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Abstract : The methanol production systems with Solid Oxide Electrolysis Cell (SOEC), System 1 and System 2,
were designed and their efficiencies were calculated using High Heating Value (HHV). In System 1, the unreacted
gas such as uncondensed methanol, hydrogen, and carbon monoxide was recirculated to the compressor inlet. On
the other hand, this mixed gas was recirculated to the compressor outlet in System 2. In the calculation results
under the standard condition of 80% gas recirculation, the system energy efficiency was calculated to be 81.9%
for System 1 and 83.5% for System 2. Furthermore, the methanol energy efficiency was 39.1% for System 1 and
52.3% for System 2, hence the efficiencies of System 2 were higher than those of System 1. In System 2, when the
supplied flow rates are 4 mol/s for H, and 1 mol/s for CO,, the methanol production rate and the concentration
of the methanol product were calculated to be 3.05 ton/day and 72.5 %, respectively. In addition, the maximum
methanol energy efficiency at the recirculation rate of 95 % was calculated to be 56.6 %. The byproduct gases of
H, and CO provide sufficient heat to purify methanol aqueous solution to 99.8 % purity.

Key Words : Methanol production, Solid Oxide Electrolysis Cells (SOECs), Co-electrolysis, Renewable energy,
Power to Gas
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Fig.1 Process flow diagram of methanol production systems using SOEC.
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Table 1 Standard calculation conditions of the methanol production systems with SOEC co-electrolyzer.

Parameters Values Units
Recirculation rate of exhausted cathode gas at co-electrolyzer 5 %
Recirculation rate at methanol reactor 80 %
Supplied gas utilization at co-electrolyzer 80 %
Supplied CO, flow rate 1.0 mol/sec
Supplied H,0 flow rate 4.0 mol/sec
Temperature at co-electrolyzer 850 °C
Temperature at methanol reactor 200 °C
Co-electrolyzer pressure 0.1013 MPa
Pressure at methanol reactor 5 MPa
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_ - mmetbanalAHrst ( 1 1 )

Ly
KYATATIE, A = VERERELDENERIC
Beolzry ) —VHERE RIS AD—%E Y AT LAHNT
HARBRT 505, BEERL WA ZEAEwE LTl %
HXE Lize ZOUFH A DIREESE BrEKBEHR o X ¥
= VOBRBEEIMA, aTE L, RA2) DX I I AT

L DRI A F =R N overal LEFK L7,

- > .m; AH,

Noverat = — (12)

L supply

AH, - WHT A LR & OWBER [J/moll\ Ly, - 4t
iaE (W] 22hzhikd,

1 methanol

BRELVER

3.1 YAFL1. 2DHE

B2 ICAKY ZAF DRI FVFE—RRp 0 & HA
FEREOMBBEORAY J — VIRV F =y vl
EHAFEERBOMMREZRT . AT, Y A741°T
DERIANVF—NEE 7 erans AT/ — VIRV F—
HEE D ety Y AT D 2 TOLKI RN F—5%%
Nooerars * 5/ = WVI ANV E—=RIRE 1 ymemana £ L720
FHEBRS WS, SR AV F =5, VA7 41
81.9%. Y AT L2 :835% Thotze TDHEIF. VAT
b 2 DRBELZFEEFANOREAL RN F =PRIV &I X
Bo WIT, WY AT HADEERI A F =R 7 A FIHBR
ROBPNZFEVIRA L7225 ¥ A7 4 2 T H A FEBRR
0% 75 LM ThH 2 7 A FHEERE 0% F TEIAT %
WE—RIZ2.2HK4 b (pt) LMET LA, —
Tiv VAT A1 TR EERETOEEKT AL F—RIL

100 =
=~ Heater

= ~—— Steam Generator
o 801 —— Chiller
E i
|
F o
[
=
o
a
'S 404
) Heater

20 A H
E Steam Generator i Chiller

-_—:'2
[] T T T
1] 20 40 60 80 100

Recirculation rate [%]

K3 2EB{ENICHTIEBREZTCOLEZENDEIEGELEAR
BREREORR (&R - BEEXH)

Fig.3 Percentage of power required by each element in
total supplied power as a function of gas recirculation
rate for System 2. The dotted line shows the standard
condition.

70.5% T\ FHERD ZVERMICBIT 28I~ T114
pt bETF L7z CORFETOBMZ. 7 AFHMEERED
BN & 2 Wik A A oAy (RBEERDIEA) & e E)
HOWMTH B, HEFMFTOI AT AL E 2DMFEDE
12 10.8pt TH - 72,

A% )= VI RIVF—RIE, FAFERROHNE &
BB L RS TIZY AT A 1:39.1%. Y AT A 2
52.3%TH Y. YATA2DFH13.2 pt HVERLE o>
720 TOMMIE. ¥ AT L 2 OFAEEREFCHEHIER A A OM
JEDXARETH ) MRBIINSL BB LICL b, T2,
VAT A2IZBVWTERIANVF—RHREBLORAY ) — )b
I ANV F —RFRIL A A FHIEEREE 95% LA L THA L Tw 5,
CNREAAFEREORIMC LV F I —CTHHA LT A%
INEEE CREEMES 2N T 2720 ThH b, D72

ERIANF—IEB LIRS ) — VI RN F—3h=
k%’&X%Azwﬁﬁﬁw#%t&oto

CC HAWMEEEROBINE &b \HFEE ) A N5

éﬁﬁ%ﬂ%?ét 2y BI3IZY AT A 204 ETD

IBT B MEG. KELRTEES. T 7 —ONERERTOHE
ZIRT o

SLERAE B X O3 BB O - WHIEROEINI T ZAD
PHEBRICBIER L 2 s Nk KBS ERB LT T —
DLFEEINET A FEERFIC & D EH ¥ 5,

KRELFEHELROWTEEINE, A ATHERFE ORI & L2
MELRELBPLTWE, TOFEIZ, ¥ 2 — VAR
OBFHMIEINTH 5o KIERIEAEZF O RBEHEHIE 1$
4mol/s £ —ETh b7, HATEERZRIZH D &3 KE
SIEHRTULEE 2 8@mIE—ETH b, LILrL. KT X
T A TIEKELRERIIA Y ) — VERZBOBZ A LT

BEIEH Vol22 No.i 2022 81



IAREMIL__Paper

250

{— Ttal

200 1

150 A

100 1

Mass flow rate of recirculation [kg/hr]

0 : : : i
0 20 40 60 80 100
Recirculation rate [%]

K4 HZABRERECBRRAAREORER
Fig. 4 Relationship between gas recirculation rate and mass
flow rate of recirculation gas for System 2. The dotted
line shows the standard condition.

BY. TAFEEEORIINE & HITKERFERITIRAT
B A5 )= VERROBEDHZ 5720, N AHIERED
BmE & HITKRBELABERCLERE N IO TP T
%,

mEEs L F 5 — DRI T AFRHBEEOBME & b
WKL TWA, ZHUIA AFEEREOBME & b IZFn
B WSS 2GR A OB T 5720 TH b,
R, P AFIERE BB L ETMESRL L OF 57—
BEENPEBMICERALTWAEZ bR b, TOERIZ,
AL ) — VRN O BUS I & % 7 AR L, B &
O A PGB OBNNC X % PGB H 2 DR o 2 4
BEZ OIS,

1 S H PRSI & 2 7 ZAHRELTH 525, H AR
BRI 95% LA L THIEER N ER D 7 A FHBE (K % A5 99%
DEZEDTEY ., KEUSNDO T 2 DOZELRIIMNTH -
720 ZO7z®. 1 HEIIMEZGRE X OF 7 —OLEETIN
A EATAENTRVWEEZ BN D, KIZ, 2MHIZ
A TG EREERIINC X 2 PG BR A A it i O 36 L AR 334
Thbo B4, I AHEERE L BB A it it D BtR %
GNERS

THIGER A A G L PG BREE 100% 2SWEMCTH ) . FIE
BRAF100%ICED L IZONEERKIZ EAT2EZ LT
bo COMIEBRT AjE & BTGB LT 7 -4
BENEEDTVDD, FREH T THTHEE—ET
Hbo L7z2hoTy MEERB L OF T — ORI NEFE
BRAT AT EANMAT Ly A A TG BREE 95 % T B CRAMITH
L7z

D EOKRZRE 2 5L, 7 AHMERROMIIES T
BRI ANF—RRIIRLA LT T L2500, KV AT A4
DEHWEFEDTH S A ¥ — L OBGERIHEM L., #

100

- (H30H

Methanol purity [%]

0 20 a0 80 80 100
Recirculation rate [%]

X5 BfEX4/—IVHEEH ABRIREDREFR (SR« BELMH)

Fig. 5 Relationship between purity of stored methanol and

gas recirculation rate for System 2. The dotted line

shows the standard condition.

40 { — Total
—— CHa0H

per day [ton/day]

Production of agueous methanol solution

Recirculation rate [%]

K6 YATFTL2O0O1BHEUDAZ) —ILKBREEEEH X
BREREORR (SR - EELXMH)
Fig. 6 Quantity of aqueous methanol solution produced per
day as a function of gas recirculation rate for System 2.
The dotted line shows the standard condition.

AFPEBR BRI TR ORI BETE S 2 LH%0
75“9 7}:0

3.2 XH/-NVHEEXTZ/ —IVKBREE
EE

M5 AT L2857 AFMHEERELITH A 5 /) —
WAL DR EZ RS, 720 ROIWYATA2IIBITET
ATHEBRER L 1 HH720) A ¥ ) — VKBGO ERE
TR o HALIZ XY ) — N EKDGFE%ZH\WT mol # ton
2L 7z,

HAHMEERD 2 WHE, A% ) — VHEIZ87.2% Th
N, A% ) — VKERBERIZ1.88ton/day TH - 725
—J HKEESFMNTH LW AHMEERFEL OB ICBIT L XY
= NVHIEIZ725%TH Y. A5 7 — VKER MG R
3.05ton/day TH o720 K5 &) FAHMEREOHME &
BIZAY ) —VHIEMETFT L TWB I bbb, Tk

82 MEEH Vol22 Nod 2022



200

Wholke stored gas

175

150 A

125 Remaming gas

&
=]

100 A

T
5
=]

Calorific value per hour [MWh]

Gas storage volume at 25°C per hour [m?/hr]

75 2 g d
Energy required for distillation
50 A H
= Whole stored gas : - 50
2 4 — Remaining gas
— Energy required for distillation
T T T T 0
0 20 40 80 100

Recirculation rate [%]

K7 ZHBIIVLDEZ1BELEVUORESSIC1EEYAY O
BHRAEREHADHFEE A ZABREZOER (=K &
HEZM)

Fig. 7 Calorific value per hour required for high purifying
methanol and storage volumes of whole stored gas
and remaining gas per hour as a function of gas
recirculation rate. The dotted line shows the standard
condition.

H A GRS, i I3 5 Kok
ATHZEDERETHS, T2 T, M6IIAY ) —LBX
DKZNZNOEREST ) 1 HY472 ) oBlEE L 7 AH
MBREOBBEZ R L2 SO Y F A FMEEREIIHT 5
A F ) —IVEERB L OKELROFH E ORI FERICEI
o TWhe HAFMEERFIINT 258 MoOMMEIL # 5
) = VOFNENH, BREOLEEL L TKOEEGHIKE
K Btzd, A5 ) —VHIEIMET T %, 2hER4 &0
HAFGBR DN 512 L 72A% > CTHAGER 7 A i A
M3 2. Thbby AT ANHBTHERT 2 KEEAHMNT
52 &T, A(B). K (9) PG A ) & (A S 7z
72DTH5b,

3.3 HRAHEM. BEHREL VX E /-0
RRICVELRS

FHELMTH 2 W AFHERF O TOIY AT AL, 2
DFZREZE L (a) () IZFNZFHR L. M1 (a) (b)
T DL, XY 7 — VKRR E S DN A TR E T O
BNZE Y, AL BFEFOAERBIRLE %
LT ENbh b,

B 7 IZHFE A & 2 — VIOKTEW % AEE 99.8% £ THAM ¥
5 DIZWE 1 RYS72 ) ofdE, BI O RR472) 0
W SN T ADEFHRE L AR HBE SN ah o/ 1
W72 ) OFRAF A A OfRF R L 7 A FIEBRFEO MR E R
o HWADMEEGT 25 COEEFREL TV 5,

HAHPEERD G, BRICIDRAY 7 —ViliEx
99.8% TR 5 720 E 2 BT 102MWh & 72 5 72,
HAHIEBRROMIE L BITAY ) — VHEIME T L X ¥

J = VKBRS % 720, A AFMEBREORNE &
LICHERICLER#E LML, LS T 178MWh &
Lol

LERFRE AT A DEFE & TRAF A A DRFRD 725, ZEW D212
RSN ADRRE b0 TR 2 WIEE L.
1 FEE4 72 0 o 4y 7 ARF 1L 197m®/hr (25C) T
0. BAEH ZADOMAEIL 188m®/hr (25C) Thotze D
Yty B A DLKRED 4.7% D F A & B S g hudsk
BICWBELRBREEL I EDNTE D A ATGEERRABIN
T BIZONEWHET A DR RITHD LTz, &8
WHE SN L IFEA A OEEIEIMAL T FATIEE
0% DILMESLMII BV TIE, BAEN ZIKE, —HIL
FEB L@ (1.26:0.01:0.08) THEIK X 1,
OB WA AR D 13.6% D H ZAHBIEE LT
SN LE R,

4. &

|

AW TIE, AR A VEF—DLFET AL F—~D
LA & LT, SOEC Z H\W7-LBRIZ X B A8 ) — )b
BES AT HAEREL, BRI ANVF =R, 28—
IANF RO R LT o 720 HELMFICBWT, &1
IANFE—RRERXY ) = VIANF—RRIIY AT L
1 :81.9%. 39.1%, ¥ A7 242 :83.5%,52.3% &% 0,
VAT A 2OHBEAEIGEOND T EHGh o T,

VAT A2 TR, SRRV F =R AFRERED
BEIMZHEWVET T2 00, A% ) =)V R F—wi
HAFEERFB OB > TER L. 7 AHEERE 5%
TRAMES6.6% THh o7 EHIT, HEESEFITBWT,
A F ) — VIR EE RS 3.05ton/day. M 72.5%
E ol DAY ) — VI RNV F—RBIEE Y A
PEBER 05% MEIZ 1%, A &/ — L /KVAME 5 1% 3.40 ton/
day. #PEEIX70.2% L7 >720 WENOF AFHMRERFIZE
WThH, EHTHIEIN SN D A Y 7 — VKB % RS
BB R BRE, BIET AD ST ICHERTE BREE
Elrodes RBIAEN AIHMEAMKL . Z O - FIH %I
DWCTHLRLZRFADPLETH B0 MBI X BREKT A
BEINEAY AT L OIREHEFRICRIAET A 2R 5 Z
EEIHLRHED—DOTH 5,

CO, R R HI K O MR 2 WY M A5, 4B LT
BB AVF—DFIEHIE L ) —EinEd 2 L 8bh s,
MR ANF =87 = = F 2L B RFEEDO A
M s5E. TOMEHHEOWKPLETH S, LEMR
VI A Y 7 — VEBRPAN L. SEE - SR04
VF -7 - W72 TR <L CO, oREIEILD MIfET A,

BEIEH Vol22 No.i 2022 83



IAREMIL__Paper

FHAEWRET AV F — OFNG @ 2 IR 5 A8 % Tiko—

DTH 5,
ZE Lk
1) BFE®H: BRI AVT 5B E B EN. &

2)

3)

6)

7)

8)

84

SALF R SCRE. 126(9). 857-860 (2006)

FREEGLY © ARFEE2 BB %S 2 ke 20
RS, HARMRBE 8, 53(163), 16-21 (2011)
KAGIEA © RO BPEEHE) 5 A L7 b x5y ) —
VELBREL B O LS. 7 ¥ 7 75k, 123(1),
108-110 (2012)

S. D. Ebbesen, J. Hogh, K. A. Nielsen, J. U. Nielsen,
M. Mogensen : Durable SOC stacks for production
of hydrogen and synthesis gas by high tempera-
ture electrolysis, Hydrogen Energy, 36(13), 7363-
7373 (2011)

S. D. Ebbesen, C. Graves, M. Mogensen : Pro-
duction of Synthetic Fuels by Co-Electrolysis of
Steam and Carbon Dioxide, Green Energy, 6(6),
646-660 (2009)

V. Singh, H. Muroyama, T. Matsui, K. Eguchi :
Performance and Stability of Solid Oxide Elec-
trolysis Cell for CO, Reduction under Various Op-
erating Conditions, ECS Transactions, 64(2), 53-64
(2014)

H RS, S FORER, AR, HREL - LEHMR
R L7-SOECHI X ¥ VRGN AMEL AT 2K
OBLE T A DA T A T T4 Y ~DORAGHRET
PR, 17(1). 81-89 (2017)

S. Ali, K. Sorensen, Mads. P. Nielsen : Model-
ing a novel combined solid oxide electrolysis cell
(SOEC) - Biomass gasification renewable metha-
nol production system, Renewable Energy, 154,
1025-1034 (2020)

9)

10)

11)

12)

13)

14)

15)

16)

BEEH Vol.22 No.1

R. Andika, A. B. D. Nandiyanto, et al. : Co-electrol-
ysis for power-to-methanol applications, Renew-
able and Sustainable Energy Reviews, 95, 227-241
(2018)

H. Zhang, U. Desideri : Techno-economic optimi-
zation of power-to-methanol with co-electrolysis
of CO, and H,O in solid-oxide electrolyzers, En-
ergy, 199, No.117498 (2020)

A. D. Tevebaugh, E. J. Carins : Carbon Deposition
Boundaries in the CHO System at Several Pres-
sures., Journal of Chemical and Engineering Data,
10(4), 359-362 (1965)

KB, SRARTE A RS L 38 A5
L2 A L 72SOECE X & ¥ ik s A7 A2
B9 %A 7 VEFRL R, 14(4), 81-86
(2015)

M. A. Laguna-Bercero : Recent advances in high
temperature electrolysis using solid oxide fuel
cells : A review, Journal of Power Sources, 203,
4-16 (2012)

K. M. Vanden Bussche, G. F. Froment : A Steady-
State Kinetic Model for Methanol Synthesis and
the Water Gas Shift Reaction on a Commercial
Cu/Zn0O/Al203Catalyst, Journal of Catalysis, 161
(1), 1-10 (1996)

M. Perez-Fortes, J.C. Schonebergerb, A. Boula-
mantia, E. Tzimasa, : Methanol synthesis using
captured CO, as raw material : Techno-economic
and environmental assessment, Applied Energy,
161, 718-732 (2016)

BILESE, FAE—  DDS #ige-BRICHVwH6 S
RO MR, Drug Delivery System. 32(2). 150-
152 (2017)

2022



	VOL22-NO1 79
	VOL22-NO1 80
	VOL22-NO1 81
	VOL22-NO1 82
	VOL22-NO1 83
	VOL22-NO1 84
	VOL22-NO1 85
	VOL22-NO1 86



