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Abstract 

A 3-D numerical model coupling gas-crossover phenomena for high-temperature 

proton exchange membrane fuel cell (HT-PEMFC) is developed to investigate the water 

vapor behavior. After model validation, sensitivity analysis of the water vapor diffusion 

coefficient is carried out, which does not further affect the water vapor behavior, when 

the order of magnitude of diffusion coefficient is higher than 10−5 𝑚2 𝑠⁄  . It is also

found that the water vapor transport flux decreases with increasing membrane thickness. 

However, the flux increases slightly with increasing the catalyst layer. In addition, 

Increasing the pressure and humidity on the anode side will cause water vapor to diffuse 

from the anode to the cathode, while increasing the current density or the pressure of 

cathode, the rate of water vapor transport from the cathode to the anode is enhanced. In 

the dead-end mode, the accumulation of water vapor at the anode outlet is the main 

cause for the reversible performance decline, which can be restored through reasonable 

purge strategies. This work contributes to improve the water management strategy of 

HT-PEMFC operating in dead-end mode. 
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Graphical Abstract 

Nomenclature 

𝐴   area, 𝑚2 𝑡  thickness, 𝑚 

𝐸𝐶𝑆𝐴 electrochemical surface area 𝜇  dynamic viscosity, kg/(m ∙ s) 

ACL anode catalyst layer     𝑥    mole fraction 

BP bipolar plate 𝜂  overpotential, V 

𝐶   molar concentration, 𝑚𝑜𝑙 𝑚3⁄ 𝜒 coefficient of thermal expansion, 1/K 

CL catalyst layer 𝜀 porosity 

CCL cathode catalyst layer 𝜑  phase potential, V 

𝐻 Henry's Law 𝜌 density, kg/m3

𝑑 diffusional driving force 𝛼 transfer coefficient 

𝐶𝑝 specific heat capacity, J/(kg ∙ K) 𝑞   heat flux, 𝑊 𝑚2⁄

𝐷 diffusion coefficients, 𝑚2/𝑠 𝑛 diffusion flux, 𝑔 (𝑚2 ∙ 𝑠)⁄

𝐷𝐿  doping level of phosphoric acid in 𝜃 volume fraction of various substances in porous 



membrane media 

𝐸𝑀𝐸𝑀 activation energy, 𝐽 𝑚𝑜𝑙⁄  𝜔 mass fraction 

𝐸𝑒𝑞 equilibrium potential, V �⃗⃗� velocity, m/s 

GDL gas diffusion layer 𝜈 Electrolyte volume fraction in CL 

GC gas flow channel 𝜅 Electrical/proton conductivity, S/m 

𝐾    permeability, m2 𝜁 stoichiometric ratio 

�⃗⃗⃗�    viscous stress tensor ∇ Hamiltonian operator 

𝑃𝐴   Phosphoric Acid Subscripts and Superscripts

𝑇   temperature, K 𝑔 gas 

𝑀  molecular weight, 𝑔 𝑚𝑜𝑙⁄  𝑚 mass equation 

𝑀𝐸𝑀  membrane  𝑢 momentum equation 

𝑆 source term 𝑜𝑝𝑡 operation

𝑗 current density, 𝐴 𝑐𝑚2⁄ 𝑖, 𝑗 species index 

𝐽 volume current density, 𝐴 𝑐𝑚3⁄ 𝑒𝑙𝑒 electronic 

𝐹 Faradays constant, 96487 C/mol 𝑖𝑜𝑛 ionic 

𝑅   universal gas constant, 

8.3145𝐽 (𝐾 ∙ 𝑚𝑜𝑙)⁄  

𝑖𝑛 inlet of gas channel 

𝑘 thermal conductivity, W/(mK) 𝑎, 𝑐 anode, cathode 

𝑝 pressure, Pa 𝐻2, 𝑂2, hydrogen, oxygen 

𝑃𝑠𝑎𝑡 vapor saturation pressure, 𝑎𝑡𝑚 𝑒𝑓𝑓 effective value in porous region 

∆ difference 𝑟𝑒𝑓 reference 

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are economical and environmentally 

friendly power generation devices with high energy conversion efficiency and low 

emissions, which mainly use hydrogen and air as fuel and play an important role in the 

future “Hydrogen Economy” [1]. High-temperature proton exchange membrane fuel 

cells (HT-PEMFCs) with phosphoric acid-doped polybenzimidazole (PA-doped/PBI) 

membrane, which operates at higher than 100oC, have attracted a large interest in the 

fuel cell community all over the world since the concept of HT-PEMFCs was proposed 

in the early 1990s [2]. Compared with conventional low-temperature proton exchange 

membrane fuel cells (LT-PEMFCs) working at around 60oC, HT-PEMFCs with 

elevated operating temperature feature simpler water and thermal management, higher 

carbon monoxide (CO) tolerance, faster electrochemical kinetics and easy waste heat 

recovery via combined heating and power (CHP) systems [3]. Thus, HT-PEMFCs can 

be applied to the public transportation sector, commercial vehicles, drones and 



lightweight aviation, and other stationery and portable power [4]. It has been under 

development for a wide range of applications by several companies, such as Palcan 

(300W-30kW, combination methanol-reformer with HT-PEMFCs for power supply) 

and Advent (1kW-5kW, enable off-grid, portable, auxiliary, CHP or stationary power 

applications; 15kW-30kW, fitting the needs of trucks, buses, utility, taxis) [4-6].  

The proton conduction of the PA-doped PBI membrane does not need the assistance of 

water, which is one of the major advantages of HT-PEMFCs. In other words, the 

transport of protons through the membrane does not require water molecules to migrate 

from the anode to the cathode in the form of hydronium ions (called Vehicle 

Mechanism), but through structural diffusion, migration occurs between hydrogen 

bonds (called Grotthuss Mechanism) [7]. Therefore, most of the research on HT-

PEMFCs is performed with non-humidified gas. However, water vapor will diffuse 

from cathode to anode or from anode to cathode in the form of vapor due to the 

concentration difference and pressure difference between anode and cathode [8]. 

Moreover, because it works at about 160 ~ 180℃ , it has good carbon monoxide 

resistance, so it can be directly fed with the hydrogen-rich reforming gas, which 

contains a lot of water vapor [9]. Therefore, working in a dead-end mode with pure 

hydrogen for reducing fuel consumption requires periodical purges because of the 

dilution of hydrogen on the anode side, caused by the permeation of water vapor from 

the cathode [10]. The use of anode dead-end mode helps reduce hydrogen consumption 

and reduces the complexity of the system compared to flow-though mode and hydrogen 

circulation mode [8]. Besides, at higher operating temperatures, humidifying the 

reaction gas may helps prevent the dehydration of phosphoric acid into pyrophosphoric 

acid with lower conductivity, thus prolonging the duriability [11].  

Compared with LT-PEMFCs, the research on water vapor transport in HT-PEMFCs is 

limited. Galbiati et al. [12] verified the phenomenon of water vapor diffusion from the 

cathode to the anode through experiments and the water vapor transport depends on 

reactant gas flow rate and humidification. J. Kazdal et al. [13] studied the vapor-liquid 

equilibrium and evaporation kinetics of water vapor-phosphoric acid and established a 



calculation model for the local concentration of PA. In their research, the diffusion 

coefficient of water vapor in PA is of the order of 10-10 m2/s. In addition, Zhang et al. 

[14] investigated the performance in anode dead-end mode and flow-through mode and

found that due to the accumulation of water vapor, the performance was significantly 

affected in dead-end mode, and found that up to 31.7% of water vapor is transported 

from the cathode to the anode. Zhang et al. [15] immediately further did research on 

water management under this mode-the impact of pressure, drain interval and drain 

time on performance. Furthermore, Reimer et al. [16] found that the mole fraction of 

water vapor at the outlet of the anode and cathode is related to the working current 

density and stoichiometry based on experiments with anode flow-through mode. 

According to their research, the current and stoichiometry have a certain effect on the 

diffusion coefficient (2×10-7~3.5×10-7 m2/s) and permeability (5.7×10-13~9.7×10-13 

mol/(s·cm·Pa)) of water vapor in the PBI membrane. In addition, the water vapor 

diffusion coefficient in the membrane of 4.47×10-5 m2/s is also reported [10]. Numerical 

simulation is a useful and powerful tool for understanding more details about the 

complex phenomena occurring inside the components of the HT-PEMFC, which are 

very difficult to obtain through experimental studies [17, 18]. Bezmalinovic et al. [10] 

established a 2-D steady-state HT-PEMFC isothermal model along the direction of the 

gas channel to investigate the water vapor distribution. Recently, Xia et al. [19] 

established a 3-D isothermal steady-state model and a 2-D isothermal transient model 

which is also along the direction of the gas channel. The steady-state model is used to 

explore the water vapor distribution in HT-PEMFC with different membrane types at 

different temperatures, and the transient model is used to explore the changes of the 

water vapor concentration in anode with time when the anode outlet is blcoked. 

Although the above numerical models have made a certain contribution to the study of 

the water vapor distribution, some gaps need to be revealed in HT-PEMFC, such as the 

influence of the diffusion coefficient of water vapor in the membrane (a big difference 

in different experiments), the thickness of PBI membrane and catalyst layer (neglected 



by previous numerical model), operating conditions as well as the anode operating 

mode on the distribution of water vapor. Moreover, gas crossover phenomenon of 

hydrogen and oxygen also affected the water vapor behavior, thus having an impact on 

water management of HT-PEMFC, which was ignored in previous work.Therefore, in 

the present work, a novel 3-D iso-nonthermal numerical HT-PEMFC model coupled 

with the gas-crossover sub-model is developed and validated for investigating above 

gaps through four aspects. The new contributions and innovations of this research are 

as following: the sensitivity of the water vapor diffusion coefficient in the PBI 

membrane under two working temperatures, the influences of the thickness of the 

membrane and the catalyst layer on the water vapor transport, the influences of 

operating conditions, relative humidity of hydrogen and pressure difference between 

anode and cathode are deeply analyzed. In addition, the purge process in the anode 

dead-end mode is newly explored in HT-PEMFC based on the 3-D non-isothermal 

transient model. 

2. Model description

2.1 Model description and assumptions 

Fig. 1(a) shows the working principle of HT-PEMFC, namely, reactants (hydrogen, air) 

are transported by convection and diffusion from the gas channel (GC) to the gas 

diffusion layer (GDL) and the microporous layer (MPL), then to the catalyst layer (CL) 

where the electrochemical reactions take place. Hydrogen dissociates into protons and 

electrons in the anode catalyst layer (ACL). The former is conducted through the 

membrane (MEM) to the cathode catalyst layer (CCL), the latter is forced to travel in 

an external circuit (supplying power) to the CCL because the membrane is electrically 

insulating. In the CCL, oxygen molecules react with the electrons and protons to form 

water vapor. Meanwhile, part of water vapor diffuses out from the CCL to the GC where 

it is taken away. Fig. 1 (b) shows the agglomerate structure of CL, revealing the 

transport of oxygen and water vapor in the CCL. Finally, Fig. 1 (c) shows the 

computational domain and mesh configuration of the HT-PEMFC model in this 



manuscript. 

Fig. 1. (a) Working principle diagram of HT-PEMFC, (b) Illustration of the transport 

of oxygen and water vapor in the cathode catalyst layer, (c) Computational domain 

and mesh configuration. 



Before the numerical model is developed to describe the physical phenomena inside the 

HT-PEMFC, there are several assumptions as follows[18, 20]: 1) gases are ideal due to 

low presure; 2) gas flow is laminar due to low velocit; 3) porous media material is 

isotropic and homogeneous; 4) Radiative heat transfer is not considered; 5) The viscous 

effect of fluid flow results in fluid heating is neglected because of the lower velocity. 

2.2 Gas-crossover model 

Ideally, the PA-doped PBI membrane only allows protons to pass through. However, 

since the membrane is a porous material, and the reaction gas is dissolved in phosphoric 

acid, expressed by Henry's Law (Eq. (1)), thus hydrogen can permeate from anode to 

cathode through the membrane (called hydrogen crossover), while oxygen can 

permeate from cathode to anode (called oxygen crossover). Moreover, as mentioned 

before, due to the concentration gradient and pressure gradient, water vapor also 

diffuses from the cathode to the anode or from the anode to the cathode [15]. Because 

of facile hydrogen oxidation kinetic and higher overpotential at the CCL, the hydrogen 

crossover through the membrane can be oxidized electrochemically at the CCL, while 

the oxygen crossover through the membrane leads to catalytic combustion at the ACL 

because of lower overpotential within ACL [21, 22].   

2 2 2

2 2 2

H

O O c O

H

H H a H

C x p H

C x p H

  

  
(1) 

This paper assumes that the crossover hydrogen is completely oxidized in the CCL, and 

the crossover oxygen is completely react with hydrogen in the ACL. The effects of 

crossover hydrogen, oxygen and water vapor on the mass, energy, species, current can 

be found in Table 1. H  represents the amount of heat produced by the complete 

chemical reaction of per mole of hydrogen with oxygen, which equals l241 845J mo，

[23]. 

Table 1. The source/sink term caused by gas crossover [10, 23] 
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2.3 Governing equations and Additional constitutive equations 

As shown in Fig. 1 (b), the governing equations contain current, mass, momentum, 

species and energy conservation equations. The governing equations of this model are 

described as follows. 

Mass conservation equation (computational domain: GC, GDL, MPL, CL), 

 g mu S  (2) 

Where the   is porosity and it’s equal to 1 in the gas channel, g is the gas density

which can be calculated by ideal gas law, 

1
N

i
g

i i

p RT
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 (3) 

Momentum conservation equation (computational domain: GC, GDL, MPL, CL), 

 2 2
-

g m
u

S
u u pI K u S



 
     
 

(4) 

Where the  K Pa  is the viscous stress tensor. For the Newtonian fluid, it can be

calculated by the following expression, 
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Where the   kg m s  is the dynamic viscosity of mixture gas which can be 

calculated based on the kinetic theory, 
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(7) 

Energy conservation equation (All domain), 

 C
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eff

p Tu T k T S     (8) 

Where the effective volumetric heat capacity,  C
eff

p  , and the effective thermal

conductivity,   effk W m K , of GDL, MPL and CL is defined as, 
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For the thermal conductivity of mixture gas is also calculated by the kinetic theory, just 

replace the dynamic viscosity in Eq. (6) and (7) into the thermal conductivity of gas 

components. And the heat capacity mixture gas can be calculated by, 

 ,

1

N

p g i p i
i

C C


 (11) 

Species conservation equation (computational domain: GC, GDL, MPL, CL), 
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The Maxwell-Stefan model is applied to define the diffusional driving force jd , 
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Where the 
jx represents mole fraction of -j th species and it can be calculated by,
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Moreover, the effective binary diffusion coefficient,
eff

i jD  , in the porous regions (CL,

GDL, MPL) is modified by the Bruggeman correlation, 

1.5

-

eff

i j i jD D  (15) 

Current conservation equation (computational domain: BP, GDL, MPL, CL, MEM), 
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Where the effective electron conductivity, eff

ele , and the effective proton conductivity,

eff

ion , of CL are also corrected by Bruggeman correlation based on the porosity and

electrolyte volume fraction of CL, 
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Where the proton conductivity is  correlated with temperature, the doping level (DL) of 

PA in the PBI membrane as well as the surrounding relative humidity (RH) [24]: 
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Where a and b are the two different pre-exponential factors and )/(MEM J molE is the 

activation energy, and 1.35eff  is the correction factor. 
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The relevant source/sink terms mentioned above are listed in Table 2. Where 

 3,a cJ J A m represents the volume exchange current density,
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(21) 

Where  V  represents the overpotential in anode and cathode CL, which can be

calculated by, 

ele ion eqE     (22) 

Where eqE is the equilibrium potential (also called reversible thermodynamic voltage), 

which can be calculated by the Nernst equation, 

 

 Anode

. . . ln ln  Cathode
2 2

eq 4 in in

H O

0

E RT 1
1 185 2 3 10 T 298 15 p p

2F 2






   
     

 

(23) 

The equilibrium potential should be corrected by subtracting the open circuit voltage 

loss due to H2 and O2 crossover and short-circuiting [25]. According to Ref. [26], the 

open-circuit voltage is 0.96V, so it is determined that the loss is 0.3729V  @ 160T  ℃ .

The electrochemical reaction parameters used in the model are summarized in Table 3. 

Additionally, the cell dimensions, material properties and operating conditions are 

listed in Table 4. 



Table 2. Source/sink terms of HT-PEMFC model 

Source/Sink terms Unit 

2 2 2
  m H O H OS S S S  

 3kg m s

2

2

2 2 2

2

2

2

2
2

,

,

0 (  )
+ ( )

       2
+ ( )

0 (  ) 4

 ( )

+
4

a H cross

H
H O c O cross

O

cross

H O a

c H O cross
H O

H O c

J M other zone
S ACL

S S J MF
S CCL

other zone F

S ACL

J M
S S

F

 
 

  
 

 

             ( )

0 (  )

CCL

other zone









 3kg m s

2

( )

+ ( )  

0       (other zone)

a

cross

c H

J ACL

J J CCLS




 



3A m

   (  ,  ,  )

0   (  )
u

ku CL GDL MPL
S

other zone


 



 2 2kg m s

2 2

,

2 2

,

2

 + (ACL)

+ (CCL)
 

   

eff eff cross

a a ele ele ion ion T a

c

eq eff eff cross

c c ele ele ion ion T c

T

eff

ele ele

J S

dE
J T S

dTS

    

    

 

   

 
     

   



2

(GDL ,MPL, BP)

    (MEM)eff

ion ion 











3W m

Table 3. HT-PEMFC model: Electrochemical Properties [3, 27-31] 



Description Correlation/Value (T in K) 

Exchange current density 
2

2

1 1
exp[ 1400( )]

353.15

1 1
exp[ 7900( )]

353.15

ref ref

H a

ref ref
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j j
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j j
T
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Electrochemical surface area 51 10 1eff eff
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Transfer coefficients 1, 1a c  

Reference molar concentration 
2
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3

3
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O

C m

C m





Table 4. Cell properties, Operation condition and Species properties [10, 18] 

Description Value 

GC length/width/depth; rib width 50/1/1mm; 1mm 

Thickness of GDL; MPL 0.255mm; 0.1mm 

Thickness of CL; MEM 0.05mm; 0.05mm 

Electrical conductivity of CL; GDL; MPL; BP 𝜅𝑒𝑙𝑒 = 450; 1250; 1000; 14000 𝑆 𝑚⁄  

The density of CL; GDL; MPL; BP; MEM 𝜌 = 2145; 450; 2719; 2266; 1300 𝑘𝑔 𝑚3⁄

Specific heat capacity of CL; GDL; MPL; BP; 

MEM 
𝐶𝑝 = 3300; 568; 871; 1580; 1650 𝐽/(𝑘𝑔 ∙ 𝐾) 

Thermal conductivity of CL; GDL; MPL; BP; 

MEM 
𝑘 = 1.5; 1.5; 1; 1.2; 20 𝑊/𝑚𝐾 

Permeability of CL; GDL; MPL 𝐾 = 6.2e−13;  6.2e−12 ; 6.2e−13𝑚2 

Porosity of CL; GDL;MPL 𝜀 = 0.3; 0.7; 0.3 



The volume fraction of electrolyte in CL 0.2 

Doping Level of PA molecules per PBI repeat unit 𝐷𝐿 = 11 

Stoichiometric ratio 𝜁𝑎 = 1.5,  𝜁𝑐 = 2.5 

Reference current density 𝑗𝑟𝑒𝑓 = 1.5𝐴/𝑐𝑚2 

Operation temperature 𝑇𝑜𝑝𝑡 = 180℃/160℃ 

Reference humidity of inlet gas 𝑅𝐻𝑎 = 𝑅𝐻𝑐 = 0 

Species Transport Parameters Correlation/Value (T in K, p in Pa) Unit 
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2.4 Boundary conditions and Numerical implementation 

To accurately obtain the numerical solution, the boundary conditions of each physical 

field are carefully considered as follows: 

1) Secondary current distribution: The outer surface of the anode bipolar plate is



set with zero voltage and the outer surface of the cathode bipolar plate is set 

with operating voltage. 

2) Free and porous media flow: The fully developed flow is used at the inlet of

the gas channel, and the inlet velocity is determined by reference current

density, the stoichiometric ratio, as well as the inlet molar concentration. The

outlet of the gas channel is set at 1atm (absolute pressure),

2 2
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   (24) 

3) Transport of concentrated species: The inlet molar concentration of hydrogen

and oxygen which are determined by the humidity, temperature, and pressure

of the inlet, where the inlet pressure is equal to the outlet pressure add the

pressure drop,
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where  satP atm is the vapor saturation pressure which depends on temperature

273.15T T   , 

5 2 7 3

10log 2.1794 0.02953 9.1837 1.4454satP T e T e T         (26) 

4) Heat transfer: Thermal boundary condition specified on the outer surface of BP

is BP optT T . Heat flux is specified at the gas channel inlet, 
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where 𝜒 (1/K) represents the coefficient of thermal expansion, for the ideal gas, 𝜒 =

1/𝑇. Additionally, symmetrical boundary conditions and no-slip boundary conditions 

are applied on the side surfaces normal to Y-axis [18]. 

After setting the boundary conditions, the numerical model is discretized and solved 



using the finite element method (FEM), and the separate solution method is adopted, 

so that different solve method can be used to solve different conservation equations, 

which reduces computational power requirements and increases convergence. The 

computational domain is divided into 80,000 hexahedral elements, as shown in Fig. 1 

(c), and grid independence research has been carried out in previous research [3, 32], 

and the relative error is set 1e-5. 

3. Results and discussion

3.1 Model validation 

The simulated polarization curves are compared with experimental data obtained from 

Ref. [26] under different temperatures. Fig. 2 displays the comparison and the 

consistency is acceptable [33]. The maximum error between experiment and simulation 

is less than 0.05A/cm2. It should be noted that parameters of cell properties and 

operating conditions are the same as those in Table 4, and it is set as the same as the 

experiment in Ref. [26]. 

Fig. 2 Comparison of polarization curves between simulation results of this research 

and experimental data under different temperatures. 
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3.2 Sensitivity analysis of water vapor transport coefficient 

Due to the different types of high-temperature proton exchange membrane and the 

difference in the assembly process of the stack, the diffusion coefficients of water vapor 

in the membrane reported in the literature are quite different, even with several orders 

of magnitude differences. Therefore, the sensitivity analysis of the water vapor 

transport coefficient in the membrane under different working temperatures and 

voltages without humidification reaction gas is conducted in this section, expressed by 

Eq. (28), where  is sensitivity coefficient. 

2 2_

MEM MEM

H O eff H OD D  (28) 

Fig. 3 shows the effect of temperature and voltage on water vapor transport flux from 

cathode to anode under different water vapor transport coefficients. It can be seen that 

as the voltage decreases, the operating temperature increases, the flux of water vapor 

transfer at per unit time increases [16]. This can be explained by the following reasons. 

According to the output characteristics of the fuel cell, as the terminal voltage drops, 

the current rises, thus more water vapor is produced at the cathode catalyst layer per 

unit time, so more water vapor diffuses to the anode. In addition, the increase in 

temperature also speeds up the electrochemical reaction rate and improves the 

performance of the fuel cell, so more water vapor is produced at the CCL. It can also 

be seen that when the sensitivity is less than 1, the water vapor transport flux increases 

sharply with the increase of the sensitivity coefficient, and when the sensitivity 

coefficient is greater than 1, it is almost unchanged. In the anode flow-through mode, 

water vapor is not easy to accumulate in the gas channel or porous medium, so the 

performance of the fuel cell is almost unchanged under different water vapor diffusion 

coefficients [15]. 



Fig. 3 Water vapor transport flux from cathode to anode under different water vapor 

transport coefficients at three different working voltages. a) 𝑇𝑜𝑝𝑡 = 160℃, b) 𝑇𝑜𝑝𝑡 =

180℃ 

Fig. 4 displays the influence of different water vapor transport coefficients on the 

distribution of water vapor molar concentration in the middle plane of the ACL and the 

CCL at the temperature of 160℃and the voltage of 0.4V. The water vapor transport 

coefficient has almost no effect on the water distribution of the ACL, but has a 

significant effect on the water distribution of the CCL, especially when the sensitivity 

coefficient is less than 1. This is because as the diffusion coefficient of water vapor 

increases, more water vapor generated in the CCL can diffuse to the anode, which is 

consistent with the analysis result in Fig. 3. When the sensitivity coefficient is greater 

than 1, water vapor on both sides of the PBI membrane can reach dynamic equilibrium, 

so the water vapor molar concentration of the CCL does not change too much. Since 

both hydrogen and air are dry gases, and water vapor is generated in the CCL, the water 

vapor concentration of the CCL is higher than that of the ACL. 



Fig. 4 Influence of different water transport coefficients on the distribution of water 

vapor molar concentration in the middle plane of the ACL and the CCL. 

According to the sensitivity analysis, when the sensitivity coefficient is greater than 1, 

the concentration and transport flux does not change much. Therefore, in the subsequent 

simulation analysis, the sensitivity coefficients are all set to 1. 

3.3 Thickness influence of membrane and catalyst layer on water vapor 

transport 

As the thickness of the membrane increases, the diffusion distance of protons increases, 

which lowers the cell performance. The electrochemical active reaction area increases 

with the increasing thickness of the catalyst layer, making cell performance 

improvement [20] Fig. 5 (a) and (b) shows the effect of PBI membrane thickness and 

catalyst layer thickness on the water vapor transportation flux from cathode to anode. 

It can be found that the influence of thickness on flux is consistent with the trend of 

performance changes (see Supplementary Information Fig. S1). However, at 0.8V, 

although the membrane thickness has almost no effect on performance, the water vapor 

transport flux decreases with the increase of the membrane thickness due to the longer 



diffusion path length. 

Fig. 5 Effect of PBI membrane thickness and catalyst layer thickness on the water 

vapor transport flux and on the amount of water vapor generates in the ACL caused by 

the crossover oxygen. (a) and (c) PBI membrane, (b) and (d) Catalyst layer. 

The effect of membrane thickness and catalyst layer thickness on the amount of water 

vapor generated in the ACL caused by crossover oxygen is shown in Fig. 5 (c) and 

(d)Error! Reference source not found.. Compared with the water vapor flux

transported from the cathode to the anode, the water vapor content generated in the 

ACL is 4~5 orders of magnitude lower. In addition, it can be seen fromError! 

Reference source not found.that the higher the voltage, the higher the water vapor 

content generated in the ACL. This is because when the voltage is high, the cathode 

oxygen concentration is high so that more oxygen diffuses to the anode, thus more water 

vapor is produced in the ACL due to the direct reaction between H2 and O2. As the 

membrane thickness increases, the water vapor output at the ACL also gradually 

decreases, which is due to the increase in the diffusion path length of oxygen in the 



membrane. However, as the thickness of the catalyst layer increases, the amount of 

water vapor generated in the ACL is unchanged at 0.8V, and the amount of water vapor 

generated gradually decreases at 0.6V and 0.4V. This is because increasing the 

thickness improves the HT-PEMFC performance so that more oxygen is consumed in 

the CCL, thereby reducing the oxygen concentration. 

3.4 Relative humidity influence of  hydrogen on water transport 

Fig. 6 shows the effect of relative humidity (RH) (at 𝑇𝑅𝐻 = 60℃ ) of hydrogen in the 

inlet on the water vapor transport flux. With the increasing relative humidity of the 

hydrogen, more water vapor diffuses back from the anode to the cathode. When the 

relative humidity of hydrogen is 0, water vapor diffuses from the cathode to the anode 

at any voltage, and the flux of water vapor increases with decreasing voltage. When the 

relative humidity of hydrogen is in the range of 20% to 40%, water vapor diffuses back 

from the anode to the cathode at a voltage of 0.6V to 0.8V. However, at 0.4V, water 

vapor still diffuses from the cathode to the anode. When the relative humidity of 

hydrogen is higher than 60%, water vapor always diffuses from the anode to the cathode. 

This analysis result shows that proper humidification of hydrogen will help prevent the 

phosphoric acid in the catalyst layer from losing water when working at medium and 

high voltages to become pyrophosphoric acid with poor proton conductivity [9]. And 

to avoid over-humidification of hydrogen causing water vapor diffuses from the anode 

to the cathode, reducing oxygen concentration and thus reducing performance, the 

humidity of hydrogen should be less than 60%(@T=60℃). 



Fig. 6 Effect of relativity humidity of anode on the water vapor transport flux. 

The distribution of water vapor concentration and flux at the interface between CL and 

MEM are shown in Fig. 7. Under different voltages, the water vapor concentration 

distribution trend does not change. At the anode, the distribution of water vapor under 

the gas channel and the rib are almost the same, but the water vapor under the gas 

channel on the cathode side is much smaller than the water vapor concentration under 

the rib. This is mainly because the inlet velocity of the cathode is almost four times that 

of the anode. As the voltage increases, the water vapor concentration both for anode 

and cathode decreases. 

From Fig. 7 (c), in the case of 0.6V and 0.8V, water vapor diffuses from the anode to 

the cathode no matter it is under the rib or the gas channel. In addition, the diffusion 

flux under the gas channel is higher than the flux under the rib and the closer to the 

inlet, the higher the diffusion flux. It is worth noting that the smaller the negative value 

in the legend, the greater the diffusion flux from the anode to the cathode. At 0.4V, 

water vapor diffuses back from the anode to the cathode, mainly in the area below the 

gas channel, and also diffuses from the cathode to the anode, mainly in the area under 

the rib. The white line in this figure is the contour line where the water vapor diffusion 



flux is zero [10]. The reason why the diffusion flux of water vapor from the anode to 

the cathode under the rib is lower or even the diffusion from the cathode to the anode 

occurs is because of the higher water vapor concentration under the rib on the cathode. 

Fig. 7 Distribution of water vapor concentration and transport flux distribution at the 

interface between the catalyst layer and the membrane with RH of 60%. (a) Water 

vapor concentration distribution of anode, (b) Water vapor concentration distribution 

of cathode, (c) Distribution of water vapor transport flux between cathode and anode. 

3.5 Pressure difference influence between anode and cathode on water 

transport 

In this section, the effect of the pressure difference between anode and cathode on the 

water vapor transport is investigated. In the analysis, the outlet pressure of one side is 

maintained at atmospheric pressure (absolute pressure) and the outlet pressure of the 

other side is increased. 

Fig. 8 shows the transport flux of water vapor under different pressure differences and 

different voltages. When the cathode pressure remains constant, as the anode pressure 



increases, the water vapor flux from the anode to the cathode increases. When the anode 

pressure remains constant, it is the opposite as the cathode pressure increases. This is 

because the concentration of water vapor increases with increasing pressure [15], as 

shown in Fig. 9, thereby enhancing or inhibiting the transport of water vapor between 

the cathode and the anode. Moreover, when the voltage is 0.4V, water vapor even 

diffuses from the cathode to the anode as the cathode pressure increases. To make the 

water vapor generated in the CCL diffuse back to the anode and avoid the loss of water 

in the phosphoric acid at the anode, it is necessary to make the cathode pressure 0.2 bar 

higher than that of the anode. 

Fig. 8 Effect of the pressure difference between anode and cathode on the water vapor 

transport flux with RH of hydrogen is 60% at 60 ℃. (a) Higher anode pressure, (b) 

Higher cathode pressure 

Fig. 9 Effect of the pressure difference between anode and cathode on the water vapor 

concentration at 0.4V with RH of hydrogen is 60% at 60 ℃. (a) Anode, (b) Cathode. 



Because pressure changes also affect the crossover-diffusion of hydrogen and oxygen 

and therefore affect the water vapor generated by the crossover-diffusion of H2 and 

O2. As can be seen from  

Fig. 10 (a) and (d), the change of anode pressure has almost no effect on the water 

vapor content due to oxygen crossover-diffusion produced in the ACL. The variation 

of cathode pressure and output voltage has little effect on the water vapor content due 

to hydrogen crossover-diffusion produced in the CCL. This is because the hydrogen 

crossover is mainly depended on the concentration and partial pressure of H2 in the 

ACL which has little variation. However, as can be seen from  

Fig. 10 (b) and (c), the amount of water vapor generated by hydrogen crossover-

diffusion in the CCL increases with increasing anode pressure, and the amount of water 

vapor generated by oxygen crossover-diffusion in the ACL increases with increasing 

cathode pressure. 



Fig. 10 Effect of the pressure difference between anode and cathode on the water 

vapor generated caused by crossover H2 and O2 in ACL and CCL. (a) and (c) Anode 

pressure is higher than cathode pressure, (b) and (d) Anode pressure is lower than 

cathode pressure. 

3.6 Vapor behavior during the purge process at the anode with dead-end 

mode  

Although HT-PEMFC does not produce liquid water during normal operation, previous 

studies have confirmed the diffusion of a large amount of water vapor from the cathode 

to the anode, resulting in performance degradation in dead-end mode [14]. Therefore, 

in this section, A 3-D transient non-isothermal HT-PEMFC numerical model is 

developed in the present work to investigate the purge process. This is slightly different 

from the previous steady-state model. A time term is added to the left side of each 

conservation equation. Second, the anode inlet uses a pressure inlet (20Pa, relative 

pressure), and the anode outlet uses a periodic pressure  (see Supplementary 

Information Fig. S2) to simulate the open and close of the anode outlet. It should be 

noted that the time term of water vapor transport in the membrane is not considered in 

the present work. In other words, the water vapor concentration of anode and cathode 

is in dynamic equilibrium. Moreover, the maximum time step of the solution process is 

set to 0.02s [19]. To reduce the requirements for computing resources and shorten the 

computing time, this simulation is carried out under a larger current.  

It can be seen from Fig. S2 that when the anode outlet is blocked, the output 

performance drops sharply, and when the anode outlet is opened, the performance 

recovers [14]. This is mainly due to the diffusion of water vapor from the cathode to 

the anode, which causes the accumulation of water vapor at the anode outlet, reducing 

the concentration of hydrogen, as shown in Fig. 11. Moreover, it can be found that the 

current density drops rapidly between 21.2s and 22.4s, similar to the results in Ref. [15], 

which is due to the water vapor concentration at the anode end increasing rapidly. In 

addition, after a purge, performance recovers quickly and accumulated water vapor is 



quickly discharged. 

Fig. 11 The variation of water vapor concentration distribution in a purge cycle 

(18.2s-22.6s). 

4. Conclusions

In the present work, a novel 3-D non-isothermal high-temperature proton exchange 

membrane fuel cell (HT-PEMFC) numerical model is developed coupling gas-

crossover phenomena forinvestigating the water vapor behavior, which is useful for 

improving the water management and performance of HT-PEMFC. The key works and 

results of this research as below. 

First, the sensitivity of the water diffusion coefficients was carried out and found that 

the transportation flux of water does not change when the order of magnitude of the 

water vapor diffusion coefficient is higher than 10-5. Then, the influence of the thickness 

of the membrane and the catalyst layer is also explored. As the thickness of the 

membrane increases, the water transport flux decreases, but as the catalyst layer 

thickness increases, the water transport flux increases slightly. After that, It is found 

that increasing the humidity of hydrogen promotes the diffusion of water vapor from 



the anode to the cathode, and inhibits the diffusion of water vapor from the cathode to 

the anode. And increasing anode pressure or decreasing cathode pressure has the same 

effect. Thus, it suggested that the humidity of hydrogen should be less than 60% 

(@T=60℃) and the cathode side pressure should be higher than the anode side pressure 

by more than 0.2bar to aovid water vapor in anode diffusion to cathode. In addition, as 

the voltage drops or the operating temperature rises, it can facilitate the diffusion of 

water vapor from the cathode to the anode. Finally, the purge process is also simulated 

by the dynamical numerical model. When the anode outlet is blocked, water vapor 

continues to accumulate at the anode outlet, which reduces the concentration of 

hydrogen, thereby causing a reversible decline in performance. After purging, the 

performance is restored.  
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Fig. 1. (a) Working principle diagram of HT-PEMFC, (b) 

Illustration of the transport of oxygen and water vapor in the 

cathode catalyst layer, (c) Computational domain and mesh 

configuration.
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Fig. 2 Comparison of polarization curves 

between simulation results of this study and 

experimental data under different 

temperatures.



Fig. 3 Water vapor transport flux from cathode to anode under different water vapor transport 

coefficients at three different working voltages. a) 𝑇𝑜𝑝𝑡 = 160℃, b) 𝑇𝑜𝑝𝑡 = 180℃



Fig. 4 Influence of different water transport coefficients on the distribution of water vapor molar 

concentration in the middle plane of the ACL and the CCL.



Fig. 5 Effect of PBI membrane thickness and catalyst layer thickness on the water vapor transport flux and on the amount of 

water vapor generates in the ACL caused by the crossover oxygen. (a) and (c) PBI membrane, (b) and (d) Catalyst layer.
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Fig. 6 Effect of relativity humidity of 

anode on the water vapor transport flux.



Fig. 7 Distribution of water vapor 

concentration and transport flux 

distribution at the interface 

between the catalyst layer and the 

membrane with RH of 60%. (a) 

Water vapor concentration 

distribution of anode, (b) Water 

vapor concentration distribution of 

cathode, (c) Distribution of water 

vapor transport flux between 

cathode and anode.



Fig. 8 Effect of the pressure difference between anode and cathode on the water vapor transport flux

with RH of hydrogen is 60% at 60 ℃. (a) The anode pressure is higher than the cathode pressure, (b)

The cathode pressure is higher than the anode pressure.



Fig. 9 Effect of the pressure difference between anode and cathode on the water vapor 

concentration at 0.4V with RH of hydrogen is 60% at 60 ℃. (a) Anode, (b) Cathode.



Fig. 10 Effect of the pressure 

difference between anode and 

cathode on the water vapor generated 

caused by crossover H2 and O2 in 

ACL and CCL. (a) and (c) Anode 

pressure is higher than cathode 

pressure, (b) and (d) Anode pressure 

is lower than cathode pressure.



Fig. 11 The variation of water vapor 

concentration distribution in a purge 

cycle (18.2s-22.6s).



Fig. S1 Effect of PBI membrane thickness and catalyst layer thickness on the performance of HT-

PEMFC. (a) PBI membrane, (b) Catalyst layer.



0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

0.710

0.715

0.720

0.725

0.730

0.735

0.740

0.745
C

u
rr

en
t 

d
en

si
ty

 (
A

/c
m

2
)

Time (s)

CloseOpen

@Topt=160℃， V_cell=0.5V, dry air and dry hydrogen

0

2

4

6

8

10

12

14

16

18

20

22

A
n

o
d

e 
o

u
tl

et
 p

re
ss

u
re

 (
P

a)

Fig. S2 The pressure setting of the 

anode outlet and the change of the 

output current with time.




