48] & PoiGa.0, (C:18.6%, 5:515%, T.250°C, P:5.0MPa) 58]

@ CuD/ZNO/ZI0,(E7:25:18 wi%) (C: 3 6%, S:89.1%, T-180°C, P:3.0MPa) [48] @ CuD/ZNO/Zr0,(57-28:19 W) (C: 18%, S:5129%, T240°C, P:2.0MPa) (48]

O CusZniAliZre  (C: 36.2%, 5:84.6% T250°C, P:9.0MPa) [28] @ CUD/ZNO(CUZN=30:70 at%) (C:5.9%,5:47 5% T220°C, P:2.0MPa) [58]

@ Cu-GaZnD (CuZn0:Ga,0.=552:3 W) (C: 4.6%, 5:815% T:270°C, P:2.0MPa) [50] B CuZn A, Zr, , (C: 20.2% 5:44.9%, T250°C, P:3,0MPa) [28])

@ Cu-Zr0.(1:1 %) (C:1.8%,5:77.5%, T260°C, PL0.8WPa) [S51] B CWZND/ALO,(HE CONMent 018 W% (C: 13.5%, 5:44.2%, T:250°C, P:30MP3) [60]

© Cu(10at%)EZN0/Z0:) (C:9% S:75% T-220°C, P&:0M Pa) [46] @ CHTS1(Cu™Zn=:AP-Zr=2:1:1:0 al %)(C: 258%, S40.9% T:270°C,P:5.0MPa) [61]
@ CuO/ZNO/ZI0;(57:28:19 vi%) (C: 7% 5:73.5%, T:200°C, P:3.0MPa) [48] B Cu-Zn0-2r0MgOIA;0; (C: 12.1%,5:36% T210°C, P:2. 0Pa) [82]

© CusZnAly:Zrs | (C: 25.6%, 5:73.4% T250°C, P.7.0MPa) [28] ® Cu-Zn0-Zr0CuZnZr=41:30:30 mol%) (C: 13.2%, 5:323% T:240°C, P:2.0MPa) [63]
® CusZnil Zro  (C: 14.8% S:69.1% T210°C, P5.0MPa) [28] @ CulZn0-y-AI00H (Cu Zn:Al=E3 203 a15%) (C:21.4%, S:31.8% T 250°C,P:2.0M Pa) B4
® Cuizn0 @n-Si0. (C: 9.8%, S866%, T:250°C, P.E.0MPa) [52] @ Cu-Zn-CalSi0,(CuZn0:Ga.0.=53:2) (C: 2.0% 5:20.6% T:270°C, P:2.0MPa)[53]

B CusZniAizZro: (C: 20.7%, 5:64.6% T230°C, P:5.0MPa) [28] B CusZniflaZre (€ 32.8% S126.7%, TA10°C, P1S.0MPa) [28]

® Cu-ZnSi0,(CuZn0=55) (C: 2.0% S85.7% T:250°C, Pi2.0MPa) [£3] @ CuZn0/Z0; (CuZnZrNa=34327:1 vith) (C:22.8%, 5:21.3%, T:270°C, P:3.00Pa) [65])
® CUD/ZNO/ZI0,(57:28:18 vi%) (C: 11.1%, 5:61.3% T:220°C, P:3.0MPa) [48] @ Cu-ZI0-Zn0(111 2 vi%) (C: 10.2%, S 208% T:260°C, P.0.9MPa) [51]

® Cu:ZniAli:Zin (C: 25.7%, S:61.3%, T250°C, P5.0MPa) [28] P Cu-Zr0A:05 (C:8.9% 5:13.8% T:250°C, P:2.0MPa) [62]

® CuiZn0/A;0./Zr0 (atomic ratio=2: 1:1:0) (C: 85%, S:61.1%, T:220°C,P:3.0MPa) [54] @ 12CuSZrry-A.0; (C: 159% 5:12.1% T260°C, P:3.0MPa) [26]

© Zr-Cu/ZnO(CuZnZr=333214 wi%) (C: 26 4% 5:60.5%, T:250°C, P:5.0WPa} [55] & Cu-Zn0-Zr0ACUZnZr-34:26:40 mol%) (C: 21.6%, 5:108% T:280°C, P:2.0MPa) [63]
® LoooClorZne -0, (C:6 4% Si57.9%, T250°C, P.5 0MPa) [56] @ CUO-ZN0-AL0,(E4M )(C: 21.6%, S7.7%, T:300°C, P12 BMPa) [49]
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100-
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Z 80 4 B 2 CuZeO(CuZnZ=3332: Mt} (C: 25:4%, SH05%, T:250°C, P.5.0MPs) [55]
5 e B LagsCuw Zng 40, (C:8.4%, 5:57.9%, T250°C, :5.0MPz) 58]
3 50 @ CoZn Al Zr, ,(C:2T.T%, 5:56.2%, T2 C.P:5.0MP3) 28]
& b 5 P Pdiplste G204 (C: 17 3%, S:51.6%, T:250°C, P:5.0MPa) [57]
T 40 B PdiGa.0,{C: 19 6%, S51.5% T:250FC, P:5.0MP3) [58]
2 @ CuliZn0/Zr0,ET:28:15 witt) [C; 18%, 55 1.2%, T240°C, P:20MPs) (48]
=

085 ; 2 CuOVZnO{CuZn=30:T0 3t %) (C:5.9%, 5:47.5%, T 220°C, P:2.0MP3) 5]
= & CuZn Al Zr, (C:20.2% 5:44.5% T250°C, P:3.0MPs) 28]
& CuZnDiALO {Na contentD. 18wt} (G 13 #42%,T:250°C, F:30MFaj [80]
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y : ' ® CuZnO-y-AIDOH(Cu:Zn:Als8325 B3t %) {C:21.4%, 5,31 8%, T 250°C, P-3. OMPa| B4
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O Cu.ZnAlZry (C 38.2%,554.8%, T2E0°C, F:3.0MF3) [28] @ Cu-Zn O-Zr0; [CuZn:Zr=34:25:40 mol’) {C: 21 £%, 5:10.8%, T:280°C, PZ OMFa) (3]
O Cu-GaF0(CuZn0B6a0.=5523 wth) (C: 4.8%, 5:81 5%, T2T0°C, F:20MPs) [50] © CuO-Zn0-ALOLEM) (C: 21 4%, ST7%,T:300°C, F;28MPa) [49]
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