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Aqueous Mineralization Process of Carbon Dioxide from Flue Gas
using Aspen Plus and Exergy Analysis
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Abstract The aqueous process for the mineralization of CO, exhausted from industrial sites has been optimized through
exergy analysis using the commercial code, Aspen Plus. It has been verified that CO, could be converted to calcium carbonate
(CaCOs) via the formation of calcium hydroxide (Ca(OH),) using starting materials including calcium oxide (CaO) and water.
Modelling was performed by changing the amount of CaO for water from 1 to 50 w/w%. The highest yield of CaCO; was
achieved by mixing 15 w/w% CaO in water under the ambient condition. The current simulation using exergy analysis
contributed to finding an optimum reaction condition for CO, mineralization without high cost experimental works.
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1. A = | (Romanov et al., 2015; Sanna et al., 2012; Kirchofer
et al, 2012), FE3E oA dolx= EEE IR

2238} (global warming) 9] 8 M7k (green-  7P7HA] 9] Pm 2 -GS 4 917] TlEOIT (Xie et
house gases, GHG) 5 dI}Ql o]4F8}et 4 (carbon dio- al., 2016). 7] & gr3-2 of23} 2+ SksHke Al e &
xide, CO,)2 AZA71E= G874 Ho] x|&A o7 3 CaCO7} AAH T (CaSiO; +CO, — CaCO;+
ATE 3 QITh(Kenarsari et al., 2013). ©]& I5lA tF  Si0,, Ca(OH),+ CO, — CaCO;+H,0). - 8% H1
gt Aol ARtEI =, IF oktegA 2 -§8 A, oFUA (monoethanolamine, MEA) (Jeong
o] 3 9 o]gof tf3(CO, capture and utilization, et al., 2018; Woo et al., 2012) 2= <72 F7]F0] gt
CCU) (Rafiee ef al., 2018) 7]l 230l WAL gl FH Z=olut viivls AEe E42 554 (abs-
t}. £5] 33E317]4 (mineralization technology)oll T orbent) &= 2 A AFESI] CO,E B4 (carbonates)
g A7t A AAA S &2 tgsHA o] Rl Q= o] PR 1 Stol=t, o] A AFGAAolA] Ay
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== A8 (coal ash) 22 A-5-A (petroleum ash)f|
HgepALy, RGO Y H71E Aol
3]4=4= (ready-mixed concrete recovery water)tt <=3t
I (recycled aggregates)©] 2-8-0] 753t Aoz o
27 SIth(Li et al., 2016; Chae et al., 2009). 'HZ4-0]]
Al A Sk= w7k Yie] o, B8 fIeF FETA
e A AgFEeitEiet (g ERAtElE
s 4 Qlok ARgERatel 71eE 7hd]l o,
oF Ao de FrlEol e =4 v
(aqueous method)® 749 &-&0] ¢ &H2 Ao
U=, 7EAAEY Coy0t AV dEE] FrlEo
E 223} HH5-(gas-solid method) 3 7-$-ofl&=
0] Tha: WolA|, AdHhA o 2= 4-gollstofl A &
g F71E9 FEWES A% F Cooe HHAS

=] Y= THHFEES I (aqueous method)

|
|

o ol

o) F2 45T S1ch. bl A kel 2]
o] T BUL BAISES YRR o 4e He

HEA A of| A AR &=
S g5t QoA g RS AA5HA] A
T AA it o] Ak 5T 7 e B R A
7

) Hl-S=
BAL] AHEEE AR
2ol yEe] QoM E47 stk 244
oot Hpge At 71 ok 53] 2 Aol A
ofn] MA2| H4&

9] 22} (unit operations) =&
P

g7l A4 &

ru°‘

ol +Ed

gloJeHo] A7} ofAdlE

olt}. Es| sfshzA]

rlr e

5 100% 529

CaOE =0l sfiste] s=g-Hatell A Co,ote] Hhg-

2 CaCOy 2 A Z5H=

4% e 148 0 2 PZ)
S

a, °l°ﬂ ¢Eﬂ“ °1]L111% A7

OV\ﬂﬂ”EV\E *«%HH CaCO, & A&al= 7
BAFsEarAE skl o AHE-E= COZ% ?i_/tHH7}

T 3% 01]*1 ”Zﬂ *F‘lﬂ Eﬂol 1
9

PIEES S CaCO3

=
% gl 2718 B3 519

Ly = o o i 1 O ]:}
(Azdarpour et al., 2015).
2 ATof|A A R] EA (exergy analysis) (Querol
et al, 2013; Kotas, 1985)& 91| AR8-5]o13] of2HZ 2. 97 U R 24
22 (Aspen Plus, AspenTech, USA)E S}St3d A}
RoplA] 71y ol AL 4gst mA] Fol5F 2.1 OLAHBAAE AR BF 2ud
U, S BaAel whevleh kR et 2 @70 Tl 3L 7 1% Zor (Yiet al,
Flue gas » Stack
from plants 1 g
> Reactor | ———— |
|
ter il '
wa
v v
s Mixing water Storage
Mixing tank supply tank for by-products

Ca0o I

Fig. 1. Schematic diagram of aqueous indirect mineralization.
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2018), F=TAIStof| tigt 7|2 34 AR S 4
Hsh7] Slste] ofAH-E 2] A (Aspen Plus, AspenTech,
USA)E A8t 574 -2 918l SOLIDS =/ 4]
= AHESEAAL, 79 T 24811 CO, Llofl AA &
oA viE=E w717k 2430wt At
25k 7 ARESEITE CO, Baa2 AAl @A
AFg 5= W E Q1T E (membrane filter)E 5] 2
o 71202 80%2] COLE HH-7]o] F437] 98
d7gsto] 83kg/hr®] CO,E 7o = Aghitste] of
100 kg/hr7} SF 5= A0 & 75ttt 37 BA]l
ARG olekE-2 & 1] A4 25H 2™, CaO, Ca(OH),
Z18]3l CaCOs= A el = A8t o5 St
Az R Fndo] ARE IAURF A=

L (PSD; particle size distribution)& &3] ¢34
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0002040608101214161820
Particle size (um)
Fig. 2. The cumulative mass fraction used for the feed stream

with particle size.

Table 1. Summary of chemical components used in model-
ing of Aspen Plus in this study.

Component Component name Type
Cco, Carbon dioxide Conventional
N, Nitrogen Conventional
0, Oxygen Conventional
H,0 Water Conventional
Cao Calcium oxide Solid
Ca(OH), Calcium hydroxide Solid
CaCOs Calcium carbonate (calcite) Solid

oA T E B Ao WAE O] = GGS EE T (Gates-
=227
=

Gaudin-Schuhmann distribution function)& -85+
ot A Aol d S4d A AR 2 um 279
UAE A f15t, 0~2 pmE 23102 skl o]
25E Ard G 9 ghe G50 917 (regres-

sion)$t & &85t cH( ™ 2).

3}
3

2.2 YMX| 2M (Exergy analysis) 7|'H

H AFo A= & I5HT-S- (carbonation process) Yt
7 AA 2] 4 (exergy analysis) 7] H-2 HEF5ko HE
S5 oNA BT 4= e TS REEC] et A
£ Fofl Bt 84 W3E2E TS5, o) E 7]
o8 Aiufriio] mIHH ottt AE FEEHE

S Agote] B Q7B Saskct. of
=
(o]

i

rZo

flalf ofAmER Ao A= 7] 24
3] (property)E F7t& Y=ot ol Q.
A& 2% (temperature), & (pressure), ANE

21 (entropy, S), A= (enthalpy, H), 1|1 AA|Z]

(exergy)©|Th. o17] A, AX 2= Z2|4 AAA] (physi-

cal exergy) FHI 2 EE25 =], sHSEAE et &

9] 7122 =5 JEsial, AA AdE 44T o

19

i o o
e

it

N

We Fulstact Slo) A AAY W17 2
7 Bl F GaRe AT ST @A go.

A&7 SIHAl LR (Yi et al., 2018) 1 A] AHE-E

I

HU

= =
+ FF2 13069 kg/hro| o], o] ZgHE o]stsler
= 100.6 kg/hr (1306.9 kg/hr x 0.077)°]t}. o] = o4t
T4 83kg/hra e o2 AA| AdofM AMgH

oliteheA f-1o] 80% = RlE, AetsiA &

Table 2. Chemical composition of flue gas with 1306.9 kg/
hrat 25°Cand 1atm.

Component Mass fraction
Co, 0.077
0, 0.053
N, 0.747
H,0 0.123
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Fig. 3. Flow chart for the process modeling using Aspen Plus in this study.

FE AT L A thet B AT 727
QAR ANFORH £ AW Bk A @
Foll ofgh 228 =E5h7] A Rl B FY B
ALelA QI olAtstEradl ghe Q1ole] grog ol
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- =

1ol W2 A,
S8 29tEo] A 92 47k CaO’l A o= 7F
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48 AgoIA MorE TR 29 9] e
&5te] Ca(OH),E AGA17171 fIslA AR
g (@)°ll gt 2dolch. whebA = Aol
40l Z-53F (917 kg/hr) S HE2 /\}Q“g]';q
O, CaO9] AR HSIAIZIHA A 3%
o AL o AHAZ Aol T G B
TolME 42 (25°0) 7 %

DA BARAE Sshct
ofAHlER A4 AlFohe 7| Y Fof
A] RGibbs R &-& AR8-6131 01, 71 2702 thegRt 7

AEE Fsto] AASHA, 4 HE (phase equili-
brium)¥} 2}l E 9 (chemical equilibrium)< % 17
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&
(@)
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BAolL} AN BAT WA FES A7
B WAl ek 339 2712 bl
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QUAE EET 5 G 7N PR E A1 shgek
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2 AN tide R 42 AP & S
T (flow chart)E 19 30 TASHTE el

A At 248 23k Zet

« el o) A 9] §h-g-2 AAALE] (steady state) S
Aloh= A o 2 7SI,

7171 3%, 25 COp7F ohlet e
(mass fraction) 7|22 0, (0.053), CO, (0.077),
N, (0.747) Z12] 11 H,0 (0.123) & AF&35FAt
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)31 =357 (hydration process)¥} BH4HaEA
(carbonation process)= % HH-5-.2 =2 AAsl= 55

W37 RS ARSI
515 (Hydration process):
CaO(s) + H,O(1) — Ca(OH),(s) (1)

EFAFSEA] (Carbonation process):
Ca(OH),(s) + CO,(aq) = CaCO;(s) (2)

) 2wtz
$E Aol BL MSEEASE 7T 4 glon
2 2 Q7ML RGibbs WH87]R DL A185}5ict

3] AR ¢t AEF (stream; S1~S7)S
“IAI5] g efstaict. ool weh dat vk}l eRh-g
= &ollA CaO%} &= HHEAIA Ca(OH),E AJ48A
R
1

1

=
B2 AR, A 202 nAs|A Argeict

al
2]al ouf CaO9] ¥ &0 A 7ELR

d =9 FUF2 917 kg/hr
2 1YL, 018 71F 02 Ca0] AHHS £Y
S 2ok vgHekE TSt

A E Ca(OH),= Bi7|7tA2 5 2" Co, 7}

@)

Table 3. Description of stream numbers used in the pro-
cess modeling in Fig. 3.

:;:iat::r Description
S1 Products of the hydration process
S2 Products of the carbonation process
S3 A mixture of flue gases and recycled CO,
S4 Products of the carbonation process after heating
S5 The mix.ture of CaCO; and water after the
separation process
S6 Gas-phase products after the separation process
S7 Recycled CO,

201 S8 ollAfol| A HE-g5te] CaCOsE A/ eict A
Al Aol A= w7k Sl A 22 E CO,2 80%
o] Ao R ghgo] 7]ofspA|et, & FA A}
ol A= ==l glo] HiZ|I7kA RS A5k, 1306.9
kg/hro] vi7|7}A5 ARSI o] 23 CO,9)
&2 100.6 kg/hroloh. AR AR Q] 9= ngkg3et
7hAAge Hr o] EelaAeo]l Bagloy, & A
A A2 A 5F7] QoA = RSB m|ekg
=of thet F=FH] (mole ratio)”F B4+ Hlo]Efo]7] ]l
234 Frlotan 2 2 34718 Tdd
CaCO; (CaCO; +H,0)+= 1JHks-
211 0,25H 2 & AlZth 2954 fleiAl 2
Q3% I& FHo7] fste] ol 51H (heater)E A
A5kt & &, slEl7t lo] /4%
of = BadA 59 s59} $69] 27t el A5
O oq=]4=2] Bloll 59 Flo] Ha ojufjo] &=
Ca09] ol whef u]agh 2po]7} A7-& WSS
t}. 5] 25°Ce} 1atm AHIE FAI3F AdHlolAl 7}
Fole o, A9 Angk o CaOt Z9] g
E0] 50%%] ¢ 8,966 kWel Ao & SHelx|r).
19 39 FAEOA 2257 Fofl Water®] 7
=3} pehEgoll A A= ol 7] mH-S-E Ca(OH),
ojth. & E234& Fe 7, I E= CaCO;,
% (dryer) 38& FolA X 70%7H] E& &
Folet & AolA= AHZ-gaka] kAT
7d HAM A= Ca(OH), 784S o= A&+
oA AHEERE 9] FZ HoFolr] laliA e
& o7golch

L
Olt
QL
o
o
lo
N,
O

A

ol

o
il

Ol

M (Exergy analysis)2 Al2st

A 23e 8ok, 2 S| MRS Aldst
Al ol Btz 249 CaO A 25 285
< o, A== Ca(OH), & A (1)& ARgsto] ALtst
AL, i 717k ek CO,9He] BHe= A (2)5 Sl
A ALY A= 3 40] Q087 HEeH T floflA] A
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B8 7| 2E8S ARESte] T kg mdo] eHg A o
2 2FEohs 2712 27] fIoiA] AAA] 24 (exergy
analysis)= =35} T} (Choi ef al., 2017; Querol et al.,
2013; Kotas, 1985). &S} A1 2] (the first law of ther-
Sh= oA A1 (energy
analysis)= 22] o JZ]XE (energy conservation)©]l
tisiARt £40] 7Fsstr] wizel, Al 57 HelA
A== oY 2|4 (energy loss)©] dofth= 14
(location) 1811 =HFEl= < (quantity)S THeted 4=

+ Aok whebA] Bhg-87 ol A1 9] o v 2] 9] A (qual-
ityy oAl JgFA g Prket 4= gl ofof wt
Sto] A8} A28 2] (the second law of thermodyna-
mics)& 7|HtC & St AAZ|7IH-E AU ¢S
et ARAQl 2A40] 7FsstR e S04 dojus
oflvz] Halehs Het dgstA BAE 4 ok
WA AR, 2 T 22} (unit operation) 2] FUEE
W HlEghE ke s EAo] dofub= AWt
AAE ztetste Aol 7Hsstn g, shotgrgd24of
da] A8-H ot (Noroozian et al., 2017; Mukherijee et al.,
2015).

A2 Z4E Heie 1A o= FE4 A
(physical exergy, Ex_phys)@t 2Fel4 ol 4 2] (chemical
ShAl Astalor gk, ol =
2 H A 2] (Ex-phys = (H-Hy)-To(S-$p))= LA L.
2 ofrmiBel AR ALgsiol AUHE 4 ek Zel
AXZE Aok AollA Het s= AFEE= 2=t
4= (T, Pl oEsh= <12 (kJ/mol)<} NE =]
(kJ/mol.K)E& e, Hog]' solf: M=

modynamics)< 7|5FO.2

exergy, Ex_chem)& &

Table 4. Standard chemical exergy values at 25°C and 1 atm
(Szargut, 2005).

Species Standard chemical exergy (kJ/mol)
0, 3.97
CO, 19.48
N, 0.72
H,0 0.90
Ca0 127.30
Ca(OH), 80.80
CaCo; 16.30

Ty=25°C, Py=1latmo]l A 7Altto] H A n]et dER
u] 2ol BletA oM x] o] o= olEHo® A
ztol 7HssHAIRE, 7 Aol s & 3o vt
3 #2 ARgSHITh HhE 37 A
(Total exergy =Ex_phys+ Ex_chem)2 =2 Z A Z]
o sfetA A 25 qFsto] A4tstATH (Querol et al.,
2013).

B 5+ 1% CaO (CaO/H,0 =9.17 kg/hr / 917 kg/hr)

oA o] MR Aitolrt. 2 ALES flsf o
FRO] ol 2] 7} E2] 57 (separation process) ]| 4] 5]
B 7FEol AHgE7] wizoll Hg7]ol A dofut= <
A7) WiskE k)] gl e Rue SR
VST & 59] S HH, Ca02] ol whabA]
XA (heat of formation)©] WSR2 o]o wha} ghAE
57l YIS wAlE Ae WHsH 18 ®
30 AEl=o] = 2 S RE oA ARERE S1~87
o] 7, & 59 60l =] A= AAE s17 28
ALt BE 2EH (stream; $3~87)2 =2 H A ]
O] FaFol glaL, skt Azt k-2 o 4= qlh
ole 11 A% gAY s AT ERAAMRE F
Q@ Hgt gelQl o=} 2k of Hshrt gleS vkl
ot

CaOE 1% 713t 7-9olli= SAFeEE7]9] oA
Z17F &4k (negative value) &2 AXTE O 24 A A

5
=]
HHo

ol

Table 5. Compilation of physical exergy, chemical exergy, and
total energy in kW for each stream under 1% CaO in water.

Stream Ex_phys Ex_chem Total exergy
Ca0 0.0 5.8 5.8
Water in 0.0 12.7 12.7
Flue gasin 0.0 24.0 24.0
CaCo; 0.0 0.7 0.7
Flue gas out 0.0 20.8 20.8
Liquid out 0.0 15.0 15.0
S1 121.0 16.4 1374
S2 153.9 38.9 192.7
S3 0.0 26.3 26.3
S4 0.0 38.9 38.9
S5 0.0 15.7 15.7
S6 0.0 23.2 23.2
S7 0.0 23 23
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Table 6. Compilation of physical exergy, chemical exergy, and
total energy in kW for each stream under 10% CaO in water.

Stream Ex_phys Ex_chem Total exergy
Cao 0.0 57.8 57.8
Water in 0.0 127 127
Flue gas in 0.0 24.0 24.0
CaCO; 0.0 74 74
Flue gas out 0.0 129 129
Liquid out 0.0 15.0 15.0
S1 1175 49.0 166.5
S2 150.1 36.7 186.8
S3 0.0 254 254
S4 0.0 36.7 36.7
S5 0.0 224 224
S6 0.0 143 14.3
S7 0.0 1.4 1.4

30
S 20
x j
% 10 1
8
2 -10-
g A
g -20—.
0O 304
-40-1~ T T T ' T v 1T T 1T v 1T

2 4 6 8 10 12 14 16
% of CaO in water

Fig. 4. Destructed exergy of the carbonation process in kW
as a function of CaO concentration in water.

g A AA 2] F (exergy blance)o] B2 22A H
o} whebA CaO & WIZMAIA 7HHA F3k (posi-
tive value) © 2 Hol= 2]3-Z Frof dA 2] BAS 9
o)A APstet. 28 404 HAFE AXH
9%-CaO (CaO/H,0 =82.5 kg/hr / 917 kg/hr) = 71H-&
o e ehAtelE g o] AXR 7 Fr o2 e}
AZF8F9 L, CaO (CaO/H,O =91.7 kg/hr / 917 kg/hr)
7} 10% == 3 204 AR AARE F 6ol
Aefotaieh. 2 AtollA AA| AR O] mE oA
Z] (total destructed exergy, %)= AA| A|2EOA AL

Table 7. Total exergy of inflow and outflow for 10% CaO.

Exergy in (kW) Exergy out (kW)
cao 57.8 CaCO, 7.4
Water 12.7 Flue gas 129
Flue gas 24.0 H,0 15.0
Heat duty 572.3 Ca(OH), 0
Total exergy in 666.8 Total exergy out 353

Total destructed exergy (%) =X destructed exergy/Yexergy, in=
(1-35.3/666.8) X 100 =94.7%.

100
. 15%
T -
>
)
< 901
©
[0}
8 851
=
£
$ 801
©
R 75-
10 20 30 40 50

% of CaO in water

Fig. 5. Total destructed exergy (%) as a function of CaO con-
centration in water.

|5 dxx]et najE AA)z] o] v 2 A OJE|o Xt
A A= 9 3] FHE] YERD Flue gas,
CaO 12|31 Water 9ok =3HiH-g-of AR5l o1 2]
(heat duty) &= ZFFEITE, 3 70 CaOS 10% AFEFH 7
Sofl thaliA A= Artg A2l w3k 19 500
A & 5 Q0] Ca09] F&7t 9%l A FE 15%7H]
= A A A"Q] o] e A R] (destructed exergy)
H3P7E A9] fleh7t 15% ol 7B+ HA Aarls
o] TEE o) 2 HFS wA6H] $IiA Ca0
S gk AN Z] ghe] MskE & sofl Aot
Ak of) A=) AAY 3hE-g-S AAA A
A== Ca(OH),7F F+YEl= CO,9F v 2 ¥h-g-5t
D02 CaCOs= 15% ol Foll= 1 Aol dgsiA
FAES TSI £, CaCO,E A/dsh= Hl AHS
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Table 8. Compilation of total energy in kW for each stream under 15~50% CaO in water.

% of CaO in water

Stream
10 15 20 25 30 35 40 45 50
Ca0 57.8 86.7 115.6 144.6 1735 2024 231.3 260.2 289.1
Water in 12.7 12.7 12.7 12.7 12.7 12.7 12.7 12.7 12.7
Flue gasin 240 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0
CaCo; 74 104 104 104 104 104 104 104 104
Flue gas out 129 9.4 9.4 9.4 9.4 94 94 9.4 9.4
Liquid out 15.0 186 36.8 54.9 73.1 91.2 1094 127.5 145.7
H,0 15.0 149 147 145 143 143 139 13.7 135
Ca(OH), 0.0 37 22.1 404 588 58.8 95.5 1138 1322
s1 166.5 1827 198.9 21522 2313 2475 263.7 279.9 296.1
Y] 186.8 187.9 206.4 224.8 2433 261.7 280.2 298.6 317.1
s3 25.4 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0
S4 36.7 394 57.5 75.7 93.8 1120 130.1 148.3 166.4
S5 224 29.0 47.1 65.3 83.4 1016 1197 137.9 156.0
S6 143 104 104 104 104 104 104 104 104
s7 14 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
'The exergy for Liquid Out is the sum of H,0 and Ca(OH),,
240 480 25
G S Ca0(s) + H,0() = Ca(OH),(s) .
220 = 120 2
15% = =
= S 440+ )
£ 200 3 15 &
g o
= T 420- °©
&) ‘5 -
8 180- £ r10 3
© % 400 =
O ] 8
)
160 ” 380 F5
/ 1 Ca(OH),(s) + CO,(aq) = CaCO,(s)
- & 100 200 300 400 500 600 700
T T v T T T ¥
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Fig. 6. Production of CaCOjs in kg/hr as a function of CaO
concentration in water.
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