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Abstract
Thermal management in solid oxide fuel cells (SOFC) is a critical issue due to non-uniform electrochemical reactions 
and convective flows within the cells. Therefore, a 2D mathematical model is established herein to investigate the thermal 
responses of a tubular methanol-fueled SOFC. Results show that unlike the low-temperature condition of 873 K, where the 
peak temperature gradient occurs at the cell center, it appears near the fuel inlet at 1073 K because of the rapid temperature 
rise induced by the elevated current density. Despite the large heat convection capacity, excessive air could not effectively 
eliminate the harmful temperature gradient caused by the large current density. Thus, optimal control of the current density 
by properly selecting the operating potential could generate a local thermal neutral state. Interestingly, the maximum axial 
temperature gradient could be reduced by about 18% at 973 K and 20% at 1073 K when the air with a 5 K higher temperature 
is supplied. Additionally, despite the higher electrochemical performance observed, the cell with a counter-flow arrange-
ment featured by a larger hot area and higher maximum temperature gradients is not preferable for a ceramic SOFC system 
considering thermal durability. Overall, this study could provide insightful thermal information for the operating condition 
selection, structure design, and stability assessment of realistic SOFCs combined with their internal reforming process.
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List of symbols
LSM  Lanthanum strontium manganate
MDR  Methanol decomposition reaction
SOFC  Solid oxide fuel cell
SCCM  Standard cubic centimeters per minute
TPB  Triple-phase boundary
WGSR  Water–gas shift reaction
YSZ  Yttria-stabilized zirconia

Roman
c  Concentration of gas mixture, mol/m3

Cp  Heat capacity, J/(mol K)
Dij  Binary diffusion coefficient of species i and j, 

 cm2/s
Dik  Knudsen diffusion coefficient of species i,  cm2/s
Deff

ij
  Effective binary diffusion coefficient of species i 

and j,  cm2/s
E  Equilibrium Nernst potential, V
F  Faraday constant, 96,485 C/mol
h  Enthalpy of formation, kJ/mol
ΔH  Enthalpy change of formation, kJ/mol
i  Current density, A/m2

i0  Exchange current density, A/m2

Ji  Molar diffusion flux of species i, mol/(m2 s)
Lcell  Cell length, mm
Mi  Molecular weight of species i, kg/mol
N  Number of electrons transferred per electro-

chemical reaction
Ni  Molar flux of species i, mol/(m2 s)
p  (Partial) Pressure, Pa
Qe  Energy source, W/m3

Qm  Mass source, kg/(m3 s)

 * Keqing Zheng 
 keqingzheng@cumt.edu.cn

 * Meng Ni 
 meng.ni@polyu.edu.hk

1 Department of Building and Real Estate, Research Institute 
for Sustainable Urban Development (RISUD) & Research 
Institute for Smart Energy (RISE), The Hong Kong 
Polytechnic University, Hong Kong 999077, China

2 School of Artificial Intelligence and Automation, Key 
Laboratory of Image Processing and Intelligent Control, 
Huazhong University of Science and Technology, 
Wuhan 430074, China

3 School of Low-Carbon Energy and Power Engineering, 
China University of Mining and Technology, 
Xuzhou 221116, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s12209-022-00331-0&domain=pdf


15Temperature Gradient Analyses of a Tubular Solid Oxide Fuel Cell Fueled by Methanol  

1 3

r  Mean pore radius, m
R  Gas constant, 8.3145 J/(mol K)
Rr  Rate of chemical reaction, mol/(m3 s)
Ri  Rate of generation or consumption of species i, 

mol/(m3 s)
s  Entropy, J/(mol K)
ΔS  Entropy change, J/(mol K)
STPB  Specific surface area,  m2/m3

T  Temperature, K
u  Molar-averaged velocity, m/s
U  Mass-averaged velocity, m/s
V  Volume fraction
yi  Molar fraction of species i

Greek Letters
α  Charge transfer coefficient
ε  Porosity
η  Polarization, V
κ  Permeability,  m2

λ  Thermal conductivity, W/(m K)
μ  Dynamic viscosity of gas mixture, Pa s
μi  Dynamic viscosity of species i, Pa s
ρ  Mass concentration of gas mixture or the density, 

kg/m3

σ  Electrical conductivity, S/m
τ  Tortuosity

Subscripts
a  Anode
act  Activation
c  Cathode
che  Chemical reaction
ele  Electrochemical reaction
g  Gas mixture
l  Ionic phase
s  Electronic phase
sol  Solid phase

Superscripts
Eff  Effective
L  Local

Introduction

The solid oxide fuel cell (SOFC) is a promising future 
energy device since electricity can be electrochemically 
generated from the chemical energy of fuels through SOFCs 
with higher efficiency and lower greenhouse gas emission in 
comparison to traditional thermal power plants [1]. SOFCs 
are typically operated at high temperatures (873–1273 K) 
to maintain moderate oxygen ion conductivity of ceramic 
electrolytes [2], thus offering various beneficial aspects to 
the SOFC systems. For example, cheaper nickel (Ni) metal 

could be utilized as the chemical/electrochemical catalyst in 
SOFCs, rendering a more economical prospect than proton-
exchange membrane fuel cells (PEMFCs) [3–5]. Besides, the 
utilization of hydrocarbon [6, 7], alcohols [8], ammonia [9, 
10], biomass [11], or even solid carbon [12, 13] in SOFCs 
is possible for power generation because these fuel sources 
can be internally reformed into more effective fuels  (H2 and 
CO) for faradic processes under the anodic environment 
[14]. The internal reforming process provides SOFCs with 
an efficient and sustainable operation since the thermal cou-
pling of endothermic reforming and exothermic processes 
can improve the cell efficiency [15], and the integration of 
renewable fuel productions with direct hydrocarbon or alco-
hol SOFCs is promising in achieving carbon–neutral power 
generation. Moreover, given the considerable amount of 
waste heat produced due to cell inefficiency, accounting for 
20–50% LHV (Lower heating value) of fuels [16], exhausted 
gases could be further used for bottoming cycles to generate 
extra power, maximizing overall system efficiency [17, 18].

However, despite the numerous benefits involved in the 
SOFC system, thermal management has been a major chal-
lenge [19]. Owing to the uneven electrochemical reactions 
and heat transfer of gas convective flows, non-uniform tem-
perature distributions were frequently observed within the 
SOFC assembly or stack, especially for the internal reform-
ing SOFCs, posing a threat to material deterioration and 
structural integrity. Local temperatures higher than the 
design value could lead to nickel coarsening because of the 
relatively low melting temperature of nickel and thermally 
favorable sintering process [20], degrading anode functions 
and consequently lowering the cell performance. For exam-
ple, electrode sintering was observed at the bottom part of 
a tubular SOFC operated on the methane flame mode as the 
temperature of the corresponding position reached 1300 K 
[21]. Another thermal issue of temperature gradient arising 
from the non-uniform temperature distribution negatively 
affects the cell structure, thus cracking or delaminating 
brittle ceramic components that are more vulnerable under 
tensile stress [22]. For example, delaminations between the 
electrolyte and the electrode as well as cracks in the electro-
lytes were found in experimental tests due to the temperature 
gradient [21, 23], likely resulting in the complete failure of 
SOFCs as their components cannot be replaced or repaired 
[24]. Therefore, under the complicated thermal environment 
of SOFCs, the cell components are subjected to the acceler-
ated rate of property evolution and degradation, eventually 
causing the fuel cell failure.

To solve the aforementioned problems, various efforts 
have been devoted to developing effective temperature con-
trol strategies in recent years. Zeng et al. [21] experimen-
tally fabricated a tubular SOFC with a liquid-sodium heat 
pipe to equalize the temperature distribution. It was found 
that with the help of high thermal conductivity induced by 
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the evaporation–transport–condensation process in liquid 
sodium, the axial temperature gradient was significantly 
decreased, enhancing the cell electrochemical performance 
and life span. Dillig et al. [16] and Marocco et al. [25] have 
drawn similar conclusions in their simulation investigations. 
Recently, Promsen et al. [26] proposed a novel concept of 
SOFC cooled by saturated water. The calculation results 
indicated that the water-cooled stack demonstrated a bet-
ter performance due to a more uniform temperature profile. 
Besides, due to the efficient cooling of the saturated water, 
the air flow was greatly reduced since conventionally heat 
dissipation in an SOFC is conducted by oversupplying cath-
ode gas, decreasing the parasitic loads related to air pre-
heating and blower energies. Combining an SOFC with a 
heat pipe or a water cooling tube enhances the temperature 
uniformity and electrochemical performance of a cell and 
reduces the costs related to auxiliary devices. However, the 
manufacturing cost and system complexity remain a chal-
lenge, especially for the SOFC stacks, as numerous heat 
pipes must be fabricated to achieve sufficient cooling effect 
[25]. Besides, possible leakage of liquid metal from the heat 
pipe might catastrophically damage the cell system given the 
complicated gas environment and chemically reactive nature 
of the liquid metal. Based on the same approach of increas-
ing the thermal conductivity of solid cell components, utili-
zation of metal support [27, 28], metallic interconnect [29], 
or metal cathode flow distributor [30] in SOFC fabrication 
also exhibited a more uniform temperature distribution, lead-
ing to improved cell stability in terms of thermal stress [29]. 
However, as indicated from the numerical study conducted 
by Park et al. [31], the bonding layer between the ceramic 
cell and the metallic support resisted hydrogen mass transfer, 
resulting in a 17% decrease in the average current density 
compared to the cermet anode-supported SOFC. Besides, 
possible metal oxidation risk [32], accelerated poisoning 
of cathode catalyst by Cr from ferritic stainless steel [33], 

as well as relatively poor electrochemical performance [34] 
have limited the commercialization of this technology.

However, despite numerous theoretical and experi-
mental works conducted with a focus on thermal control 
and management, to the best of our knowledge, a detailed 
thermo–electrochemical simulation has not been performed 
to identify the thermal characteristics, especially the temper-
ature gradient profile of SOFC operated on methanol fuel. 
Importantly, unlike the battery, SOFC is an open system that 
thermally interacts with reacting gases; thus, the cell thermal 
state can be considerably influenced by gas conditions [35], 
especially for cathode air, but the cooling effects and ther-
mal/electrical responses of air conditions have not been fully 
understood yet. Therefore, to fill this research gap, a vali-
dated mathematic model extended from our previous simu-
lation works [36, 37] is developed to further investigate the 
temperature gradient profiles in cell components, especially 
ceramic electrolytes. This work will be critically essential 
for the operating condition selection, structure design, and 
failure assessment of realistic SOFCs.

Model Development

Working Principles and Modeling Assumptions

A fuel mixture of methanol and steam (molar ratio 1:1) is 
supplied into the fuel channel to electrochemically generate 
electricity. As shown in Fig. 1, the computation domain ther-
mally consists of the anode and cathode channels, porous 
Ni-YSZ and YSZ–LSM composite electrodes, as well as 
dense YSZ electrolyte [38]. Macro- and micro-structural 
parameters, as well as the physical properties of materials 
adopted in the present study, are summarized in Tables 1 
and 2, respectively.

Methanol is used as the primary fuel in this study due to 
its several promising features, such as storage/transportation 

Fig. 1  Diagram of an anode-
supported SOFC fed by the fuel 
mixture of methanol/steam
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conveniences [39], relatively high volumetric energy den-
sity [40], and significantly low coking threat [8]. To further 
eliminate carbon formation in cell operation, an equimolar 
amount of steam is added to the main methanol stream [6, 
14]. Importantly, under the active catalytic effect of nickel, 
methanol could be readily converted into a  H2 and CO mixture 
through the methanol decomposition reaction (MDR, Eq. (1)), 
followed by water gas shift reaction (WGSR, Eq. (2)) to fur-
ther generate  H2 in the presence of water [39]. At the anode 
functional layer, the generated  H2 and CO could be oxidized 
into  H2O and  CO2 by oxygen ions (Eqs. (3) and (4)), produced 
at the cathode side (Eq. (5)) and subsequently transported to 
the anode through an electron-insulated electrolyte. Electrons 
generated from electrochemical oxidation reactions can be 
conducted to the cathode layer via an external circuit produc-
ing electrical power.

Based on the working mechanism, assumptions adopted 
in the simulation are listed below:

(1)CH3OH ↔ CO + 2H2

(2)CO + H2O ↔ CO2 + H2

(3)H2 + O2-
→ H2O + 2e−

(4)CO + O2-
→ CO2 + 2e−

(5)O2 + 4e− → 2O2-

(1) Due to kinetically fast reaction rates, only hydrogen and 
carbon monoxide could be electrochemically oxidized.

(2) Local temperature equilibrium hypothesis is applied for 
porous electrodes because of the negligible temperature 
difference in the gas/solid phases [41].

(3) Heat conduction and convection transfers are consid-
ered.

(4) An incompressible laminar flow regime is used for bulk 
fuel and air flows.

(5) Gases simulated are treated as ideal gases.
(6) The evenly dispersed electrochemical/chemical reac-

tion sites are assumed in both electrodes, and continu-
ous and homogeneous ionic/electronic conductions are 
adopted.

Governing and Constitutive Equations

Based on the chemical/physical processes within the cell, 
five sub-models will be calculated simultaneously to eluci-
date the thermo–electrochemical environment of methanol-
fueled tubular SOFC.

Chemical Reaction Model

Chemical reaction rates and heat changes could be calcu-
lated by the chemical reaction model. As a result of the 
active catalytic activity of Ni, MDR, and WGSR will prin-
cipally occur at the porous anode [42]. The corresponding 
reaction rates (Rr) could be expressed by [43, 44]:

Table 1  Macro- and micro-structural parameters employed in the 
simulation

Parameter Expression or value Unit

Porosity
 Cathode 0.46
 Anode 0.46

Permeability
 Cathode 1.76 × 10

−11 m2

 Anode 1.76 × 10
−11 m2

Specific surface area
 Cathode 3.33 × 10

5 m2/m3

 Anode 2.66 × 10
5 m2/m3

Thickness
 Cathode channel 2 mm
 Cathode 0.1 mm
 Electrolyte 0.01 mm
 Anode 0.6 mm
 Anode channel 2 mm
 Cell length 6 cm
 Tortuosity of electrodes 3

Table 2  Physical properties of the materials [71, 72]

Parameter Expression or value Unit

Ionic conductivity
 YSZ

3.34 × 10
4 × e

−10300

T
S/m

Electronic conductivity
 Nickel 3.27 × 10

6 − 1065.3 × T S/m
 LSM

4.2 × 10
7
/T × e

−1150

T
S/m

Heat capacity
 Cathode 398 J/(mol∙K)
 Electrolyte 525 J/(mol∙K)
 Anode 390 J/(mol∙K)

Thermal conductivity
 Cathode 3.47 W/(m∙K)
 Electrolyte 2.57 W/(m∙K)
 Anode 6.23 W/(m∙K)

Density
 Cathode 3814.8 kg/m3

 Electrolyte 6086 kg/m3

 Anode 6870 kg/m3



18 Q. Xu et al.

1 3

 where T and pl
i
 represent temperature and species local par-

tial pressure, respectively; R denotes the universal gas con-
stant, and tuning parameter kD is used to validate the model.

Chemical reactions could lead to heat generation or con-
sumption according to thermodynamics; thus, total chemical 
heat changes (Qche) are determined by both reaction enthalpy 
changes of formation (ΔH) and rates, as shown below:

 where hi and Cp,i denote the species enthalpy of formation 
and heat capacity, respectively.

Electrochemical Reaction Model

Electrical output and reversible/irreversible heat genera-
tions related to the electrochemical processes are determined 
by the electrochemical reaction model. The current density 
is described by the general Butler–Volmer (BV) equation 
(Eq. (17)), wherein the activation overpotential (ηact) reflects 
the electrochemical activation barrier [45].

(6)RMDR = kDp
l
CH3OH

EqD

(7)EqD = 1−
pl
CO

(
pl
H2

)2

Keq,Dp
l
CH3OH

(8)Keq,D = 1.718 × 1014 × e−
95419

RT

(9)RWGSR = ksf

(
pl
H2O

pl
CO

−
pl
H2
pl
CO2

Kps

)

(10)ksf = 0.0171 × e−
103191

RT

(11)Kps = e(−0.2935Z
3+0.6351Z2+4.1788Z + 0.3169)

(12)Z =
1000

T(K)
− 1

(13)Qche = RMDRΔHMDR+RWGSRΔHWGSR

(14)ΔHMDR= 2hH2
+hCO − hCH3OH

(15)ΔHWGSR = hCO2
+hH2

− hCO−hH2O

(16)hi(T) = hi
(
T0
)
+

T

∫
T0

Cp, i(T)dT

Here, α, n, and F are the charge transfer coefficient, the num-
ber of electrons for one single electrochemical reaction, and 
the Faraday constant, respectively; i0 represents the exchange 
current density. In the present model, both  H2 and CO are 
oxidized, and the electrochemical rate of hydrogen oxidation 
is faster than that of carbon monoxide [42]; thus, i0 is set as 
2000, 3000, and 5300 A/m2 for  O2, CO, and  H2, respectively. 
Because of various overpotential losses, the output potential 
(V, Eq. (18)) could be much lower than the thermodynamic 
equilibrium potential (E, Eqs. (19) and (20)), especially 
under high current density conditions.

In addition to the activation overpotential, ohmic overpo-
tentials for ionic/electronic transport resistances can be cal-
culated by Eqs. (23) and (24) according to Ohm’s law [46].

Here, Ø and σeff represent the phase potential and effec-
tive conductivity, respectively. During the electricity output, 
heat is released simultaneously, involving reversible elec-
trochemical heat generation (Qele) due to change of entropy, 
irreversible joule heating (Qohmic) because of transport of 
charged species, and irreversible heat generation (Qact) upon 
activation polarization [19]. Therefore, corresponding equa-
tions can be written as:

(17)i = i0e
�nF�act

RT − e
-(1-�)nF�act

RT

(18)V = E−�act,a−�act,c − �ohmic

(19)EH2
= ET

H2
+
RT

2F
ln

⎡⎢⎢⎢⎣

pl
H2

�
pl
O2

�0.5

pl
H2O

⎤⎥⎥⎥⎦

(20)ECO = ET
CO

+
RT

2F
ln

⎡⎢⎢⎢⎣

pl
CO

�
pl
O2

�0.5

pl
CO2

⎤⎥⎥⎥⎦

(21)ET
H2

= 1.253 − 0.00024516 × T

(22)ET
CO

= 1.46713−0.0004527×T

(23)il = −�eff
l
∇(�l)

(24)is = −�eff
s
∇(�s)

(25)Qele =
iH2

TΔSH2

2F
+
iCOTΔSCO

2F

(26)TΔS = ΔH−ΔG
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Computational Fluid Dynamics Model

Fuel and gas flows described by the velocity (U) and pres-
sure (p) fields in electrodes and gas channels will be simu-
lated by the computational fluid dynamics (CFD) model. 
In CFD, gas behaviors in the channels can be described by 
general continuity and Navier–Stokes (NS) equations (Eqs. 
(32) and (33)) [47]. However, in fuel and air electrodes, the 
modified continuity equation (Eq. (34)) with a mass source 
term and modified NS equation (Eq. (35)) with Darcy’s term 
account for the mass exchange and porous microstructure, 
respectively [48].

Here, ε and κ represent the porosity and permeability 
of electrodes, respectively; Qm is the net mass change; the 
dynamic viscosity (μ, Eq. (36)) of the gas mixture is estimated 
based on the species molecular weight (Mi) and molar fraction 
(yi).

(27)ΔSH2
= sH2O

−0.5sO2
−sH2

(28)ΔS
CO

= s
CO2

− 0.5s
O2

− s
CO

(29)s(T) = s
(
T0
)
+

T

∫
T0

Cp(T)

T
dT

(30)Qohmic =
i2

σeff

(31)Qact = i�act

(32)�∇ ⋅ U = 0

(33)�(U ⋅ ∇) ⋅ U = −∇p+∇ ⋅

[
�
(
∇U+∇UT

)]

(34)�∇ ⋅ U = Qm

(35)

1

�
�(U ⋅ ∇) ⋅ U

1

ε
= −∇p+

∇ ⋅

[
μ
1

ε

(
∇U+∇UT

)
−
2

3
�
1

�
(∇ ⋅ U)

]

−

(
��−1 +

Q
m

�2

)
U

(36)
� =

n�
i=1

yi�i

∑n

j=1

�
yi

�
Mj

Mi

�

Mass Transfer Model

Owing to various physical/chemical processes in an SOFC, the 
mass transfer model is used to calculate the species concentra-
tion distributions via steady-state species molar conservation 
equations with and without a source term applied in electrodes 
(Eq. (38)) and channels (Eq. (37)), respectively.

Here, Ri and Ji are the molar change rate and molar diffu-
sion flux of species i, respectively; u and c represent the molar 
average velocity and molar concentration of the gas mixture, 
respectively. Molar diffusion flux in the species molar conser-
vation equations could be estimated by the Stefan–Maxwell 
approach (Eqs. (39) and (40)) [49]. Notably, the effective 
binary diffusion coefficient ( Deff

ij
 , Eq.  (42)) corrected by 

molecular and Knudsen diffusions, as well as microstructure 
[50] is used in porous electrodes [51], while only binary dif-
fusion coefficient (Dij), which can be determined by Eq. (41) 
[52, 53] is considered in gas channels. As claimed by the 
kinetic theory [54], the Knudsen diffusion coefficient (Dik) 
could be expressed as Eq. (43).

Heat Transfer Model

Thermal characteristics within the entire computational 
domain can be described by the heat transfer model. To 
demonstrate the complicated thermal processes in an SOFC, 
general energy conservation equations with and without a 
heat source term are applied in electrodes (Eq. (45)) and gas 

(37)∇ ⋅ Ji + c(u ⋅ ∇)yi = 0

(38)∇ ⋅ Ji + c(u ⋅ ∇)yi = Ri

(39)
n∑

j=1,j≠i
yjNi−yiNj

Dij

= −c
dyi

dx

(40)
n∑

j=1,j≠i
yjNi−yiNj

Deff
ij

= −c
dyi

dx

(41)Dij =
0.00143T1.75

2p
(
v
1∕3

i
+ v

1∕3

j

)2

(
1

Mi

+
1

Mj

)1∕2

(42)Deff
ij

=
�

�

(
1

Dij

+
1

Dik

)−1

(43)Dik =
2

3
r

√
8RT

�Mi
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channels (Eq. (44)), respectively. Besides, the mole fraction 
averaging method is used to estimate both the heat capac-
ity (Cp, Eq. (46)) and thermal conductivity (λg, Eq. (47)) 
of a gas mixture [52, 55]. The gas species thermodynamic 
properties could be found in our previous publication [36].

Mathematical Method and Operating Conditions

The developed model is simulated by solving fully-coupled 
nonlinear equations through the finite element method with 
a relative tolerance of  10–3. To ensure grid independence, 
the model is composed of 30, 150, 10, 40, and 30 elements 
for anode channel, anode, electrolyte, cathode, and cathode 
channel widths, respectively, as well as 200 for cell length, 
generating 52,000 elements. Besides, the validation is con-
ducted by comparing the calculated polarization curves with 
the experimental data [34], which can be readily found in 
our published studies [32, 33]. Working conditions for the 
following parametric calculation are given in Table 3.

Results and Discussion

Effects of Air Flow Rate

Calculations are employed to examine the effects of the air 
flow rate on tubular cell thermal/electrical performance 

(44)�Cpu ⋅ ∇T + ∇ ⋅

(
−�g∇T

)
= 0

(45)�Cpu ⋅ ∇T + ∇ ⋅

(
−�eff∇T

)
= Qe

(46)Cp =

n∑
i=1

yiCp,i

(47)�g =

n∑
i=1

yi�i

(48)�eff = (1−�)�sol + ��g

under several typical operating temperatures. Here, the 
operating potential is set as 0.5 V because although a large 
current density or a low operating potential is not desired in 
practical operations, negative thermal features can become 
quite obvious under a considerably high current density.

Current densities (Fig. 2a) can be highly influenced by the 
air flow rate. At a relatively low flow rate, current densities 
are nearly the same under different temperature conditions 
and considerably increase as the air flow rate increases. It 
is mainly because the cell performance is restricted by an 
insufficient oxygen supply for electrochemical reactions, evi-
dent from the complete consumption of oxygen (Fig. 2b), 
especially near the cathode outlet (Fig. 2c). With a further 
increase to 1200 SCCM, the current density at 1073 K con-
tinues to enhance slightly, while the power outputs for three 
relatively low-temperature conditions experience a gradual 
drop when the flow rate approximately exceeds a certain air 
flow rate (240 SCCM for 873 K, 500 SCCM for both 923 K 
and 973 K). These two different trends in cell performance 
are reasonable since relevant phenomena are found in the 
available literature. With the increase in the air flow rate 
or air ratio, a decreased cell performance was frequently 
observed in several simulation studies from Xu et al. (973 K) 
[56] and Li et al. (973 K) [57], while enhanced power densi-
ties were also achieved with the rise of air flow rate in the 
research works by Colpan et al. (1173 K) [58] and Raj et al. 
(1073 K) [59]. The possible reason for these two opposite 
phenomena is because of different cell sensitivities to the 
temperature change. At low operating temperatures, the cell 
performance is more sensitive to temperature variation, as 
indicated in Fig. 2a, where a temperature increase by 50 K 
from 873 K leads to a substantial current density improve-
ment (about 5800 A/m2), while the cell electrochemical 
performance at 1073 K is just 1400 A/m2 higher compared 
to that at 973 K. Therefore, despite the increased oxygen 
concentration and thus decreased overpotential, the decrease 
in the cell average temperature (Fig. 2d) caused by the cool-
ing air dominates the power output at 873 K, 923 K, and 
973 K, reducing the cell performance. Conversely, a high 
operating temperature weakens the negative effect of the 
average temperature decrease, resulting in an insignificant 
but continuous increase in the power output when the air 
flow rate is faster than 500 SCCM at 1073 K.

In addition, the air flow rate can strongly impact the cell 
thermal characteristics involving axial temperature gradi-
ent and temperature distributions in the ceramic electrolyte 
(Fig. 3a, b). At 873 K, a peak temperature gradient approxi-
mately occurs at the center of the electrolyte because of the 
relatively moderate current density (Fig. 2a) and a smooth 
increase in temperature along the cell length near the gas 
inlet (Fig. 3a). Although limited by the inadequate oxygen 
and low chemical/electrochemical kinetics due to a slow 
air flow and a low operating temperature, respectively, the 

Table 3  Working conditions for the parametric simulation

Parameters Value Unit

Cathode gas flow rate 120–2400 SCCM
Cathode gas composition O2/N2 (21%/79%)
Anode flow rate (liquid) 0.2 mL/min (std)
Anode gas composition H2O/CH3OH (molar 

ratio: 1/1)
Inlet temperature 873–1113 K
Operating potential 0.5–0.9 V
Operating pressure 1 atm
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current density is only about 11,000 A/m2 at the air flow rate 
of 200 SCCM, the temperature gradient still reaches 43.5 K/
cm because of poor heat convection and easy heat accumula-
tion. Fortunately, with the rising air flow rate and enhanced 
flow convective heat transfer capacity, the temperature gra-
dient can be effectively suppressed within 20 K/cm, thus 
reducing the possibility of structural failure during practical 
SOFC operation. Besides, the reduction in current density 

also plays a role in controlling the high-temperature gradient 
(Fig. 2a), especially at a high air flow rate, since various heat 
sources strongly depend upon the current density. Unlike the 
distribution at 873 K, the largest axial temperature gradient 
likely exists near the fuel inlet when the fuel cell is operating 
at 1073 K (Fig. 3b), primarily because the high operating 
temperature benefits the generation of direct fuels (hydrogen 
and carbon monoxide), electrochemical reactions, and YSZ 

Fig. 2  Effects of the air flow rate on a current density; b air utilization; c oxygen molar fraction distributions along the cell length at the middle 
of the cathode; d anode–electrolyte–cathode average temperature at different temperatures

Fig. 3  Effects of the air flow rate on axial temperature gradient and temperature distributions at the middle of the electrolyte at a 873 K and b 
1073 K
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electrolyte ion transport, resulting in an extremely elevated 
current density and thus a huge temperature rise near the fuel 
inlet (Fig. 3b). Although the increased air flow rate ensures 
sufficient oxygen supplement (Fig. 2c) and enhanced power 
generation (Fig. 2a), the induced strong heat convection still 
promotes heat dissipation under 1073 K, slightly improving 
the temperature uniformity and reducing the peak tempera-
ture gradient.

As the air flow rate continuously increases, mitigations 
of high temperature and peak temperature gradient become 
negligible for both operating temperature conditions (Fig. 3a 
and b), indicating that heat convective capacity arising from 
the air flow can show a limited cooling effect on the exo-
thermic cell when the air flow rate exceeds a certain value. 
Therefore, to better evaluate the effectiveness of this active 
cooling strategy, an excess air ratio is introduced to represent 
the actual air flow rate [26]. As observed in Fig. 4, all peak 
temperature gradients occur in two stages with the increase 
in excess air ratio (air flow rate: 200–2400 SCCM), involv-
ing sudden and then gradual declines. At 1073 K, tripling the 
air ratio from 2 to 6 merely results in about an 18% reduction 
in the maximum temperature gradient, indicating that the 
local high-temperature gradient cannot be efficiently elimi-
nated to a safe value (less than 10 K/cm [15, 19]) by simply 
increasing the airflow rate at such a high current density 
(0.5 V), especially for high-temperature conditions, which 
is consistent with Promsen’s statement [26]. The underly-
ing reason for the airflow’s poor cooling effect could be the 
restricted heat convection between the cell assembly and 
the convective gas flow in the air channel, as evidenced by 
the heat transfer mechanism at the cathode [35]. Unlike the 
anode, where the heat generated from the thin interface is 
principally transported by mass transfer. Since the convec-
tive flow resulting from the mass exchange moves away from 
the anode functional layer [60], heat conduction serves as 
the predominant form of heat transfer in the cathode as the 
air flows toward the cathode functional layer. Besides, the 
reported dimensionless value of πz, a parameter comparing 
heat convection with conduction, is 1.075 for the anode, 

three orders higher as that for the cathode. Therefore, simply 
accelerating the convective flow in the air channel is not the 
most effective strategy to control temperature and tempera-
ture gradient within the safe region. Besides, an additional 
air flow normally increases the cost [59] since, reportedly, 
over 10% of the total cell electricity generation will be con-
sumed by the air blower devices [16, 21, 61]. Therefore, the 
air flow rate must be carefully controlled considering mate-
rial deterioration, structural integrity, and cell efficiency.

Effects of Operating Potential

As the key factor, the operating potential can have a dramatic 
effect on the cell’s thermal characteristics. The effects of 
operating potential at different temperatures are illustrated 
in Fig. 5. Due to the endothermic MDR, the electrolyte 
temperature initially decreases and subsequently increases 
because of the synergistic promotional effects between local 
current density and actual cell temperature downstream. A 
local cooling spot near the gas inlet results in an abrupt fall 
of the axial temperature gradient, especially at a relatively 
high operating potential (Fig. 5a, b). The low localized 
temperature could negatively influence the current density 
(Fig. 5c, d), contributing little to the cell’s electrical perfor-
mance, and the induced temperature gradient (− 60 K/cm) 
does not fall within the safe region for a long-term stable 
operation based on the recommendation value (10 K/cm) 
of maximum temperature gradient [15, 19], thus increas-
ing the failure possibility related to the structural defects, 
such as cracks and delamination due to the applied ther-
mal stress on the brittle ceramic structure. Fortunately, the 
peak temperature gradient caused by the internal reforming 
operation could be effectively inhibited by properly adjust-
ing the operating potential as a free condition of extremely 
high positive or negative peak temperature gradient could 
be achieved between 0.5 and 0.6 V at 873 K, and 0.6 and 
0.7 V at 1073 K (Fig. 5a, b), thereby achieving a localized 
thermal neutral state. Therefore, an abnormal temperature 
gradient could be avoided by selecting suitable operating 
conditions for the fuel cell without sacrificing significant 
power generation since excessive heat generated from the 
cell’s inefficiency could be consumed by the endothermic 
decomposition reaction, showing an efficient and attractive 
operation of direct internal reforming in an SOFC.

In addition, temperature reduction near the cell inlet 
induced by the MDR could also be affected. A higher oper-
ating temperature and a lower potential favor the decom-
position reaction (Fig. 6a), mainly arising from the higher 
reaction kinetics and promotional effects of hydrogen and 
carbon monoxide consumption by the faradic processes, 
respectively. Despite the high average current density at a 
high working temperature, a more favored endothermic 
reaction leads to a large temperature drop at the operating 

Fig. 4  Effect of excess air ratio on the maximum axial temperature 
gradient at the middle of the electrolyte under different temperatures
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potential of 0.9 V (Fig. 6b). Moreover, contrary to the pub-
lished fact that cells operated on methane fuel generally expe-
rience large temperature drops, a relatively lower temperature 
reduction (below 30 K) is found in the present model, as 
demonstrated in Fig. 7. Dokmaingam et al. [62] have drawn 
a similar conclusion that methanol-fueled IIR-SOFC (indi-
rect internal reforming) provided the smoothest temperature 
change among various promising fuels, including methane, 

biogas, methanol, and ethanol. The potential reason is related 
to different thermodynamical intensities of internal reforming 
reactions. Within the actual working temperature of SOFC 
(from 1000 to 1200 K), MDR is moderately endothermic as 
the associated reaction heat consumption is about 105 kJ/
mol, while methane steam (226 kJ/mol) and dry (260 kJ/
mol) reforming processes are highly endothermic [40, 42]. 
Therefore, compared to methane reforming reactions, MDR 

Fig. 5  a, b Effects of operating potential on axial temperature gradient and temperature; c, d local current density distributions at the middle of 
the electrolyte under different temperatures of a, c 873 K and b, d 1073 K

Fig. 6  Effects of operating potential on a energy consumption via the endothermic methanol decomposition reaction; b maximum temperature 
reduction at the middle of the electrolyte under different temperatures
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is less endothermic and could lead to a lower temperature 
drop, which is beneficial to cell performance and durability, 
especially while operating under a start-up or partial load 
condition, showing a promising prospect for methanol as the 
fuel for SOFCs from a thermodynamic perspective.

Effects of Air Inlet Temperature

Besides the cathode gas flow rate, the air inlet temperature 
can also influence the cell performance and thermal features. 
Therefore, the effects of cathode gas temperature are studied 
at the fuel gas inlet temperatures of 973 and 1073 K.

With the rising air inlet temperature, the calculated cur-
rent densities increase because of the increased average tem-
perature of the cell assembly, as shown in Fig. 8. Besides, the 
current density at 973 K experiences a larger improvement 
than that at 1073 K because of higher cell sensitivity to tem-
perature change, as demonstrated previously. Surprisingly, 
a small amount of air temperature increment can decrease 
the peak axial temperature gradient of the electrolyte near 
the inlet to some extent (Fig. 9a, b). For example, increas-
ing the air temperature by 5 K could reduce the temperature 
gradients by about 18% for 973 K and 20% for 1073 K. How-
ever, with a further increase, a negative peak temperature 
gradient can appear because of the newly generated low-
temperature spot, especially for the large air temperature 
increment. The reduction in the peak temperature gradient 
is due to the warmer air flow serving as the heat source to 
heat the front end of the cell assembly, which could lead to 
a gradual temperature increase at the corresponding position 
(Fig. 9a, b), smoothing the temperature gradient distribution. 
In contrast, the excessively warmer air flow could cause a 
low-temperature spot because of the heat transfer between 
the air stream and the cell assembly when the temperature 
difference becomes larger than 30 K, creating a new nega-
tive peak temperature gradient. Meanwhile, a comparable 
positive peak temperature gradient could also be formed at 

the subsequent position at 973 K, and this is mainly because 
of the enhanced local current density upstream (Fig. 9c). 
Besides, low molar fractions of effective fuels at the anode 
(Fig. 9d) due to the improved cell performance cause a more 
rapid drop in the local current density downstream for the 
high increment of air temperature (Fig. 9c), thus lowering 
the heat generation and subsequently, the temperature gradi-
ent. Compared to the condition of 973 K, the cell with a fuel 
inlet temperature of 1073 K controls the temperature gradi-
ent more optimally since a minimal air temperature increase 
could lead to more temperature gradient reduction, and a 
further increment could not result in either huge negative or 
positive gradients because of a higher current density and 
reduced cell sensitivity to temperature change, respectively.

However, the increase in the air inlet temperature can 
have a complicated effect on the temperature gradients of 
other components (Fig. 10). Given the anode-supported 
structure used in this model, an increased air temperature 
increases the temperature gradient for the anode mainly 
because of a relatively long distance to the air channel and 
enhanced exothermic processes. Conversely, a larger gra-
dient drop could be observed at the cathode since it is the 
component with the shortest distance to the air channel.

In general, simply increasing the temperature of the 
incoming air could help reduce the peak temperature 
gradient of the electrolyte and thus the structural failure 
possibility since it is frequently reported that the maxi-
mum tensile stress can exist in the electrolyte of SOFC, 
especially for the internal reforming operation [27–29, 63, 
64], practically making the electrolyte the most vulnerable 
component. However, the negative effects of this approach 
on other important components must be paid attention to 
as there is a trade-off in the temperature gradient changes 
at different radial positions.

Fig. 7  Comparison of local temperature reduction due to the internal 
reforming reactions between methanol and methane-fueled SOFCs. 
Data from Ref. [2, 15, 42, 62, 68–70] Fig. 8  Effect of air temperature increment on the electrochemical per-

formance and the average temperature of anode–electrolyte–cathode 
at 973 K and 1073 K
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Effects of Fuel/Air Flow Arrangements

Flow arrangements of the tubular fuel cell, including co-
flow and counter-flow are critically important to its electro-
chemical characteristics and thermal management (Table 4); 
thus, cells with different air flow directions are simulated to 
assess the heat dissipation capacity at 973 K and 0.5 V. As 
indicated in Fig. 11, a distinctive discrepancy of temperature 

distributions is that a cell with a counter-flow setup exhib-
its a larger high-temperature area compared to the co-flow 
counterpart, especially in the fuel inlet region where the 
reforming reaction is primarily performed, thus producing 
more effective fuels for faradic processes, indicating a more 
efficient waste heat recovery for the endothermic decompo-
sition reaction. Besides, a considerably higher average cell 
assembly temperature of 1102.4 K enables the counter-flow 
cell to perform better, leading to a higher current density 

Fig. 9  Effects of air temperature increment on the axial temperature 
and temperature gradient distributions at the middle of the electrolyte 
at a 973 K and b 1073 K in the cell’s upstream (0 to 10 mm); c local 

current density distribution along the cell length; d molar fractions of 
 H2 and CO along the cell length at the middle of anode under the fuel 
inlet temperature of 973 K

Fig. 10  Effects of air temperature increment on axial temperature and temperature gradient distributions at the middle of the a anode and b cath-
ode in the cell’s upstream (0 to 10 mm) at 973 K
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(Table 4). Therefore, the cell with the counter-flow arrange-
ment is characterized by higher power output and thereby 
efficiency, which coincides with many research works [15, 
29, 58, 65–67] from literature. However, a large high-
temperature area is generated by the poor heat dissipation 
because opposite directions of air and fuel flows diminish 

the heat convection capacity, causing heat accumulation near 
the cell center.

Quite different temperature distributions between these 
two configurations can create much disparate temperature 
gradient distributions, as demonstrated in Fig. 12. In addition 
to a higher positive peak gradient (136.66 K/cm) near the 
fuel inlet, a negative one (− 382.58 K/cm) is also found near 
the air inlet for the counter-flow setting because the axial 
temperature can decrease from the cell center (Fig. 12b) due 
to the combined effects of the cooler incoming air and the 
decreased local current density (Fig. 12c) evident from the 

Table 4  Comparison of the cell thermal and electrochemical charac-
teristics between different flow arrangements at 973 K

Properties Co-flow Counter-flow

Current density (A/m2) 18,722 19,878
Maximum temperature (K) 1125.5 1129.4
Minimum temperature (K) 978.63 1014.4
Average temperature (K) 1066.4 1102.4
Maximum temperature gradient 

(K/cm)
57.45  − 382.58/136.66

Fig. 11  Distributions of cell temperature of different flow arrange-
ments at 973 K

Fig. 12  a Axial temperature gradient, b temperature, and c current density distributions of different flow arrangements along the cell length at 
the middle of the electrolyte; d molar fractions of  H2 and CO along cell length at the middle of the anode under 973 K
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slight increase in hydrogen fuel near the air inlet (Fig. 12d). 
Notably, the absolute value of the negative peak gradient is 
much higher than that of the positive one, mainly because 
the rate of temperature drop at the air inlet is higher com-
pared to the temperature rising rate near the fuel inlet due to 
the anode-supported structure used in the current model and 
the more rapid drop of current density near the air inlet than 
the current density enhancement near fuel inlet (Fig. 12c). 
Therefore, the co-flow configuration has a safer temperature 
profile, while much higher temperature gradients are found 
in both fuel and air inlets for the counter-flow counterpart.

Radial temperature and temperature gradient distribu-
tions of the cell assembly have not been discussed frequently 
due to negligible temperature variation along the thickness 

direction since relatively high thermal conductivities enable 
solid materials to conduct heat efficiently. For the co-flow 
arrangement, the radial temperature difference is less than 
1 K (Fig. 13) because fuel and air flows follow the same 
temperature variation pattern, leading to relatively small 
temperature gradients at three typical positions (Fig. 14). 
However, the temperature along the cell thickness exhib-
its different tendencies at different axial positions for the 
counter-flow setting (Fig. 13), showing opposite tempera-
ture changes at the fuel and air inlets. Besides, a relatively 
high gradient intensity (− 60.5 K/cm) could be found at the 
interface of electrolyte and cathode near the air inlet (fuel 
outlet) (Fig. 14a), again because anode supportive structure 
enables the electrolyte to dissipate heat more rapidly through 
the thin cathode near the air inlet.

Conclusion

The two-dimensional axisymmetric model studies the ther-
mal and electrochemical characteristics of tubular SOFC fed 
by equimolar amounts of methanol and steam. This validated 
numerical model fully considers the mass and heat trans-
fer processes, hydrogen/carbon monoxide electrochemical 
oxidations, as well as methanol conversion and simulates 
the cell’s thermo–fluid environment under various working 
conditions involving operating potential, air flow rate inlet 
temperature, and gas flow arrangements. The main conclu-
sions are as follows:

(1) The air flow rate can have a complicated effect on a 
cell’s performance. Limited by the insufficient oxy-
gen at relatively low air flow rates, current densities 
increase dramatically with the rising air flow rate. 
However, with a further increase, the power output 
experiences a gradual drop because of the induced 
temperature decrease at 873, 923, and 973 K, but a 
slight increase at 1073 K due to the low cell sensitivity 
to temperature variation. Besides, as an active cool-

Fig. 13  Radial temperature distributions at three positions of the cell 
under 973 K (a 59 mm, b 30 mm, and c 1 mm from fuel inlet)

Fig. 14  Radial temperature gradient distributions at three positions of the cell at 973 K (a 59 mm, b 30 mm, and c 1 mm from fuel inlet)
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ing strategy, oversupplying the cathode air could not 
effectively suppress the detrimental thermal features to 
a safe level at a considerably high current density due 
to the intrinsic heat transfer in the cathode.

(2) Owing to the thermal coupling of cell inefficiencies and 
the endothermic decomposition reaction, a localized 
thermal neutral state was achieved by suitably adjusting 
the operating potential and eliminating the peak axial 
temperature gradient of the electrolyte. Compared to 
methane-fueled SOFCs, an SOFC operating on metha-
nol experiences a less temperature reduction (below 
30 K) near the fuel inlet due to the less endothermic 
thermodynamic nature, causing fewer negative effects 
on the cell performance and durability.

(3) Interestingly, increasing the air inlet temperature by 5 K 
could suppress the peak axial temperature gradients by 
about 18% at 973 K and 20% at 1073 K since warmer 
fresh air can be the heat source to heat the front end 
of the fuel cell, while a further increase could gener-
ate negative and positive temperature gradient peaks 
because of the new cooling spot and elevated current 
density, respectively. However, as the result of the 
anode’s supportive structure, an increased air inlet tem-
perature can have different effects on other components, 
thus increasing the corresponding failure possibility.

(4) Unlike the cell with the co-flow arrangement, high tem-
perature concentrates at the cell center for the counter-
flow counterpart, enhancing the electricity output and 
cell efficiency. However, because of poor heat dissipa-
tion capacity and enhanced heat generation, the cell 
with the counter-flow setting is characterized by higher 
local temperature gradients along the cell length and 
radial direction, making the counter-flow undesirable 
from the perspective of thermal stability.

Notably, in addition to the temperature gradient distri-
bution, mechanical properties of cell components, includ-
ing thermal expansion coefficient, elasticity, and Poisson’s 
ratio, can affect the cell’s thermal stress conditions. There-
fore, the electro–thermo–mechanical modeling of SOFCs 
is considered in our subsequent simulation work to study 
the operation stability related to thermal stress.
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