") Check for updates

Journal of Hydrogen and New Energy, Vol. 34, No. 3, 2023, pp. 316~326 .IHNE
DOI: https://doi.org/10.7316/JHNE.2023.34.3.316 pISSN 1738-7264 * eISSN 2288-7407
xg| o oIl HELE = =] =1 =]
ESE HE dLS Pict BolePH OftelEt MR} SHO| HE BISY|
L — |
go |_—-Il
UTL - QYE - NBIF - HF - Y3

Performance Analysis of Adiabatic Reactor in Thermochemical Carbon
Dioxide Methanation Process for Carbon Neutral Methane Production

JINWOO KIM, YOUNGDON YOO, MINHYE SEO, JONGMIN BAEK, SUHYUN KIM '

Plant Engineering Center, Institute for Advanced Engineering, 1175-28 Goan-ro 51beon-gil, Baegam-myeon, Cheoin-gu,
Yongin 17180, Korea

TCorresponding author :
shkim0605@iae.re.kr Abstract >> Development of carbon-neutral fuel production technologies to solve

_ _ climate change issues is progressing worldwide. Among them, methane can be
Eg\cnesl:zd ig f,,pa';";gff produced through the synthesis of hydrogen produced by renewable energy and
Accepted 23 June, 2023 carbon dioxide captured through a CO> methanation reaction, and the fuel pro-

duced in this way is called synthetic methane or e-methane. The CO> methana-
tion reaction can be conducted via biological or thermochemical methods. In this
study, a 30 Nm3/h thermochemical CO, methanation process consisting of an
isothermal reactor and an adiabatic reactor was used. The CO conversion rate
and methane concentration according to the temperature measurement results
at the center and outside of the adiabatic reactor were analyzed. The gas flow in-
to the adiabatic reactor was found to reach equilibrium after about 1.10 seconds
or more by evaluating the residence time. Furthermore, experimental and analy-
sis results were compared to evaluate performance of the reactor.
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Table 1. Reactions of CO, methanation

' . AH
Reaction equation (kJ/mol) Response type
COr+4Hy = CH4+2H0 -165 CO; methanation
COytHy = CO+HO 41 reverse water gas shift
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Table 2. Composition and content of catalyst

Material content (%)
Nickel oxide 1-5
Aluminum oxide 35-45
Nickel 40-45
Magnesium oxide 5-10
zeolite 10-15

Journal of Hydrogen and New Energy <<



M

EQ NoH=4:19] BIE 2 Fste] Fuf 2hedS
Z&etact. Sl g TR olF CO, HEs}: vh-g
ZH|Ql Hy:CO=4:1 0]A9] H|&2 7IAE I35
T}, Fig. dof|A] gl 4= Qlzo] B4 &4 244
TF 1A §ER 8AI7F Bt Ha 96 Nm'/h, CO,
2 Nm3/h0]E‘r o5 12} Uk o)A ujZH 3 7}

£ heater-2E £3)] 250 CE o+ w-8-7|of ZZ3}
‘Ritk @ W37 I RS, AR TS, o vk

[ ] TC1

v

. - TC2
s | B v TC3
gV n © TC4
Tz = };30 4 TC5
_I_,,m TC6

X +

200

780 r‘i;i'g:t i

T 3

200

k3

4

200

= |}

Fig. 3. A schematic diagram of adiabatic reactor

100

20

&0

40

Feed gas flow rate (Nm3/h)

20

0 T T T
03:00:00 05:00:00 07:00:00 08:00.00 11:00:00

Time (sec)

Fig. 4. Feed gas flow rate of 30 Nm%h thermochemical CO;
methanation process

>>

rot

222N R3S =2

2.3 NBHoIM Z4 U

Fig. 59} o] &g w719 A&
g Z2adYe olgsle 34 mAE £
t}. Fig. 59 stream-10f] HAME ©F ¥hg7] 3+ &
A 7]./\ AL 8/\]7} o Z3Ysl A
7kl CHy 55 58%, Hy %% 32%, CO, 55 10%,
36 Nm'he] S 2 A8 Agstar). 2eln
W R 0CE Yastel 35718 o) 54
£ Befatthn st B Wl B A

_,d
>
et
<
7
10
o,
£

>~ ofr

A2 A Ego] Hof| H43519Tt Fig. 59] stream-3
= Hpg AA 180-600T H oA A&
o] AdstaL, stream-79] Fels W= A3 10-30
barg HelollA] AlEo]dst3it) o] & Sal B3tetA
B3 ZdeiellAl COp HRts} 349] ¥h37] YH(stream-3)

oA & Aol X](Gibbs free energy) W37} §l
L A o] HE AL HRE T AAER AAsl=
712~ ¥1-3-7](Gibbs reactor)E Z-&-3ich A HWHS
T AR Wl ANE] S BESIAE
eleka) 7] el AlA Aol AHgF Suie) 3
g 2521 180°C o)dellA AlEdoldS S35t%
ohowe7] B kA0 L S 24, S A
g3o] B WS ol g Thao] S WSS 3}
Sl }ﬁﬂr. Zull A2 0 &2 Peng-Robinson AFE] Hr
g4

9

% (o
l.ﬂ

WATER

PRODUCT GAS

Separator-2

WATER

FEED GAS

Heat
Exchanger-3

Adiabatic
reactor

Fig. 5. Process flow diagram of adiabatic reactor

H 343 HI3Z 2023 6



2 7] E(stream-4) 9] 2o whE AYAF Th
(stream-7) 240} ABAAE E&319LL, 02 A
Avtel uw BAsLYc

3. ZAu} U jxEt

ES

3.1 Aol Znt B4

CHs 355 ZAIRE 9otk Algdo]d Aol A
CH; %= 30 barg, 180Col|lA] 90.7%= X gkl
< 3115}91, 10 barg, 600C 2704 67.1%= X4
FAE gelstqley. Ad 2420 34 o 11 barg
o] AlEdlo|d A 3.3%9 A3 2 AlEY ol
A3} v 2853k

RHRE Aol 402 130 mm Hol A gl TC3
o ek A Ao R b BT, ol 25} 7
A vk TCLah 3 oF 250°C 9] Aol 5 1Yl TC2
£ W oF 265ColN ArjH o QYT LS W
itk A A2 3AF 5 27} 430CrHA) ek
Ak o) 1A17ke] A 7|E &% 27 WojH,

ot oot sk AA o AxE GH(TC4, TCS,
TCO):= Afa o R 22 W Zojo| meh 2= W
72X okteh 97l 71 ofEiFol $1A)
TC69| =7} TC3H T Ve 7gfAdS Hirt. o
Al w A 2AA] TC3 K29 Full3 Aol Al
wgks} ghg-o] A o EushA dold &

=

n

ET 7 =2
woh whge] Aste WY Aol /AT, W
7] 2 Aolsk @steral et 34 B CH

o]
=
Ak ol ¥R 2=7F WEE E3sH CO, 1

100

=
a 400 = g
= MMW.;\%"W- 60 3
5 i
B 300 | S - * o
2 M"m"m I i U SN §
= F40 o
= 200 { TCH =
o TC2 s
=  TC3
= TC4 20
100 4 = TC5
TCE
+ Adiabatic reactor inlet CH4 concentration
0 a  Adiabatic reactor outlet CH4 concentration 0
——— — — — T —
03:00:00 05:00:00 07:00:00 09:00:00 11:00:00
Time (sec)

Fig. 6. Reactor temperature and CH4 concentration change over time

Vol. 34, No. 3, June 2023

Journal of Hydrogen and New Energy <<



o] P vAE Fo W

s
=i
o
o
=)
%
&
olo

7] B 7h9] CHy S57h gasha Fe A4 7}
29| CHy 5% E]F fadhs B3-S Bk o=
Sl whg 7)) A5 COp wleks} Hhgo] o]o]
HeE ofulRie). 0|3 Y] LEG CH B,
W] AT B ks SEe) A vas §
3w el H5e Bkt

w
w
nz
02
%o
>
1o
o
)

%
n
(3]
=
K
A
i

AE =AY oluf T ®R37] =9 CHy &
e S5 el Fake Edd), 4718 &
s Zgshch Alm Ae 49 Aue 59T LF,
otel, 249 T3 71~ AL Fig. 59 stream-19]|
Agsto] Aol ddle o @ w7 AT &=

(steam-3)2} ANE CHy -5 %(stream-7)2] A1
ojch. Yli M2 Alm A} - Aol 20
A HES7) S 2k (stream-4)9F AB4iHE CHy 55
(stream-7)2] “FA 0|t} ¥Hg7] 2%t CHy 5=
Ato] o] FHAIE Foll AR W] & 270
M= CHy F=7F oF 15%71A] 2tol7h & 4= laS
gRletoiTt TC3 d3kshd Wy e 2= 2719
Y% CHy =04 £25C H9e] x5 HojE

ul

o

85

ok 52 WRFOR Ze ool A 42 WaFo R 75
mm "o TC3} TC49] & HIE H|W S
8

o Euh3 S e Aole] £ Roli of
0T & 4= glek Ageold Auol A whg7] <)
279 L8 Holiz ¥HE7] AT CH, 5=
b gagel wet BolEdnh Telw 139 2
CH, 5% 237h ABdold Azl vm 49|
A SARE FAsTE E A CO; ol

3

4
N}

P o 59 77 OF 110% o dollA HE /el
of =gt AL ou|gith. E3 A 7tAvE B A
glof =galel7] miio & A2l A Adujd 30
Nm'/hg CO, wets} SME| T uhs7]7} e

Moz MAsck B/ 4 9k

= =
B Lol Al 30 Nm'/hg g3sha wjeks) ot
g ZHES] @ w7 e B7HE Y6l AE 4

80 "

75 4

= TC1
o TC2
= TC3
TC4
= TC5
TCS

CH, Concentration (%)

70 4

65

—— Simulation(Adiabatic reactor inlet)
—=— Simulation(Adiabatic reactor outlet)
T T T T

200 250 300 350

400 450 500 550 600

Temperature (C)
Fig. 7. CH4 concentration change in production gas according to adiabatic reactor temperature distribution

>> S22 ALK =

il

Ho

H 343 HI3Z 2023 6



oh 4G ERIRES BT T ABdolM A
S vl B4R vl 242 B B a7
83 Qe CO, st 3 9 Wl 5
He AT 5 UoT The 2L ANE P 5
313!

D)

)
_@‘
=N

skeict

2) Al Ego]dollA CHy % 58%, Hy 5% 32%,
CO, 5= 10%, 36 Nm'/ho| S-S 7k A 7pAS
9 w71 Faes W A=Y CHy 5=
67.1-90.7%2] WS Hct

3) & Ao AF 2N ©E g0 Ht
oF 60%°] CHs 5=9] &4 7125
AR 9 7kaY] CHy SRt B
skeict

4) 3kt CO, Hgksl FAollA ¢ ¥h7] 2
7t SR CO, HeEY CHy Ag =7} F7tst

5) Ag Zit fArE 249 9 gl
HhS7] S AAF 7EA0] CHy %7t OF 15%7H4]
Zpol7b 4= S EelskGiTh

6) @

= 2
olFe AT AlRolA FE Al =EskRitk

7) Fujek vEe7] A AE AT g Be
ot mEbA S Aulg FEs] Aol S A4
of tigh Y ALY A 2S5, vk AR
S)E VN R ANAPE deke Aol ad ¥
A Aledold 2aE Sl W71 A AAHE,

27] 58 w&do} dria A,

for

71

E A= 2019, 2021 AR EARIAES] Y
S & F=rofl v A7) 7FAKETEP) 9] 2| ¢S whot
33t A3 kA 9(No.2019281010007B, No.20218
801010030).

Vol. 34, No. 3, June 2023

References

1.

E. Martin-Roberts, V. Scott, S. Flude, G. Johnson, R. S. Has-
zeldine, and S. Gilfillan, “Carbon capture and storage at the
end of a lost decade”. One Earth, Vol. 4, No. 11,2021, pp. 15
69-1584, doi: https://doi.org/10.1016/j.oneear.2021.10.002.

. C. Hepburn, E. Adlen, J. Beddington, E. A. Carter, S. Fuss,

N. M. Dowell, J. C. Minx, P. Smith, and C. K. Williams, “The
technological and economic prospects for CO; utilization
and removal”, Nature, Vol. 575, 2019, pp. 87-97, doi:
https://doi.org/10.1038/s41586-019-1681-6.

. International Energy Agency (IEA), “World energy outlook

20227, 1EA, 2022. Retrieved from https://www.iea.org/re-
ports/world-energy-outlook-2022.

. J.Kim, C. Huh, and Y. Seo, “End-to-end value chain analysis

of isolated renewable energy using hydrogen and ammonia
energy carrier”, Energy Conversion and Management, Vol.
254,2022, pp. 115247, doi: https://doi.org/10.1016/j.encon
man.2022.115247.

. Global CO; Initiative, “Global roadmap for implementing

CO; utilization”, Global CO; Initiative, 2016. Retrieved from
https://deepblue.lib.umich.edu/bitstream/handle/2027.42/
150624/CO2U_Roadmap_FINAL_2016_12_07%28GC
1%29.pdftsequence=1&isAllowed=y.

. J. Ashok, S. Pati, P. Hongmanorom, Z. Tianxi, C. Junmei, and

S. Kawi, “A review of recent catalyst advances in CO, meth-
anation processes”, Catalysis Today, Vol. 356, 2020, pp. 471-
489, doi: https://doi.org/10.1016/j.cattod.2020.07.023.

. Y. Xing, Z. Ma, W. Su, Q. Wang, X. Wang, and H. Zhang,

“Analysis of research status of CO, conversion technology
based on bibliometrics”, Catalysts, Vol. 10, No. 4, 2020, pp.
370, doi: https://doi.org/10.3390/catal10040370.

. D.Han and Y. Baek, “A study on the synthesis of CH, from

CO; of biogas using 40 wt% Ni-Mg catalyst: characteristic
comparison of commercial catalyst and 40 wt% Ni catalyt”,
Journal of Hydrogen and New Energy, Vol. 32, No. 5,2021,
pp- 388-400, doi: https://doi.org/10.7316/KHNES.2021.32.
5.388.

. J. Schildhauer and S. M. A. Biollaz, “Reactors for catalytic m

ethanation in the conversion of biomass to synthetic nat-ur
al gas (SNG)”, Chimia, Vol. 69, No. 10, 2015, pp. 603-607, d
oi: https://doi.org/10.2533/chimia.2015.603.

. S.Hwangand R. Smith, “Optimum reactor design in meth-

anation processes with nonuniform catalysts”, Chemical
Engineering Communications, Vol. 196, No. 5, 2008, pp. 616-
642, doi: https://doi.org/10.1080/00986440802484465.

. B.Redondo, M. T. Shah, V. K. Pareek, R. P. Utikar, P. A. Web-

ley, J. Patel, W. ]. Lee, and T. Bhatelia, “Intensified isothermal
reactor for methanol synthesis”, Chemical Engineering and

Journal of Hydrogen and New Energy <<



13.

v
v

Processing-Process Intensification, Vol. 143,2019, pp. 1076
06, dot: https://doi.org/10.1016/j.cep.2019.107606.

. H. Lee, S. H. Kim, and Y. Yoo, “Design of cooling system for

thermochemical CO, methanation isothermal reactor”, Jo-
urnal of Hydrogen and New Energy, Vol. 33, No. 4, 2022, pp.
451-461, doi: https://doi.org/10.7316/KHNES.2022.33.4.4
51.

J. Deng, K. Bu, Y. Shen, X. Zhang, J. Zhang, K. Faungnawakij,
and D. Zhang, “Cooperatively enhanced coking resistance
via boron nitride coating over Ni-based catalysts for dry ref-

B
Nu]

bl
r

-~

rot
+

= VENE

lob
rr
Mo
j10a]

14.

olr
AT
1%

orming of methane”, Applied Catalysis B: Environmental,
Vol. 302, 2022, pp. 120859, doi: https://doi.org/10.1016/j.a
pcatb.2021.120859.

Aspen Tech, “AspenONE V11 getting started guide”, Aspen
Tech, 2018. Retrieved from https://www.aspentech.com/en
/getting-started-guides.

. D.Y. Peng and D. B. Robinson, “A new two-constant equati-

on of state”, Industrial & Engineering Chemistry Fundam-
entals, Vol. 15, No. 1, 1976, pp. 59-64, doi: https://doi.org/
10.1021/i160057a011.

H 343 HI3Z 2023 6



2319 - QYE - M2l3| - 950l -
Appendix
Table A1. Material balance of stream of Fig. 1(b)
i Stream number
1 2 3 4 5 6 7 8 9
Temperature (C) 30.00 | 261.12 | 350.00 | 350.00 | 185.71 | 70.00 69.99 | 322.57 | 300.00
Pressure (bar) 20.00 19.95 19.95 19.90 19.85 19.80 19.75 19.70 19.65
Mass flow (kg/h) 72.42 72.42 72.42 72.42 72.42 72.42 22.71 22.71 22.71
Molar flow (kgmole/h)|  6.93 6.93 6.93 4.24 4.24 4.24 1.48 1.48 1.48
Composition (mol%)
Carbon-dioxide 0.20 0.20 0.20 0.01 0.01 0.01 0.03 0.03 0.03
Carbon-monoxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 0.80 0.80 0.80 0.04 0.04 0.04 0.10 0.10 0.10
Methane 0.00 0.00 0.00 0.32 0.32 0.32 0.86 0.86 0.86
Nitrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water 0.00 0.00 0.00 0.64 0.64 0.64 0.02 0.02 0.02
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Table A2. Material balance of stream of Fig. 1(b)
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Stream number

Parameters
10 11 12 13 14 15 16 17 18 19
Temperature (C) | 372.57 | 131.02 | 40.00 | 39.99 | 25.00 | 50.00 | 69.99 | 25.00 | 50.00 | 39.99
Pressure (bar) 19.60 | 19.55 | 19.50 | 19.45 | 3.00 2.95 19.75 | 3.00 2.95 19.45
Mass flow (kg/h) 2271 | 2271 | 2271 | 21.25 |1025.03[1025.03| 49.71 | 79.39 | 79.39 | 1.46
Molar flow (kgmole/h)| 1.42 1.42 1.42 1.34 | 56.90 | 56.90 | 2.76 441 441 0.08
Composition (mol%)
Carbon-dioxide 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Carbon-monoxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydrogen 0.02 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00
Methane 0.91 0.91 0.91 0.97 0.00 0.00 0.03 0.00 0.00 0.04
Nitrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water 0.06 0.06 0.06 0.00 1.00 1.00 0.97 1.00 1.00 0.96
> otmp RN U Xt =2 X347 HI3Z 2023 6
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