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Abstract 
This study is to understand the impact of operating conditions, especially ini-
tial operation temperature (Tini) which is set in a high temperature range, on 
the temperature profile of the interface between the polymer electrolyte 
membrane (PEM) and the catalyst layer at the cathode (i.e., the reaction sur-
face) in a single cell of polymer electrolyte fuel cell (PEFC). A 1D multi-plate 
heat transfer model based on the temperature data of the separator measured 
using the thermograph in a power generation experiment was developed to 
evaluate the reaction surface temperature (Treact). In addition, to validate the 
proposed heat transfer model, Treact obtained from the model was compared 
with that from the 3D numerical simulation using CFD software COMSOL 
Multiphysics which solves the continuity equation, Brinkman equation, Max-
well-Stefan equation, Butler-Volmer equation as well as heat transfer equa-
tion. As a result, the temperature gap between the results obtained by 1D heat 
transfer model and those obtained by 3D numerical simulation is below ap-
proximately 0.5 K. The simulation results show the change in the molar con-
centration of O2 and H2O from the inlet to the outlet is more even with the 
increase in Tini due to the lower performance of O2 reduction reaction. The 
change in the current density from the inlet to the outlet is more even with 
the increase in Tini and the value of current density is smaller with the in-
crease in Tini due to the increase in ohmic over-potential and concentration 
over-potential. It is revealed that the change in Treact from the inlet to the out-
let is more even with the increase in Tini irrespective of heat transfer model. 
This is because the generated heat from the power generation is lower with 
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the increase in Tini due to the lower performance of O2 reduction reaction. 
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1. Introduction 

According to the Japanese Energy and Industry Technology Development Or-
ganization (NEDO) road map 2017 in Japan, a high-temperature operation such 
as 363 K and 373 K is requested for the stationary and mobile application use of 
polymer electrolyte fuel cell (PEFC), respectively, during the duration from 2020 
to 2025 [1]. On the other hand, the PEFC system using Nafion membrane as a 
polymer electrolyte membrane (PEM) is usually operated under 353 K [2] [3] [4]. 
When PEFC system is operated at a higher temperature such as 363 K and 373 K, 
we can obtain the following merits: 1) the kinetics improvement of the electrode; 
2) for the vehicle usage, the cooling system can be smaller because of the in-
crease in the temperature gap between PEFC stack system and the coolant; and 3) 
the durability enhancement of CO contained in the H2 reformed from hydro-
carbon [5]. However, we should solve the following demerits: 1) damage of PEM; 
2) electrode elution; 3) performance drop due to uneven distribution of gas flow, 
pressure, temperature, voltage and current in PEFC [6]. It can be believed that 
the even distribution of H2, O2, H2O, temperature and current density provide 
not only the higher power generation performance but also the longer lifetime 
when we operated the PEFC system at higher temperature [6] [7]. 

The temperature distribution in a single cell of PEFC is crucial to the per-
formance of PEFC. Uneven temperature distribution could cause degradation of 
PEM and catalyst layer. Localized temperature rise would cause thermal de-
composition of PEM. PEM could also be broken by thermal stress caused by an 
uneven temperature distribution [8] [9]. Therefore, it is important to understand 
the temperature distribution in a single cell of PEFC in order to improve the 
power generation performance and realize the long life span, which is the aim of 
this study. 

According to the literature survey, some studies have been conducted on high 
temperature of PEFC (HTPEFC), which focuses on the development of compo-
nents consisting of PEFC. 

As to PEM, several studies investigated to develop a new material for HTPEFC. 
The PEFC using phosphoric acid-developed polybenzimidazole membrane 
could be operated from 393 K to 433 K [10]. From this report, the power density 
was 0.254 W/cm2, 0.299 W/cm2 and 0.389 W/cm2 at the current density of 0.7 
A/m2, 0.8 A/m2 and 0.9 A/m2, respectively when operated at 393 K, 413 K and 
433 K, respectively, resulting from the improvement of proton conductivity at 
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higher temperature operation. The other study has developed the polybenzimi-
dazole/graphene oxide composite membrane [11]. The PEFC stack consisting of 
12 individual cells equipped with the membrane performed the power density of 
3.6 W/cm2 at the current density of 0.67 A/cm2 when operated at 433 K, result-
ing from the improvement of proton conductivity at higher temperature opera-
tion. 

As to catalyst layer, some studies investigated the structure and preparation 
process. The catalyst layer having different microstructures and the effect of Pt 
loading on the performance and degradation of HTPEFC was investigated, re-
porting that the mass transfer was affected remarkably by the impacts of micro-
structures and Pt loadings [2]. From this report, the catalyst preparation process 
is important to obtain the higher power generation characteristics of HTPEFC 
[12]. The performance of membrane electrode assembly (MEA) having the an-
ode electrode modified by Pt pulse electrodeposition was 437.2 mW/mg-Pt, 
which was almost 1.36 times higher than that of the pristine MEA. 

As to gas diffusion layer (GDL), some studies investigated the structure such 
as porosity and thickness. The numerical study revealed that the effect of uneven 
porosity distribution was more considerable when the current densities were 
higher [13]. From this report, the reaction kinetics were hardly affected by chang-
ing the porosity configurations. The other numerical study revealed the thick-
ness and porosity exhibited the opposite impact on diffusion flux, which reduced 
with the increase in GDL thickness but increase with the increase in porosity 
[14]. According to this report, the optimum thickness for anode GDL and cath-
ode GDL would be 50 μm - 120 μm and 140 μm - 170 μm respectively, and the 
optimum value for GDL porosity ranged from 35% to 45%. 

As to separator, several studies investigated the structure. The previous study 
carried out 3D numerical simulation to understand the effect of interdigitated 
flow field on not only the mass transfer characteristics but also the power gen-
eration characteristics [15]. According to this report, the interdigitated flow pro-
vided not only the better power generation performance compared with the par-
allel flow but also the similar characteristics as the serpentine flow. Additionally, 
there was the optimum ratio of channel to rib to obtain the higher power den-
sity. The other numerical study focused on the rib design [16]. The ratio of 
channel to rib influenced the distributions of gas diffusion, electron conduction 
and current density in the porous electrodes significantly. Moreover, the opti-
mum ratio of channel to rib was 1 which provided the peak power density of 
0.428 W/cm2 and the current density of 1.2 A/cm2. The widths of top and bot-
tom edges of the anode and cathode flow channels were investigated as an inde-
pendent variable with a constrained range for the optimization of the performance 
of HTPEFC [17]. From this report, the trapezoidal structure of cross-sectional 
area of the flow channel was the best shape to obtain the highest power genera-
tion performance. It also revealed that the pressure drop and the outlet power of 
the optimal model were larger by 1.7% and 6.5% than those of the original model 
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at 0.4 V, respectively. 
However, only a few papers [16] [18] investigated the temperature distribu-

tion near the interface between PEM and catalyst layer at the cathode, which is 
defined as a reaction surface in this study, excluding other studies by the authors 
[19]-[24]. The authors’ studies [19]-[24] investigates the effect of PEM’s thick-
ness, GDL’s thickness and separator’s thickness on the distribution of the tem-
perature at the reaction surface (Tsurf), in a single cell of PEFC at a higher tem-
perature such as 363 K and 373 K by 1D heat transfer model using the experi-
mental temperature distribution data obtained by means of a thermograph. 
However, this model investigated the heat transfer phenomena in a single cell of 
PEFC only. Therefore, it is necessary to compare the temperature distribution 
which is obtained considering the mass transfer phenomena and the electro-
chemical reaction as well as heat transfer phenomenon in order to verify the heat 
transfer model proposed by the authors. 

The aim of this study is to clarify and verify the distribution of Treact at higher 
temperatures, i.e. 363 K and 373 K calculated by 1D heat transfer model pro-
posed by the authors. This study carries out the numerical simulation using a 3D 
model by COMSOL Multiphysics composed of multi-physics simulation codes 
considering the mass transfer phenomenon, the electrochemical reaction and 
heat transfer phenomenon to verify the distribution of Treact at higher tempera-
tures. If we can verify 1D heat transfer model by 3D model, it can be said that 
the 1D heat transfer model is effective to predict the distribution of Treact without 
complex calculation and long calculation time. The operation temperature is 
changed by 353 K, 363 K and 373 K. As to 353 K, this study has selected it to ex-
hibit the characteristics at a standard operating temperature condition compared 
with the characteristics at a higher temperature. The relative humidity (RH) of 
supply gas at anode of 80 %RH and cathode of 80 %RH (A80%RH, C80%RH), 
that at anode of 80 %RH and cathode of 40 %RH (A80%RH, C40%RH), that at 
anode of 40 %RH and cathode of 80 %RH (A40%RH, C80%RH) and that at an-
ode of 40 %RH and cathode of 40 %RH (A40%RH, C40%RH) is also investi-
gated. The distributions of O2, H2O and current density on the interface between 
PEM and catalyst later at the cathode, which is obtained by 3D model, are inves-
tigated to support the distribution on the temperature distribution. 

2. Calculation Procedure 
2.1. 1D Multi-Plate Heat Transfer Model 

Figure 1 illustrates the multi-plate single cell of PEFC module (1D) used in this 
study. In the module, the separator’s back is the opposite side of the surface 
contacting the GDL. The separator’s back surface temperature Tsurf,c and Tsurf,a 
were measured using thermograph. 

The heat transfer across the module is assumed to be in 1D direction only. In 
the module, the cell is divided into a gas channel and a rib part. In Figure 1, the 
upper and the lower parts represents rib part and channel part, respectively. For  
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Figure 1. 1D multi-plate heat transfer model. 

 
both parts, the heat transfer was assumed to be in the through-plane direction. 
The reaction heat generated on the reaction surface is transferred to the cathode 
and anode sides separately. Although the gas flowing through the gas channel 
from the inlet to the outlet of the cell carries away some heat, the amount of heat 
taken is less than 1% of the estimated reaction heat of approximately 20 W [25]. 
Therefore, the heat carried away by the gas flow was neglected in this model. 
Additionally, the mass flow rate of gas flowing through the gas channel is very 
small ranging from 10−8 to 10−6 kg/s, resulting that the thermal conduction of gas 
in the gas channel is assumed since the gas is thought to be static. 

2.2. Heat Generation Rate by Reaction 

The heat generation rate Hreact as a reaction product is calculated as follows: 

react i EH E W= −                                (1) 

where Ei is the ideal (total) energy generation rate by the water formation from 
H2 and O2 based on higher heating value except the initial temperature of cell 
(Tini) = 373 K. The lower heating value is adopted for Tini = 373 K. WE is the 
electric work generated by PEFC. Ei and WE are expressed as follows: 

2i H HHV LHVorE m q q= ×                           (2) 

EW I V= ×                               (3) 

where I is the load current obtained by the experiment (=20 A). In this study, the 
power generation data from a load current of 20 A (=0.80 A/cm2) were used for 
the heat transfer modeling. 

2Hm  is the molar flow rate of supplied H2, which is 
equal to the ideal reaction consumption rate of H2 required for the generation of 
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20 A, i.e., the stoichiometric ratio of 1.0. Here, the stoichiometric ratio is the ra-
tio of the feed amount of H2 or O2 to that required to generate a current of 20 A. 
The flow rate of the supply gas (H2) at the stoichiometric ratio of 1.0 is defined 
as follows. 

2Hm I nF=                              (4) 

where 
2Hm  is the molar flow rate of the supplied H2 [mol/s], n is the valence of 

the ion (=2 for H2) [−], and F is the Faraday constant (=96500) [C/mol]. 
2Om  is 

the molar flow rate of the supplied O2 [mol/s] and is calculated as follows: 

2 2 2H O1 2 H O+ =                           (5) 

The actual stoichiometric ratio of the supply gas was confirmed, using the 
mass flow controller installed at the inlet of the single cell and the mass flow 
meter installed at the outlet of the cell in the power generation experiment [26]. 

2.3. Heat Balance Equations for Calculating Reaction Surface  
Temperature 

The reaction heat at rib and channel are expressed by the following equations: 

( )rib,c rib,c react,rib surf ,c 2H K A T T= −                     (6) 

( )chan,c chan,c react,chan surf ,c 2H K A T T= −                    (7) 

( )rib,a rib,a react,rib surf ,a 2H K A T T= −                    (8) 

( )chan,a chan,a react,chan surf ,a 2H K A T T= −                    (9) 

react rib,c chan,c rib,a chan,aH H H H H= + + +                  (10) 

where A is the heat transfer area, which is the active are of MEA (i.e., power 
generation area = 0.0025 m2). The overall heat transfer coefficients Krib,c, Kchan,c, 
Krib,a and Kchan,a are defined as follows: 

rib,c cat cat GDL GDL rib rib sep sep1 K d k d k d k d k= + + +               (11) 

chan,c cat cat GDL GDL chan chan,c sep sep1 K d k d k d k d k= + + +              (12) 

rib,a PEM PEM cat cat GDL GDL rib rib sep sep1 K d k d k d k d k d k= + + + +        (13) 

chan,a PEM PEM cat cat GDL GDL chan chan,a sep sep1 K d k d k d k d k d k= + + + +      (14) 

Table 1 lists the specification of cell components used in the model. In Table 
1, the effective thermal conductivity of porous media k, are the values of the cell 
components used in the present experiment and in references [26] [27]. Since 
the effective thermal conductivities given in Table 1 are obtained when the cell 
component pores are filled with the air at room temperature, the corrected effec-
tive thermal conductivities are calculated for the cell components pores filled 
with H2 or O2 at 353 K or 363 K or 373 K, which were the Tini value assumed in 
this study. In this calculation, the thermal conductivity of each gas is from The 
Japan Society of Mechanical Engineers [28]. 
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Table 1. Specifications of PEFC components. 

Parts Size Characteristics 
Effective thermal 

conductivity 
[W/(m∙K)] 

Polymer electrolyte 
membrane (PEM) 

50.0 mm × 50.0 mm × 
0.051 mm (Nafion 

NRE-212) 

Nafion NRE-212 
 (produced by Du Pont 

Corp.) 
0.195 

Catalyst layer 
50.0 mm × 50.0 mm × 

0.01 mm 
Pt/C (20 wt% Pt  

loading) 
0.27 

Microporous layer 
(MPL) 

50.0 mm × 50.0 mm × 
0.003 mm 

PTFE + carbon black 1.00 

Gas diffusion layer 
(GDL) 

50.0 mm × 50.0 mm × 
0.17 mm 

Carbon paper 
(TGP-H-060 produced 

by Toray Corp.) 
1.7 

Separator 

75.4 mm × 75.4 mm × 
2.00 mm (thickness of 

rib part: 1.00 mm) (Gas 
supply area: 50.0 mm × 

50.0 mm) 

Carbon graphite,  
Serpentine 

25 

 
In order to solve Equations (6)-(9), the temperatures measured using the ther-

mograph were substituted into these equations as Tsurf,c and Tsurf,a. The operation 
conditions used for power generation in order to measure temperatures with 
thermograph are given in Table 2. 

Regarding a cathode gas, this study selects O2. It can be expected that H2, 
which is produced from a renewable energy via H2O electrolyzer, will be used as 
a fuel for PEFC in order to realize a zero-CO2-emission society in the near future. 
When H2 is produced by H2O electrolysis, O2 is also produced as a by-product. 
This study suggests that not only H2 but also O2 produced from H2O electrolysis 
are used for PEFC. This study also proposes that the total system consisting of 
renewable energy, H2O electrolyzer, and PEFC system operated using H2 and O2 
produced by H2O elecrtrolyzer. Therefore, in this study, O2 is adopted as the 
cathode gas for the numerical simulation. If O2 was adopted as a cathode gas, a 
higher current density on the interface between PEM and the catalyst layer could 
be expected, especially under the rib, compared to the case using an air [29]. 

Analysis using 1D model as well as 3D model is carried out by means of the 
data obtained under the conditions listed in Table 2. The experimental proce-
dure for measuring temperature during the power generation has been explained 
in the reference [26]. In the heat transfer analysis, it was assumed that Tsurf,c on 
the rib side was equal to Tsurf,c on the channel side as well as Tsurf,a because the 
difference between them could not be recognized by the measured data. 

By the comparison of temperature distribution between in-plane and through- 
plane, the difference between Treact,rib and Treact,chan was found to be small, i.e., less 
than 1 K [30] [31] [32]. Consequently, it is believed that the heat flow in the 
through-plane direction dominates the heat transfer in the cell. 
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Table 2. Operating conditions of power generation for temperature measurement by 
thermograph. 

Initial temperature of cell [K] 353, 363, 373 

Load current of cell [A] (Current density 
of cell [A/cm2]) 

20 (0.80) 

Supply gas condition 

 Anode Cathode 

Gas type H2 O2 

Temperature of supply gas at inlet [K] 353, 363, 373 353, 363, 373 

Relative humidity of supply gas [%RH] 40, 80 40, 80 

Pressure of supply gas at inlet (absolute) 
[MPa] 

0.4 0.4 

Flow rate of supply gas at inlet [NL/min] 
(Stoichiometric ratio [−]) 

0.210 (1.5) 0.105 (1.5) 

 

Considering the above described assumptions and Equations (6)-(14), the re-
action surface temperature Treact is expressed as follows: 

( ) ( ){ }
( )

react react,rib react,chan

react rib,c chan,c surf ,c rib,a chan,a surf ,a

rib,c chan,c rib,a chan,a

2

T T T

H A K K T K K T

K K K K

= =

= + + + +

+ + +

        (15) 

2.4. 3D Numerical Simulation Model 

In this study, the 3D numerical simulation has been conducted using a multi- 
physics software COMSOL Multiphysics. This software has the simulation code 
for PEFC composed of the continuity equation, the Brinkman equation for a 
momentum transfer, the Maxwell-Stefan equation for a diffusion transfer and 
Butler-Volmer equation for an electrochemical reaction. This simulation code 
for PEFC has been validated well by many previous studies [18] [33] [34]. 

The continuity equation which considers the gas species in porous media, e.g. 
catalyst layer, MPL and GDL as well as the gas channel is expressed as follows: 

( ) ( )p mQ
t
ε ρ ρ∂

+∇ ⋅ =
∂

u                       (16) 

where εp indicates the porosity [−], ρ indicates the density [kg/m3], u  indicates 
the gas velocity vector [m/s], Qm indicates the mass source term [kg/(m3∙s)] and t 
indicates the time [s]. 

Brinkman equation considering the relationship between the pressure and gas 
flow velocity, which is solved in porous media, e.g. catalyst layer, MPL and GDL 
as well as in gas channel, is expressed as follows: 

( )

( )( ) ( )

p p

T 1 m
2

p p

1 2
3

t

Qp

ρ
ε ε

µ µ κ µ
ε ε

−

 ∂ + ⋅∇ ∂  
   = −∇ +∇ ⋅ ∇ + ∇ − ∇ ⋅ − + +          

u uu

u u u I u F

  (17) 
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where p indicates the pressure [Pa], μ indicates the viscosity [Pa·s], I  indicates 
the unit vector [−], κ indicates the permeability [m2] and F  indicates the force 
vector [kg/(m2∙s)], e.g., gravity. 

Maxwell-Stefan equation which considers the mass transfer such as the diffu-
sion, ion transfer and convection transfer is expressed as follows: 

i i i i m,i i l i i iD C z u FC C Cϕ= − ∇ − ∇ + = +N u J u                (18) 

i
i i,tot

C R
t

∂
+∇ ⋅ =

∂
N                            (19) 

where iN  indicates the vector of the molar flow rate on the interface between 
PEM and electrode [mol/(m2·s)], Di indicates the diffusion coefficient [m2/s], Ci 
indicates the concentration of ion i [mol/m3], zi indicates the valence of ion [−], 
um,i indicates the mobility of ion i [(s∙mol)/kg], F indicates the Faraday constant 
[C/mol], φl indicates the electrical potential of liquid [35] [V], iJ  indicates the 
molar flow rate of the convection transfer [mol/(m2∙s)], and Ri,tot indicates the 
reaction rate of species [mol/(m3∙s)]. 

Butler-Volmer equation calculates the electrochemical reaction as follows: 

a c
0 exp expF Fi i

RT RT
α η α η −    = −    
    

                     (20) 

s l eqEη ϕ ϕ= − −                             (21) 

where i indicates the current density [A/m2], i0 indicates the exchange current 
density [A/m2], αa indicates the charge transfer coefficient at the anode [−], η indi-
cates the activation over-potential [35] [V], R indicates the gas constant [J/(mol·K)], 
T indicates the temperature [K], αc indicates the charge transfer coefficient at the 
cathode [−], φs indicates the electrical potential of solid [35] [V], Eeq indicates 
the equilibrium electric potential [35] [V]. 

Heat transfer equation considering electrical reaction is expressed as follows: 

( )p jh v e
m

C u T k T Q a Qρ ⋅∇ = ∇ ⋅ ∇ + +∑                   (22) 

( )jh s s l lQ ϕ ϕ= − ⋅∇ + ⋅∇i i                         (23) 

eq
e

E
Q T i

T
δ

η
δ

 
= + 
 

                          (24) 

where Cp indicates the specific heat [J/(kg∙K)], u is gas velocity [m/s], k indicates 
the thermal conductivity [W/(m∙K)], av indicates the activation specific area 
[1/m], si  indicates the current density vector in electrode [A/m2] and li  in-
dicates the current density in electrolyte [A/m2]. 

Figure 2 illustrates 3D model of single cell of PEFC for the numerical simula-
tion used in this study [20] [34]. This structure follows the commercial single 
cell used in the experimental studies carried out by the authors [36] [37]. The 
roof of the gas separator at anode side and cathode side is omitted in this model. 
The cell has a gas separator with a serpentine flow channel consisting of five gas 
channels with the width of 1.0 mm and the depth of 1.0 mm as well as a rib with 

https://doi.org/10.4236/epe.2023.155010


A. Nishimura et al. 
 

 

DOI: 10.4236/epe.2023.155010 214 Energy and Power Engineering 
 

the width of 1.0 mm. The size of cell components listed in Table 1 is adopted for 
this numerical simulation. Operation conditions listed in Table 2 are also adopted 
for this numerical simulation. Table 3 lists physical parameters adopted for this 
numerical simulation. To investigate and compare the distribution of Treact be-
tween 1D heat transfer model and 3D numerical simulation, this study selects 
the analysis points of A to K as shown in Figure 3. The average value on the 
cross sectional area of the interface between PEM and cathode catalyst layer at 
each point, which covers the part under gas channel and that under rib, is calcu-
lated. 

This study set the following assumptions [20] [34]. 
1) The distributions of the inlet gas flow rate at the anode side and the cathode 

side are uniform, respectively. 
2) The pressure of the outlet of the gas channel is the atmospheric pressure. 
3) No slip on the gas channel wall excluding the inlet and the outlet of the gas 

channel is considered. 
 

 
Figure 2. 3D model for numerical simulation in this study. 

 

 

Figure 3. Analysis points for the quantitative evaluation along with the gas 
flow through gas channel. 
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Table 3. Physical parameters [19] [20] [21] [24] [26] [28] [29] [34] [38]-[44]. 

Parameter Value 

Density of H2 [kg/m3] 
7.10 × 10−2 (353 K), 6.89 × 10−2 

(363 K), 6.69 × 10−2 (373 K) 

Density of O2 [kg/m3] 
1.11 (353 K), 1.08 (363 K), 1.05 

(373 K) 

Density of H2O [kg/m3] 
2.95 × 10−1 (353 K), 4.26 × 10−1 

(363 K), 6.01 × 10−1 (373 K) 

Viscosity of H2 [Pa·s] 
9.96 × 10−6 (353 K), 1.02 × 10−5 

(363 K), 1.03 × 10−5 (373 K) 

Viscosity of O2 [Pa·s] 
2.35 × 10−5 (353 K), 2.40 × 10−5 

(363 K), 2.45 × 10−5 (373 K) 

Viscosity of H2O [Pa·s] 
1.16 × 10−5 (353 K), 1.19 × 10−5 

(363 K), 1.23 × 10−5 (373 K) 

Binary diffusion coefficient between H2 and H2O 
[m2/s] 

9.27 × 10−5 

Binary diffusion coefficient between O2 and H2O 
[m2/s] 

3.57 × 10−5 

Porosity of catalyst layer [−] 0.78 

Permeability of catalyst layer [m2] 8.69 × 10−12 

Porosity of MPL [−] 0.60 

Permeability of MPL [m2] 1.00 × 10−13 

Porosity of GDL [−] 0.78 

Permeability of GDL [m2] 8.69 × 10−12 

Conductivity of PEM [S/m] 10 

Conductivity of catalyst layer [S/m] 53 

Conductivity of MPL [S/m] 1000 

Conductivity of GDL [S/m] 1250 

Anode reference equilibrium potential [V] 0 

Cathode reference equilibrium potential [V] 1.229 

Anode reference exchange current density [A/m2] 1000 

Cathode reference exchange current density [A/m2] 1 

Anode charge transfer coefficient [−] 0.5 

Cathode charge transfer coefficient [−] 0.5 

 
4) The cell voltage obtained by the power generation experiment is set at the 

cathode electrode and the earth ground in set at the anode electrode. The 
in-plane distribution of cell voltage at the cathode electrode is uniform. 

5) Reactant gases are treated as an ideal gas and incompressible Newton fluid. 
6) H2O is treated as a vapour. 
7) The cell temperature is uniform and the outside boundary of the 3D model 
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is set at Tini. 
8) The effective porosity and the permeability of the porous media are iso-

tropic. The conductivity in the porous media is also isotropic. 
The impacts of Tini and RH of supply gas on the distribution of Treact have been 

investigated by 1D model and 3D model. The impacts of Tini and RH of supply 
gas on the distributions of H2, O2, H2O and current density have been also inves-
tigated by 3D model. In this paper, we focus on the distributions of O2, H2O and 
current density as well as distribution of Treact exhibited on the reaction surface, 
which are shown later. 

3. Results and Discussion 
3.1. Comparison of Distribution of Treact between 1D Heat Transfer 

Model and 3D Numerical Simulation 

Figure 4 and Figure 5 show distributions of Treact calculated by 1D heat transfer  
 

 

Figure 4. Distributions of Treact calculated by 1D heat transfer model at Tini = 353 K. 
 

 

Figure 5. Distributions of Treact calculated by 3D heat transfer model at Tini = 353 K. 
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model and 3D numerical simulation at Tini = 353 K, respectively. Figure 6 and 
Figure 7 show distributions of Treact calculated by 1D heat transfer model and 3D 
numerical simulation at Tini = 363 K, respectively. Figure 8 and Figure 9 show 
distributions of Treact calculated by 1D heat transfer model and 3D numerical 
simulation at Tini = 373 K, respectively. In these figures, RH of supply gas is 
changed. 
 

 

Figure 6. Distributions of Treact calculated by 1D heat transfer model at Tini = 363 K. 
 

 

Figure 7. Distributions of Treact calculated by 3D heat transfer model at Tini = 363 K. 
 

 

Figure 8. Distributions of Treact calculated by 1D heat transfer model at Tini = 373 K. 
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Figure 9. Distributions of Treact calculated by 3D heat transfer model at Tini = 373 K. 
 

According to Figures 4-9, it is seen that the change in Treact from the inlet to 
the outlet is more even with the increase in Tini irrespective of the investigated 
model. Since the saturation pressure of H2O vapour increase with the tempera-
ture exponentially [44], it is easy to dehydrate PEM at higher temperature. In 
other words, it is easy to decrease the proton conductivity of PEM at higher 
temperature. As a result, the power generation performance is dropped at higher 
temperature due to large ohmic loss, resulting in the lower generated heat. 
Therefore, the change in Treact from the inlet to the outlet is more even with the 
increase in Tini. Since this study has set the excess gas which is over s.r. = 1.0 as 
the inlet gas flow rate, the generated heat is accumulated along with the excess 
gas flow through the gas channel. Consequently, it is thought Treact increases from 
the inlet to the outlet largely, especially at Tini = 353 K since the power generation 
performance is better. 

Comparing the results obtained by 1D heat transfer model with those ob-
tained by 3D numerical simulation, the temperature gas between them is below 
approximately 0.5 K. Therefore, it can be claimed that 1D heat transfer model 
predicts the distribution of Treact well even though we think the heat transfer in 
single cell of PEFC only. This study has calculated the amount of heat taken by 
the gas flow along through the gas channel from the inlet to the outlet of the cell 
from the results obtained by 3D numerical simulation, resulting that it is ap-
proximately 0.01% of the heat generated. Therefore, it is thought that 1D heat 
transfer model can predict the distribution of Treact well. However, the conditions 
validated by this study are 353 K, 363 K and 373 K only. In the near future, this 
study will validate under the other operation condition to verify the accuracy of 
1D Heat Transfer Model proposed by the authors. In the following section, we 
discuss the other distributions to clarify the phenomena. 

3.2. Distributions of Molar Concentration of O2 Calculated by  
3D Numerical Simulation 

Figure 10 shows distributions of molar concentration of O2 calculated by 3D  
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Figure 10. Distributions of molar concentration of O2 calculated by 3D 
numerical simulation. (a) 353 K; (b) 363 K; (c) 373 K. 

 
numerical simulation at Tini = 353 K, 363 K and 373 K, respectively. In this figure, 
RH of supply gas is changed. 

According to Figure 10, it is seen that the change in the molar concentration 
of O2 from the inlet to the outlet is more even with the increase in Tini. It is 
known from the previous studies [45] [46] that the proton conductivity of PEM 
increases with the increase in temperature as well as the increase in RH. On the 
other hand, the saturation pressure of H2O vapour increases with the tempera-
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ture exponentially [44], resulting that it is easy to dehydrate PEM at Tini = 373 K 
compared with Tini = 353 K. As a result, the proton conductivity of PEM de-
creases at Tini = 373 K. If the proton conductivity of PEM decreases, the per-
formance of the O2 reduction reaction drops by the lack of proton. Since the hy-
dration of PEM is not enough at Tini = 373 K, the high O2 partial pressure is 
needed to progress the O2 reduction reaction [44]. Therefore, the change in the 
molar concentration of O2 from the inlet to the outlet decreases with the increase 
in Tini. 

3.3. Distributions of Molar Concentration of H2O Calculated by  
3D Numerical Simulation 

Figure 11 shows distributions of molar concentration of H2O calculated by 3D 
numerical simulation at Tini = 353 K, 363 K and 373 K, respectively. In this figure, 
RH of supply gas is changed. 

According to Figure 11, it is seen that the change in the molar concentration 
of H2O from the inlet to the outlet is more even with the increase in Tini. As dis-
cussed above, the proton conductivity of PEM increases with the increase in 
temperature as well as the increase in RH [45] [46]. On the other hand, since the 
saturation pressure of H2O vapour increases with the temperature exponentially 
[44], it is easy to dehydrate PEM at Tini = 373 K compared with Tini = 353 K. 
Therefore, the proton conductivity of PEM decreases at Tini = 373 K. If the pro-
ton conductivity of PEM decreases, the performance of O2 reduction reaction 
drops by the lack of proton. Moreover, the dehydration of PEM is not enough at 
Tini = 373 K, resulting that high O2 partial pressure is needed to progress the O2 
reduction reaction [44]. Consequently, it can be claimed that the change in the 
molar concentration of H2O from the inlet to the outlet becomes more even with 
the increase in Tini. According to Figures 4-9, it is observed that the change in 
Treact from the inlet to the outlet is more even with the increase in Tini. Since the 
generated heat from the power generation is lower with the increase in Tini due 
to the lower performance of O2 reduction reaction [47], it can be thought that 
the change in Treact from the inlet to the outlet is more even with the increase in 
Tini. 

It can be seen from Figure 11 that the change in the molar concentration of 
H2O from the inlet to the outlet for A40%RH, C40%RH is more even compared 
with the other RH conditions. Since A40%RH, C40%RH is the dry condition, 
PEM and catalyst layer are dehydrated easily [48]. The proton conductivity of 
PEM is smaller under a dry condition [49]. In addition, the RH influences the 
performance of O2 reduction reaction carrying out on the ionomer in the cata-
lyst layer at the cathode [40]. Therefore, there is the optimum H2O saturation for 
ionomer in the catalyst layer at cathode [21], indicating that the performance of 
O2 reduction reaction which produces H2O is lower for A40% RH, C40% RH. 
On the other hand, it is seen from Figures 4-9 that the distribution of Treact for 
A40%RH, C40%RH is relatively even compared to the other RH conditions.  
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Figure 11. Distributions of molar concentration of H2O calculated by 3D 
numerical simulation. (a) 353 K; (b) 363 K; (c) 373 K. 

 
Since the generated heat from the power generation is lower for A40%RH, 
C40%RH due to the lower performance of O2 reduction reaction [47], it can be 
thought that the distribution of Treact for A40%RH, C40%RH is more even. 

3.4. Distributions of Current Density Calculated by 3D Numerical  
Simulation 

Figure 12 shows distributions of current density calculated by 3D numerical  
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Figure 12. Distributions of current density calculated by 3D numerical 
simulation. (a) 353 K; (b) 363 K; (c) 373 K. 

 
simulation at Tini = 353 K, 363 K and 373 K, respectively. In this figure, RH of 
supply gas is changed. 

According to Figure 12, it is seen that the change in the current density from 
the inlet to the outlet is more even with the increase in Tini and the value of cur-
rent density is smaller with the increase in Tini. As discussed above, the proton 
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conductivity of PEM decreases with the increase in Tini, resulting that the per-
formance of O2 reduction reaction drops due to the lack of proton. In addition, 
the hydration of PEM is not enough at high temperature, high O2 partial pres-
sure is needed to progress the O2 reduction reaction [44]. Consequently, it can 
be claimed that the current density decreases with the increase in Tini due to the 
increase in the ohmic over-potential and the concentration over-potential [44]. 

According to Figures 4-9, it is observed that the change in Treact from the inlet 
to the outlet is more even with the increase in Tini. Since the generated heat from 
the power generation is lower with the increase in Tini due to the lower per-
formance of O2 reduction reaction [47], it can be thought that the change in Treact 
from the inlet to the outlet is more even with the increase in Tini. 

From the investigation of this study, we can claim that it is necessary to con-
trol the hydration of PEM and catalyst layer in order to obtain the high power 
generation performance at higher temperature such as 363 K and 373 K. As a 
procedure to control the hydration of PEM and catalyst layer under higher tem-
perature operation condition, this study suggests recirculating the H2O which is 
emitted from the cell and promoting the heat transfer in order to cool the cell. 
This study would like to investigate these trials in the next step. 

4. Conclusions 

The temperature distribution on the reaction surface simulated/predicted by the 
1D heat transfer model has been validated by the 3D numerical simulation using 
COMSOL Multiphysics. The effects of Tini, especially higher temperature than 
usual operation condition and RH of supply gas on the distribution of Treact, have 
been investigated. In addition, the impacts of Tini and RH of supply gas on the 
distributions of O2, H2O and current density have been also investigated by the 
3D model. The following conclusions can be drawn from the study: 

1) It is revealed that the change in Treact from the inlet to the outlet is more 
even with the increase in Tini irrespective of the investigated model. This is be-
cause the generated heat from the power generation is lower with the increase in 
Tini due to the lower performance of O2 reduction reaction. 

2) It is confirmed that the temperature gap between the results obtained by 1D 
heat transfer model and those obtained by 3D numerical simulation is below 
approximately 0.5 K. It can be claimed that 1D heat transfer model predicts the 
distribution of Treact well. 

3) According to the 3D numerical simulation, the change in the molar con-
centration of O2 and H2O from the inlet to the outlet is more even with the in-
crease in Tini due to the lower performance of O2 reduction reaction. 

4) According to the 3D numerical simulation, the change in the current den-
sity from the inlet to the outlet is more even with the increase in Tini and the 
value of current density is smaller with the increase in Tini since the ohmic 
over-potential and the concentration over-potential increase. 

It is necessary to control the hydration of PEM and catalyst layer in order to 
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obtain high power generation performance at higher temperatures such as 363 K 
and 373 K. As an example of the procedure, this study suggests recirculating the 
H2O which is emitted from the cell, and promoting the heat transfer in order to 
cool the cell. 
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