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ARTICLE INFO ABSTRACT

Dual-channel heating, where air and fuel are injected into the cathode and anode channels,
Article Type respectively, is a common method for increasing the temperature of solid oxide fuel cells
Original Research (SOFCs). However, the effects of heating gases in the anode channel on the thermal
performance of SOFCs have not been investigated. In this study, the heating process of an
SOFC is simulated using two combinations of air-hydrogen and air-methane through a
transient model based on the finite volume method. The study aims to evaluate the
performance of these gas combinations in terms of heating duration and temperature
gradient, under various inlet velocities and gas heating rates. The Technique for Order of
Preference by Similarity to Ideal Solution (TOPSIS) multi-criteria decision-making method is
then used to identify the optimal solution. The results indicate that hydrogen transfers heat
to the cell structure more rapidly within a short distance after entering the channel. In
contrast, air and methane distribute heat transfer over a longer flow path. Moreover, the
maximum temperature gradient predominantly occurs near the gas inlet regions. In addition,
the heating duration with the air-methane combination is shorter than that of air-hydrogen,
with the difference becoming more pronounced at lower inlet velocities. Conversely, the
effect of the heating gas type on the temperature gradient depends on the gas inlet velocity.
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Table 1) Dimensions of the geometric parameters of the SOFC [1]

Number Parameter Value Unit
1 Cell length 100 mm
2 Cell width 5 mm
3 Electrolyte thickness 0.015 mm
4 Cathode thickness 0.075 mm
5 Anode thickness 0.5 mm
6 Channel width 3 mm
7 Channel height 3 mm
8 Interconnect height 2 mm

T2 S0l auST G gm iy (S ols> (Y g
Table 2) Physical properties of the SOFC ['%18]

Number Parameter Value Unit
1 Anode specific heat 595 J kg1 K1
2 Cathode specific heat 573 J kg1 K1
3 Electrolyte specific heat 606 J kg1 K1
4 Interconnect specific heat 502 J kg1 K1
5 Anode density 3030 Kg m3
6 Cathode density 3310 Kgm3
7 Electrolyte density 5160 Kg m3
8 Interconnect density 8030 Kgm3
9 Anode thermal conductivity 584 Wm1K1
10 Cathode thermal conductivity 1.86 WmtK1?
11 Electrolyte thermal conductivity — 2.16 WmtK1
12 Interconnect thermal conductivity 20 Wm1K1
13 Anode porosity 0.42 -
14 Cathode porosity 0.36 -
15 Anode permeability 0.034 m2
16 Cathode permeability 0.037 m?
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Table 3) Number of computational cells in different grids

NumBerlon

putational cells

Number Component
Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5
T Cellwidih 10 2 4 17 20
2 Celllength 50 100 150 200 300
3 Anode 5 6 6 7 10
4 Electrolyte 2 3 3 4 5
5 Cathode 3 5 5 5 7
g  Anode 20 25 32 40 44
interconnect
7  Cathode 20 25 32 40 44
interconnect
g  romlmumber 5000 76800 163800 326400 660000

of cells
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Fig.3) Validation of the present simulation results by comparison with the
data of Chi et al.l'%
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Fig.6 ) Time-dependent temperature contours for two heating combinations: air-hydrogen (right) and air-methane (left), at an initial inlet velocity of 2 m s
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Table 4) Ranking of solutions based on the TOPSIS method

Number Heating RRT (K s) lnih:al inlet  TOPSIS
gases velocity (ms?) rank
1 Air-hydrogen 0.2 1 27
2 Air-hydrogen 0.2 2 22
3 Air-hydrogen 0.2 4 19
4 Air-hydrogen 0.2 6 16
5 Air-hydrogen 0.5 1 24
6 Air-hydrogen 0.5 2 10
7 Air-hydrogen 0.5 4 5}
8 Air-hydrogen 0.5 6 1
9 Air-hydrogen 1 1 30
10 Air-hydrogen 1 2 15
11 Air-hydrogen 1 4 7
12 Air-hydrogen 1 6 3
13 Air-hydrogen 2 1 32
14 Air-hydrogen 2 2 29
15 Air-hydrogen 2 4 21
16 Air-hydrogen 2 6 12
17 Air-methane 0.2 1 25
18 Air-methane 0.2 2 20
19 Air-methane 0.2 4 18
20 Air-methane 0.2 6 17
21 Air-methane 0.5 1 13
22 Air-methane 0.5 2 9
23 Air-methane 0.5 4 4
24 Air-methane 0.5 6 2
25 Air-methane 1 1 26
26 Air-methane 1 2 11
27 Air-methane 1 4 8
28 Air-methane 1 6 6
29 Air-methane 2 1 31
30 Air-methane 2 2 28
31 Air-methane 2 4 23
32 Air-methane 2 6 14

Sikgez 9 (5542 -1
OFsrseplsn 03505 5 Sy 93 51 (s3se gy ol 0
di o3 (mles gbalS 5 Gtale)S plejese o glie—lgn g
w8 8 dlie 5 Gup Hse Mlr S| g
e Gbgy 5l osliiwl b g samudu S @90 (g5luand
by g Bl ol Gl s ab plxil dgaxe

Modares Mechanical Engineering

e dllSys (Eale)S aialh 53 BT JULS 55 (lie 5 @590 0aiiSe)S (i85l ealastu] duslio

wid Sy esd edleSy JUB dsb 53wl &l
550 Wilgi e £9d80 ol 4 394 50 il il (glaplsl,S
G dig ples L3Sl g b Glapiid Gials » Giude

Al asls

Methane Hydrogen
-
Air V=1ms"' Air

Temperature gradient (K cm-)

0 35 70 105 140 175 210 245 280 315 350 385 420 455 4é0 525 560 595 650

Methane Hydrogen
— f—
————— T —
' —
A—— s

Air V=6 m s Air

Temperature gradient (K cm-)

Y

[ [ ) I I

z 0 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180 200
S d=do 4y bgsyo o lisl )5 Loy oLJ.)bf leoygils (Ve Y

599 po.c).w)] ;nlo.c)bn.c 93 6‘39 d.uL! Foe ABDJ).) (g d.u
Fig.10) Temperature gradient contours in the PEN structure on the
symmetry plane of the SOFC at 600 s for two initial inlet velocities

dad iz (g pSepaial 3,539, -¥-0

(il slepasls gloen x5k b cwwd ool 5
IS 2380 Dbl 39250 sladinS (e 5| Euly oy
ol st Loy wigods (330 ¥Y) 39290 (sl elad 1)
SrSpaesad by o8 51 iy guly JS& ol )3 a3
el 93 plojem (55 bl 0ad adudie Gl
Oasin-ln GialeS CuSyi 4 bane gl e (23!
2 0uolS <10 slos L8l &35 5 sl e # adgl ey b
i 9 480 WA ole)S plojse 4 oo 45 el ails
950 el 3 oslS Y (ales lslS

230 dhl ) gl Goled (saad) 5 wlakie ¥ Jsue
oS 130 glid 031508 5B £53 93 4 by S dunlie
byl 1 ol 5> plielsn 5 oigsiaatsn slacaSy
W3ge olds g9bse ol ALl Soasy 4 a5 3Slee
3o 9 3,15 Glhe (g yip balpd solad ;5 55 51 Sozue
ey 3l (mlayiolly lee Jolsd @ dtusly gl 5>
ol Jga it ol 2 0938l el Los (i3I 253 9 (53959
2 e F ohigan YVl (639)9 ey b (lacaSy &5 wase
9358 53 (480 5 (aslS +/0) Sleo slos il &5 5 (4l
Sy 53 igad (sl WlenS S (5xi slaady S gl
sl oslS /0 il sles Gl 25 L oigssueise
o9 |y Gy 4ty (il o e # a0 ) 1 (39,9 wspmr G159
el 0313 3gag (43 e ) 4 VE I (g St

Volume 25, Issue 10, October 2025



664
kg K1) Jlw g lo)S cudybs o
Wik loS colas k
(Pa) ,Lad P
(kgtK1) 58 eqls R
(K1) (5353 021505 S5 (slos (li3l &3 RTR
(kg m25?) pgiios dlslee dodiz dlex Sm
(K) Los T
() plo ¢
(M s1) ey lay i
(ms) 4l (39,9 ey slasie 4
sy padle
(m?) J&loio bz (530433585 B
Jalxi oy £
(kg mrist) Seolips diyjsSuny I
(kgm?) J& P
CYRTEIYS;
F5e eff
8t g
Jol> >l s

03 ydiitio Gyl yut 9 Gl il s )3 5 ansl (B siunss

ol

31453929 5Bl gl 28l (lal :@dlie (5)las

&l

1-C. W. Sy, X. Y. Song, ]. Dou, and M. Qin, "Fossil fuels
or renewable energy? The dilemma of climate policy
choices,” Renewable Energy, vol. 238, p. 121950,
2025.

doi:10.1016/j.renene.2024.121950

2- L. Pinzhi, S. Wei, D. Zhenhua, M. Wanda, and N.
Shidong, "Analysis and comparison of multi-physics
fields for different flow field configurations in SOFC,"
International Journal of Heat and Mass Transfer, vol.
229,p. 125708, 2024.
doi:10.1016/j.renene.2024.121950

3- 0. Sadeghian, A. M. Shotorbani, S. Ghassemzadeh,
and B. Mohammadi-Ivatloo, "Energy management of
hybrid fuel cell and renewable energy based systems-
A review," International Journal of Hydrogen Energy,
vol. 107, pp- 135-163, 2025.
doi:10.1016/j.ijhydene.2024.03.134

4- S. Khalilarya and A. Chitsaz Khoyi,
"Thermoeconomic analysis of a novel trigeneration
system based on solid oxide fuel cell and gas turbine
with  hydrogen fuel," Modares Mechanical
Engineering, vol. 18, no. 7, pp. 119-130, 2018.
https://mme.modares.ac.ir/article_10480.html

1808 yo0 Ve oylad (YO )9

HA(§I3302x0 ély 9 U,ol.‘? R

O rie .3..3); oaliiuwl U‘MU wbu.xo L;).Sﬁ_uwa.\

O U WY o.\ATwacg ol

(53939 4 S35 2l 53 Lo (les gLal)S iy o
IS Sy (55 ilheds (ales

olejen (Eals 4 ie 63555 Gl ey Gialdl e
3 el ol didiun (oled OL{)LSQ U’“‘*’L‘)f olojese
o (5399 3B (slos Ll £ Lalisl (lie
oles alS Lol ssd GioleS plojesse oadolisS
ol 03l Gialiél 1y diudon

31 saS oylsem olie-lon Sy (sl Glale)S plojsse e
OWS| ol ogMe cwl 039 (59 dum-lgn CuSyi
sl laceyw 13 caSyi 93 ple pialeS plejwse
ol b Jle (sl ol Somauwxe g siden Somby
olojemie wglad bl p yie F 4y ) I (93959 ey
Wl A L @ 4l YAY Gl oSS 93 o oileS
Sy (R

2 Oforid-len CuSy s (mled alS 3gr yud e
OFgsie oS ol Jods oal 4ol (53955 sl
g oligS (slabols 3 ) 35 (_gLA)f‘.&jT JUB @ 5g49 ;3! o
i slizle 4 g g plie 4 cawd (gptdan ey b
lte—lga oSy 5 Sl s S e Jitie G sw
plal ity yue Jsb 53 9 e @yl Jul
250 63933 LS8 ey GRIEI ol b g
IS i 13 5 008 SEly> (lrale aold cosi
epleds b Rl o350 buwgi LS @y Jls!
a8 Glale)S (sl (lue wiglad e G391 b S
Slgise glie—lgn cuSy il By ys i g 0sd
039 4Blsn & cad (5yiday (led L3S 4 e
g

5 UlalesS ploswse slapasls plojen cpSHkin b
ey b psrsm-lsn GialeS oS (les glalS
2 oulS 0 glos GRSl &5 5 4l 0 5o £ (53959
o 9 4B WA Glole)S plejese 4y i 45 4l
U9y bl s ad yte il 5 (elS MY (les lslyS
40355 Ol iy 438 plsiedy Gurmnl (5 pS el

Urte SyilSo udige sole doliole


https://doi.org/10.1016/j.renene.2024.121950
https://doi.org/10.1016/j.renene.2024.121950
https://doi.org/10.1016/j.ijhydene.2024.03.134

50

17- Y. M. Barzi, M. Ghassemi, and M. Hamedj,
"Numerical analysis of start-up operation of a tubular
solid oxide fuel cell," International Journal of
Hydrogen Energy, vol. 34, no. 4, pp. 2015-2025, 2009.
doi:10.1016/j.ijhydene.2008.11.034

18- M.-H. Chen and T. L. Jiang, "The analyses of the
heat-up process of a planar, anode-supported solid
oxide fuel cell using the dual-channel heating
strategy,” International journal of hydrogen energy,
vol. 36, no. 11, pp. 6882-6893, 2011.
doi:10.1016/j.ijhydene.2011.02.129

19- P. Yuan and S.-F. Liu, "Effect of non-uniform inlet
flow rate on the heat-up process of a solid oxide fuel
cell unit with cross-flow configuration,” International
Journal of Hydrogen Energy, vol. 41, no. 28, pp.
12377-12386, 2016.
doi:10.1016/j.ijhydene.2016.05.260

20- X. Luo and K. Fong, "Development of 2D dynamic
model for hydrogen-fed and methane-fed solid oxide
fuel cells," Journal of Power Sources, vol. 328, pp. 91-
104, 2016. doi:10.1016/j.jpowsour.2016.08.005

21- T. Choudhary, "Computational analysis of IR-
SOFC: Transient, thermal stress, carbon deposition
and flow dependency,” International journal of
hydrogen energy, vol. 41, no. 24, pp. 10212-10227,
2016. doi:10.1016/j.ijhydene.2016.04.016
22-K.Zheng, Y. Kuang, Z. Rao, and S. Shen, "Numerical
study on the effect of bi-polar plate geometry in the
SOFC heating-up process," Journal of Renewable and
Sustainable Energy, vol. 11, no. 1, 2019.
doi:10.1063/1.5047278

23- M. Hami and J. Mahmoudimehr, "Simulation study
to select optimal solid oxide fuel cells heat-up pattern
from single, dual co-flow, and dual counter-flow
alternatives,” Energy Sources, Part A: Recovery,
Utilization, and Environmental Effects, vol. 46, no. 1,
pp. 1284-1305, 2024.
doi:10.1080/15567036.2023.2298284

24-K. Xu et al,, "Multi-criteria sensitivity study and
optimization of a two-stage preheated SOFC system
considering thermal characteristics,” Applied
Thermal Engineering, vol. 261, p. 125090, 2025.
doi:10.1016/j.applthermaleng.2024.125090

25- Y. Bae, S. Lee, K. . Yoon, J.-H. Lee, and ]. Hong,
"Three-dimensional dynamic modeling and transport
analysis of solid oxide fuel cells under electrical load
change," Energy conversion and management, vol.
165, pp. 405-418, 2018.
doi:10.1016/j.enconman.2018.03.064

26- Yue, "A method for group decision-making based
on determining weights of decision makers using
TOPSIS," Applied Mathematical Modelling, vol. 35, no.
4, pp- 1926-1936, 2011.
doi:10.1016/j.apm.2010.11.001

27-M. Behzadian, S. K. Otaghsara, M. Yazdani, and J.
Ignatius, "A state-of the-art survey of TOPSIS
applications," Expert Systems with applications, vol.
39, no. 17, pp- 13051-13069, 2012.
doi:10.1016/j.eswa.2012.05.056

28- M. H. Shojaeefard, A. Khalkhali, M. Tahani, and B.
Salimian Rizi, "Multi objective optimization of the
centrifugal oil pump impeller," Modares Mechanical

Modares Mechanical Engineering

e dllSys (Eale)S aialh 53 BT JULS 55 (lie 5 @590 0aiiSe)S (i85l ealastu] duslio

5-Y. Cui et al., "Multi-objective optimization design of
the solid oxide fuel cells using response surface
methodology and genetic algorithm," Applied
Thermal Engineering, vol. 242, p. 122503, 2024.
doi:10.1088/1742-6596/3012/1/012084

6-H. Hassanzadeh and M. A. Farzad, "Modeling and
optimization of a single planar solid oxide fuel cell,"
Modares Mechanical Engineering, vol. 15, no. 2, pp.
81-91, 2015.
https://mme.modares.ac.ir/article_8448.html

7- X. Qin et al.,, "Solid oxide fuel cell system for
automobiles,” International Journal of Green Energy,
vol. 22, no. 5, pp- 901-910, 2025.
doi:10.1080/15435075.2022.2065454

8- A. K. Yadav, S. Sinha, and A. Kumar, "Advancements
in composite cathodes for intermediate-temperature
solid oxide fuel cells: A comprehensive review,"
International Journal of Hydrogen Energy, vol. 59, pp.
1080-1093, 2024.
doi:10.1016/j.ijhydene.2024.02.124

9- B. Hu, G. Lau, D. Song, Y. Fukuyama, and M. C.
Tucker, "Optimization of metal-supported solid oxide
fuel cells with a focus on mass transport,” Journal of
Power Sources, vol. 555, p. 232402, 2023. doi:
doi:10.1016/j.jpowsour.2022.232402

10-Y. Chi, P.Li,]. Lin, J. Li, S. Mu, and Y. Song, "Fast and
safe heating-up control of a planar solid oxide cell
stack: A three-dimensional model-in-the-loop study,"
Journal of Power Sources, vol. 560, p. 232655, 2023.
doi:10.1016/j.jpowsour.2023.232655

11- M. R. Ahmadipour, J. Mahmoudimehr, and M.
Hami, "A multi-criteria assessment to show the
superiority of time-dependent heat flux over constant
heat flux during direct heating of solid oxide fuel cell,”
Applied Thermal Engineering, p. 127334, 2025.
doi:10.1016/j.applthermaleng.2025.127334

12- D. L. Damm and A. G. Fedorov, "Reduced-order
transient thermal modeling for SOFC heating and
cooling," Journal of power sources, vol. 159, no. 2, pp.
956-967,2006.d0i:10.1016/j.jpowsour.2005.11.072.
13-Y. Kim, M. Son, and I.-B. Lee, "Numerical study of
a planar solid oxide fuel cell during heat-up and start-
up operation,” Industrial & engineering chemistry
research, vol. 50, no. 3, pp. 1360-1368, 2011.
doi:10.1016/j.jpowsour.2005.11.072

14- ]. Son, S. Hwang, S. Hong, S. Heo, and Y.-B. Kim,
"Parameter study on solid oxide fuel cell heat-up
process to reaction starting temperature,”
International Journal of Precision Engineering and
Manufacturing-Green Technology, vol. 7, pp. 1073-
1083, 2020.d0i:10.1007 /s40684-019-00129.

15- K. Khanafer, A. Al-Masri, K. Vafai, and P.
Preethichandra, "Heat up impact on thermal stresses
in SOFC for mobile APU applications: Thermo-
structural analysis,"” Sustainable Energy Technologies
and Assessments, vol. 52, p. 102159, 2022.
doi:10.1016/j.seta.2022.102159

16- M. Hami and ]. Mahmoudimehr, "Simulation-
based multiobjective management of transient
heating process of solid oxide fuel cell,” Fuel Cells, vol.
23, no. 2, pPp- 188-201, 2023. doi:
10.1002/fuce.202200113

Volume 25, Issue 10, October 2025


https://doi.org/10.1016/j.ijhydene.2024.02.124
https://doi.org/10.1016/j.jpowsour.2022.232402.
https://doi.org/10.1016/j.jpowsour.2022.232402
https://doi.org/10.1016/j.jpowsour.2023.232655
https://doi.org/10.1016/j.applthermaleng.2025.127334
https://doi.org/10.1016/j.jpowsour.2005.11.072.
https://doi.org/10.1016/j.jpowsour.2005.11.072
https://doi.org/10.1007/s40684-019-00129-x.
https://doi.org/10.1016/j.seta.2022.102159
https://doi.org/10.1002/fuce.202200113.
https://doi.org/10.1002/fuce.202200113.
https://doi.org/10.1016/j.ijhydene.2008.11.034
https://doi.org/10.1016/j.ijhydene.2011.02.129
https://doi.org/10.1016/j.ijhydene.2016.05.260
https://doi.org/10.1016/j.jpowsour.2016.08.005
https://doi.org/10.1016/j.ijhydene.2016.04.016
https://doi.org/10.1063/1.5047278
https://doi.org/10.1016/j.applthermaleng.2024.125090
https://doi.org/10.1016/j.enconman.2018.03.064
https://doi.org/10.1016/j.apm.2010.11.001
https://doi.org/10.1016/j.eswa.2012.05.056

666

1808 yo0 Ve oylad (YO )9

HA(§I3302x0 ély 9 L,,ol.‘? R

Engineering, vol. 13, no. 11, pp. 139-149, 2014.
mme.modares.ac.ir/article_8022.html

29- A. Sohani, S. Naderi, and F. Torabi,
"Comprehensive comparative evaluation of different
possible optimization scenarios for a polymer
electrolyte membrane fuel cell," Energy Conversion
and Management, vol. 191, pp. 247-260, 2019.
doi:10.1016/j.enconman.2019.04.005

Urte SyilSo udige sole doliole


https://doi.org/10.1016/j.enconman.2019.04.005

