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Abstract 

Purpose – The purpose of this study is to investigate the effects of hydrogen humidity on the 

performance of air-breathing PEM fuel cells. 

Design/methodology/approach – An efficient mathematical model for air-breathing proton 

exchange membrane (PEM) fuel cells has been built in Matlab. The sensitivity of the fuel cell 

performance to the heat transfer coefficient is investigated first. The effect of hydrogen 

humidity is also studied. In addition, under different hydrogen humidities, the most appropriate 

thickness of the gas diffusion layer (GDL) is investigated. 

Findings – The heat transfer coefficient dictates the performance limiting mode of the air-

breathing PEM fuel cell, the modelled air-breathing fuel cell is limited by the dry-out of the 

membrane at high current densities. The performance of the fuel cell is mainly influenced by 

the hydrogen humidity. Besides, an optimal cathode GDL and relatively thinner anode GDL 

are favoured in order to achieve a good performance of the fuel cell. 

Practical implications – The current study improves the understanding of the effect of the 

hydrogen humidity in air-breathing fuel cells, and this new model can be used to investigate 

different component properties in real designs. 

Original/value – The hydrogen relative humidity and the GDL thickness can be controlled in 

order to improve the performance of air-breathing fuel cells. 

Keywords Numerical model; Air-breathing PEM fuel cells; Relative humidity; Water 

management 
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Nomenclature 

a water activity - 

A active area of fuel cell m2 

C molar concentration mol m-3
 

D diffusion coefficient m2 s-1 
 

e emissivity - 

E cell voltage V 

Eo thermodynamic equilibrium voltage V 

F Faraday’s constant C mol-1 

g magnitude of gravitational acceleration m s-2 

h hear transfer coefficient W m-2 K-1 

hm mass transfer coefficient mol s-1 

H enthalpy kJ mol-1 

I current density A m-2 

Io exchange current density A m-2 

jw water flux mol m-2 s-1 

k thermal conductivity W m-1 K-1 

L characteristic length m 

M molecular weight g mol-1 

n number of electrons per mole of species of interest electron mol-1 

nd electro-osmotic coefficient - 

N molar flux mol m-2 s-1 

Nu Nusselt number - 

P pressure Pa 

Psat saturation pressure of water vapour Pa 

q heat flux W m-2 

R universal gas constant J mol-1 K-1 

Ra Rayleigh number - 

RH relative humidity % 
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Relec electrical resistance Ω 

Rmem ionic resistance of membrane Ω 

S entropy J mol-1 K-1 

Sh Sherwood number - 

T temperature K 

x molar fraction - 

Greek symbols 

  thermal diffusivity m2 s-1
 

ch  charge transfer coefficient - 

  thermal expansion coefficient K-1
 

m  volumetric expansion coefficient - 

  thickness m 

  porosity - 

act  activation loss V 

ohmic  ohmic loss V 

  water content - 

  kinematic viscosity m2 s-1 

Bolt  Stephan-Boltzmann constant W m-2 K-4 

mem  ionic conductivity S m-1 

 

 

 

 

 

 

 

 



5 

 

1. Introduction 

Air-breathing fuel cells have attracted considerable attention for replacing batteries in some 

portable devices, such as laptops and smartphones (Carcadea et al., 2007; Ismail et al., 2016, 

2015; Li and Ake Sunden, 2018; Mahmud Hasan et al., 2011; O’Hayre et al., 2007). Unlike 

conventional PEM fuel cells, mass and heat transfer at the cathode side is governed by natural 

convection in the air-breathing PEM fuel cells, thus simplifying the fuel cell system. Namely, 

the air-breathing fuel cell system normally consists of only the fuel cell (or the fuel cell stack) 

and a storage device for hydrogen. However, this simplification causes a rather low 

performance when compared with that of the conventional fuel cells and this is due to the low 

mass and heat transfer coefficients at the open cathode of the air-breathing PEM fuel cell 

(Schmitz et al., 2006). 

In order to improve the performance of air-breathing PEM fuel cells, there have been a number 

of both modelling and experimental investigations to examine the effects of some of the 

geometrical and operational parameters on the performance of air-breathing fuel cells (Coz et 

al., 2016; Fabian et al., 2010; Ismail et al., 2013; Jeong et al., 2006), e.g. ambient conditions 

and open ratios of the cathode GDL. 

Water management is an important issue in PEM fuel cells and this is closely related to both 

flooding at the cathode and dry-out of the membrane. The flooding at the cathode significantly 

increases the concentration losses because it hinders the transport of oxygen from the ambient 

(in the case of the air-breathing mode of operation) or the flow channel to the catalyst layer, 

while the dry-out of the membrane causes large ionic resistance in the fuel cell. Both of these 

problems reduce the performance of the PEM fuel cell. The relative humidity (RH) of both the 

cathode and anode have a significant influence on the water content of the membrane and the 

condensation of water. Therefore, many studies have investigated the effect of the RH. Some 
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experimental results have showed that the cell performance increases as the RH increases at 

relatively low humidity conditions. However, for high humidity conditions, an increase in the 

RH reduces the performance of the fuel cell as it usually leads to water flooding; see for 

example (Brett et al., 2007; Santarelli and Torchio, 2007). Also many modelling studies have 

investigated the effect of the RH and have obtained similar findings; see for example (Kim and 

Kim, 2016; Xing et al., 2015). 

However, all the above studies on the effects of RH were conducted on conventional PEM fuel 

cells; for air-breathing PEM fuel cells, the number of investigations is less. In air-breathing 

fuel cells, most of the studies on the effects of the operating conditions focus on the effect of 

the RH at the open cathode, assuming dry hydrogen is supplied to the anode of the fuel cell; 

see for example (Zhang et al., 2007). However, there have been very few investigations which 

have studied the effects of the anodic RH on the performance of the air-breathing PEM fuel 

cells; most of these investigations were experimental. Chu and Jiang (1999) evaluated the 

performance of an air-breathing polymer electrolyte membrane fuel cell (PEMFC) stack under 

different environmental conditions, and they showed that feeding humidified hydrogen to the 

anode slightly improves the PEMFC performance, even at low temperatures. Ho Jung et al. 

(2007) examined the effect of the hydrophilicity of the anode catalyst layer on the performance 

of an air-breathing PEM fuel cell. The experimental results showed that a hydrophilic anode 

catalyst layer improves the cell performance through humidifying the anode side of the 

membrane and removing the water from the cathode. Hamel and Fréchette (2011) suggested a 

simple steady-state model for the water transport through an air-breathing PEM fuel cell and 

an experimental characterisation was performed with direct injection of water at the anode. 

They showed that humidifying the anode had a positive effect on the performance of the cell, 

potentially even when the cathode is flooding. Ou et al. (2017) tested an air-breathing PEM 

fuel cell with a humidity and temperature control system, and a bubble humidifier was utilized 
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to humidify the inlet hydrogen in order to manage the water content of the membrane. The 

experimental results showed that the control method improves the output power of the fuel cell. 

To the best of the authors’ knowledge, no modelling study has been conducted to investigate 

the effect of the anodic (hydrogen) RH on the performance of the air-breathing fuel cell. In this 

study, a mathematical model is built for an air-breathing fuel cell. The effect of the RH of the 

hydrogen on the cell performance is investigated and compared with that of the RH of ambient 

air at the open cathode. Also, the effect of the gas diffusion layer (GDL) thickness is examined, 

since the gas concentrations at the cathode catalyst layer and the membrane humidity condition 

are highly influenced by the GDL thickness.  

2. Numerical model 

The prototype of this built model was first described by O’Hayre et al. (2007). A schematic 

diagram of the modelled fuel cell is shown in Fig.1. As mentioned in our previous study (Ismail 

et al., 2014), this fuel cell was selected because the temperature of the cathode GDL surface 

and the cell resistance were measured. Therefore, in addition to the polarisation curves for the 

cell voltage, further data can be used to validate the proposed new model. The following 

assumptions have been taken into account when developing the model: 

 The fuel cell operates in steady-state conditions. 

 The air is treated as an ideal gas. 

 The catalyst layer is infinitely thin and is therefore treated as an interface between the 

membrane and the GDL. 

 Water only exits as vapour. 

 The GDL material is assumed to be homogenous. 

 The fuel cell is under a dead-end mode at the anode side. 
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 The water activity is uniform across the membrane and is in equilibrium with the water 

activity at the cathode catalyst layer. 

 The thermal resistance of the collectors was found to be almost negligible, therefore the 

current collectors were not incorporated into the model. 

The equations used in the model could be categorised into 3 groups: mass transfer; heat transfer; 

and closure relations. The equations for each groups are explained below. 

  

Fig. 1. A schematic diagram of the modelled fuel cell. Each number represents an interface: (1) cathode 

GDL surface, (2) cathode catalyst layer, (3) anode catalyst layer and (4) anode GDL surface. 

2.1.Mass transfer 
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On the cathode side, oxygen and water are mainly transported by natural convection in the 

ambient region next to the cathode GDL surface and by diffusion across the GDL. The 

convective molar flux of the species i in the cathode, i.e. 
c,iN  , is given by: 

 
c,i m,i 1,i ,i( )N h C C    (1) 

where the subscript i  represents either oxygen (O2) or water (H2O), 1,iC  and ,iC  are the molar 

concentrations of the species i  at the surface of the cathode GDL and in the ambient region 

next to the cathode GDL, respectively. m,ih  is the mass transfer coefficient of the species i  and 

is obtained as follows: 

 
i ij

m,i

ch,m

Sh D
h

L


   (2) 

ijD  is the normal diffusion coefficient of the species i  into j ; the latter represents nitrogen 

(N2). ch,mL is the characteristic length associated with the mass transfer, defined as the square 

root of the active area of the fuel cell. iSh is the Sherwood number, which is associated with the 

mass transfer, for the species i . It must be noted that the Lewis numbers for all simulation cases 

were found to be of the order of unity, so the analogy between heat and mass transfers is valid. 

Another important point to note is that the modelled fuel cell is horizontally-oriented with an 

upwards-facing open cathode and a uniform wall heat flux (UHF) boundary condition on the 

surface of the cathode GDL is assumed. Therefore iSh  is calculated by the following empirical 

equation (Ghiaasiaan, 2011): 

 
1/3

i m,i0.16Sh Ra    (3) 

The mass transfer-related Rayleigh number m,iRa  for the species i  is given by: 
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3

m,i 1,i ,i ch,m

m,i

i ij

( )g x x L
Ra

D





   (4) 

where g  is the magnitude of the gravitational acceleration, i  is the kinematic viscosity of the 

species i , ix  is the mole fraction of the species i , and m,i  is the volumetric expansion 

coefficient of the species i . Since the molar concentration of nitrogen remains almost constant 

through the cathode GDL and the ambient region, we assume that a binary mixture of oxygen 

and water is transferred to the open cathode. Thus m,i for the binary mixture is calculated as 

follows (Ghiaasiaan, 2011): 

 2 2O H O

m,i

mix

M M

M



    (5) 

where 
2OM  and 

2H OM  are the molecular weights of oxygen and water, respectively, mixM  is 

the molecular weight of the binary mixture and it is the arithmetic mean of the molecular 

weights of the mixture in the ambient region, ,mixM , and at the cathode GDL surface, 1,mixM : 

 
1,mix ,mix

mix
2

M M
M


    (6) 

 2 2

2 2

2 2 2 2

,O ,H O

,mix H O

,O ,H O ,O ,H O

O

C C
M M M

C C C C

 


   

 
 

  (7) 

1,mixM can be calculated in the same manner. The molar concentration of the water in the 

ambient region, 
2,H OC , is given by: 

 
2

sat
,H O

P RH
C

RT






    (8) 

where R is the universal gas constant, RH is the relative humidity in the ambient, T is the 

ambient temperature, and satP is the saturation pressure of water vapour, obtained, in atm units, 

by the following formula (Springer, 1991): 
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5 2

10 sat

7 3

log 2.1794 0.02953( 273.15) 9.1837 10 ( 273.15)

                1.4454 10 ( 273.15)

P T T

T


 




      

  
  (9) 

The molar concentration of the oxygen in the ambient region, 
2,OC , is given by: 

 
2 2,O ,tot ,H O0.21( )C C C       (10) 

where , totC  is the molar concentration of the air mixture in the ambient region and is given by: 

  
,tot

P
C

RT






    (11) 

For the diffusion of water and oxygen across the cathode GDL, c,iN  is calculated as follows: 

 2,i 1,i

c,i eff,ij

GDL

C C
N D




    (12) 

where
2,iC  is the molar concentration of the species i at the cathode catalyst layer, 

GDL is the 

thickness of the GDL,
eff,ijD is the effective diffusion coefficient, and it is obtained as follows 

(Mench, 2008): 

 1.5GDL ref
eff,ij ij

ref

( ) ( ) ( )
T P

D f D
T P

   (13) 

where refT  and refP  are the reference temperature and pressure, respectively. The pressure ratio 

ref( / )P P is set to be unity since the operation pressure is the same as the reference pressure, i.e. 

1 atm. GDLT is the temperature of the cathode GDL, and is the arithmetic mean of the 

temperatures at the cathode GDL surface, 1T , and at the cathode catalyst layer, 2T . ( )f   is the 

factor that corrects for the geometry and is a function of the porosity of the medium,  . Instead 

of using the normally applied Bruggmann correlation, ( )f   is calculated by a more accurate 

correlation developed for GDLs (Ismail et al., 2015): 
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4.81( ) 0.008f e

     (14) 

At the anode side, water and hydrogen are mainly transported by diffusion across the anode 

GDL. It should be noted that the concentration of oxygen at the cathode electrode is relatively 

small due to the low mass transfer coefficient, thus the hydrogen supplied at the anode is 

usually sufficient for the operation of the air-breathing fuel cell. Thus, the transport of hydrogen 

is not considered in the model and subsequently the anodic activation losses are neglected. The 

molar flux of water across the anodic GDL, i.e. 
2a,H ON , is given by: 

 2 2

2

4,H O 3,H O

a,H O eff,ij

GDL

C C
N D




    (15) 

Likewise, the effective diffusion coefficient eff,ijD  can be calculated using Eq. 13 and Eq. 14. 

ijD is the normal diffusion coefficient of water vapour into hydrogen as the latter, volume-

wise, makes up most of the gas mixture at the anode. 
23,H OC and

24,H OC are the molar 

concentrations of water at the anode catalyst layer and at the anode GDL surface. Since the gas 

mixture at the anode side is treated as an ideal gas, 
24,H OC can be obtained by employing Eq. 

8 and Eq. 9. 

Water is transported through the membrane through three different processes, namely: water 

diffusion, electro-osmosis drag and water convection. The diffusion of water is caused by the 

concentration gradient and this is usually from the cathode to the anode due to the water being 

produced at the cathode catalyst layer. The electro-osmosis drag occurs because of the 

conjugated transport of the water molecules with the protons. The convection of water is caused 

by the pressure gradient (Karpenko-Jereb et al., 2014). Since water only exits as a vapour in 

this model, water convection is neglected and therefore the total water flux through the 

membrane from the anode to the cathode is given by (Jiao and Li, 2011): 
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 2 22,H O 3,H Om m

w w d

mem

C C I
j D n

F


      (16) 

where I is the current density and F is the Faraday’s constant. It should be noted that, for 

simplification, the catalyst layers are treated as interfaces between the membrane and the GDL 

and therefore the concentrations of water at the cathode and anode sides of the membrane were 

assumed to be of those of the cathode and anode catalyst layers respectively, i.e. 
22,H OC and

23,H OC . The diffusion coefficient, m

wD , and electro-osmotic drag coefficient, dn , are dependent 

on the water content of the membrane,  , and are given by (Jiao and Li, 2011): 

 

 

 

7

memm

w

8

mem

2346
3.1 10 exp(0.28 ) 1 exp( )     if 0 3

2346
4.17 10 161exp( ) 1 exp( )     if 3 17

T
D

T

  

  





      
      


   (17) 

 d

1     if 14

0.1875 1.625     otherwise
n





  
   (18) 

The water content of the membrane, , is calculated by : 

 
2 30.043 17.81 39.85 36.0      if 0 1

14.0 1.4( 1)     if 1 3

a a a a

a a


     
 

   
   (19) 

where a is the water activity in the membrane which, as indicated in the assumptions, is 

assumed to be uniform across the membrane and is in equilibrium with the water activity at the 

cathode catalyst layer and a is given by: 

 
2,H2O

2,sat

P
a

P
    (20) 

where 2,satP is the saturation pressure of the water vapour at the cathode catalyst layer, obtained 

using Eq. 9, and 2,H O2
P is the partial pressure of the water vapour at the cathode catalyst layer, 
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and is given by: 

 
2,H2O 2,H O 22

P C RT    (21) 

In the modelled fuel cell, water is transported between the anode and cathode sides of the 

membrane and also between the ambient and the cathode catalyst layer. It is also produced at 

the cathode catalyst layer. Thus, the transport of water in the fuel cell, based on Faraday’s 

second law of electrolysis and the model proposed by Berg et al. (2004), is governed by: 

 
m

a,H O w2
N j    (22) 

for the anode side, and by: 

 
m

c,H O w2 2

I
N j

F
     (23) 

for the cathode side. On the other hand, oxygen transports through cathode GDL between the 

ambient and the cathode catalyst layer and therefore its transport is governed by the following 

equation: 

 c,O2 4

I
N

F
    (24) 

2.2. Heat transfer 

The heat generated is assumed to be released only from the cathode catalyst layer as most of 

the heat sources exist. Therefore, the heat is mainly transported by conduction in the GDLs and 

the membrane; and by natural convection in the ambient region next to the GDL surfaces. 

The convective heat flux at the interface between the ambient and the cathode GDL, tq , is 

given by: 

 
t c 1( )q h T T     (25) 
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where ch  is the heat transfer coefficient at the surface of the cathode GDL, which is the sum of 

the natural convection coefficient, c,conh , and the radiative coefficient, c,radh : 

 c c,con c,radh h h     (26) 

 2 2

c,rad Bolt 1 12 ( )( )h e T T T T        (27) 

 
c c,air

c,con

ch,h

Nu k
h

L


    (28) 

where e is the emissivity, Bolt is the Stephan-Boltzmann constant, c,airk is the thermal 

conductivity of air, ch,hL is the characteristic length for heat transfer, and cNu is the Nusselt 

number. As mentioned in the mass transfer section, the fuel cell is assumed to represent a 

horizontally-oriented heated plate with UHF boundary condition. cNu and the relevant 

Rayleigh number, h,cRa are then given by (Ghiaasiaan, 2011): 

 
1/3

c h,c0.16Nu Ra    (29) 

 
4

c ch,h

h,c

c,air c,air c,air

cg q L
Ra

k


 

    (30) 

The kinematic viscosity c,air , the thermal diffusivity c,air and the thermal conductivity c,airk  

of the air have been all estimated using the tabulated data (Bergman et al., 2011) at the film 

temperature, c,fT , which is the arithmetic mean of the temperatures of the cathode GDL surface,

1T , and the ambient region, T . The thermal expansion coefficient, c , is calculated as follows: 

 
c

c,f

1

T
     (31) 

The convective heat flux at the bottom of the fuel cell, bq , is calculated in the same manner 

using Eq. 25 - 31. 



16 

 

With the given thermal conductivities and thicknesses of the GDL and the membrane, i.e. GDLk ,

GDL , memk and mem , The conductive heat fluxes in the GDLs and the membrane are given by: 

 2 1
t GDL

GDL

T T
q k




    (32) 

 2 3 3 4
b mem GDL

mem GDL

T T T T
q k k

 
 

     (33) 

where GDLk and memk are the thermal conductivities of the GDL and the membrane 

respectively, and GDL and mem  are the thicknesses of the GDL and the membrane respectively.    

2.3. Closure relations 

The cell potential E is expressed as follows: 

 
act ohmico

E E        (34) 

where o
E is the thermodynamic equilibrium voltage, act is the activation loss, and ohmic  is the 

ohmic loss. It should be noted that the concentration losses, mainly caused by water flooding, 

has not been considered in this model as the water activity was found to be always less than 

unity at the high current densities in all the investigated cases, thus signifying the absence of 

water flooding. The thermodynamic equilibrium voltage o
E is given by the Nernst equation: 

 

0.5

H O2 2

H O2

lno

P PH T S RT
E

nF nF P

   
    

 
   (35) 

where H and S are the enthalpy and the entropy changes for the fuel cell reaction, 

respectively. H2
P (1 atm), O2

P (0.21 atm) and
H O2

P (usually assumed to be 1 atm) are the partial 

pressures of hydrogen, oxygen and water under thermodynamic equilibrium. The activation 

losses, act , and the ohmic losses, ohmic , are given by: 
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  ,O2 2
act

ch 2,O2

ln
2

o

C IRT

F C I



 

   
 

   (36) 

 
ohmic elec mem( )IA R R      (37) 

where ch is the charge transfer coefficient, o
I is the reference exchange current density and

elecR is the lumped cell resistance of the fuel cell. These three parameters have been obtained 

from the experimental data (O’Hayre et al., 2007). A is the active area of the fuel cell and memR  

is the resistance of the membrane, obtained as follows: 

 mem
mem

mem

R
A




    (38) 

where mem is the ionic conductivity of the membrane. The ionic resistance of the catalyst layer 

is neglected in the model because two cases where the catalyst layer resistance is included and 

excluded in the model have been investigated and it is found that the effect of this resistance is 

negligible. Because the widely-used Springer model (Springer, 1991) for calculating the ionic 

conductivity of the membrane was found to be rather inaccurate under low humidity conditions, 

another empirical formula is normally used for the modelled air-breathing fuel cells (Litster 

and Djilali, 2007): 

  
3 2

mem

2

1 1
(3.46 0.0161 1.42 0.175) exp 1268

303
a a a

T


  
       

  
   (39) 

The total heat flux in the fuel cell is given by: 

  act t b( )
2

ohmic

T S
q I q q

F
  

        (40) 

The simulations in this study were implemented using MATLAB R2017b and the time taken 

for the convergence using a 3.20 GHz Intel(R) Xeon(R) E3 CPU and 16.00 GB RAM was 
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remarkably small: 4 s, indicating the efficiency of the developed model. All the physical and 

geometrical parameters considered in the model are given in Table 1. 

Table 1 

Values of the parameters applied in the simulations. Unless otherwise stated, the values of the 

parameters were taken from the experiment data (Ismail et al., 2014; O’Hayre et al., 2007). 

Parameter  Value 

Faraday’s constant, F  96,485 C mol-1  

Magnitude of gravitational acceleration, g  9.81 m s-2 

Universal gas constant, R  8.314 J mol-1 K-1 

Stephan-Boltzmann constant,
Bolt  5.67 × 10-8 W m-2 K-4 

Enthalpy change of fuel cell reaction, H  -241.98 kJ mol-1 

Entropy change of fuel cell reaction, S  -44.43 J mol-1 K-1 

Diffusivity of oxygen in nitrogen,
2 2O ND 

 2.2 × 10-5 m2 s-1 

Diffusivity of water vapour in nitrogen,
2 2H O ND 

 2.56 × 10-5 m2 s-1 

Diffusivity of water vapour in hydrogen,
2 2H O HD 

 1.02 × 10-4 m2 s-1 

 (Schwertz and Brow, 1951) 

GDL thickness,
GDL  3.0 × 10-4 m 

Membrane thickness,
mem  5.2 × 10-5 m 

GDL thermal conductivity,
GDLk  1 W m-1 K-1 

Membrane conductivity,
memk  0.17 W m-1 K-1 

GDL porosity,   0.4 

Emissivity, e  0.9 

Active area of fuel cell, A  9.0 × 10-4 m2 

Characteristic length for mass transfer,
ch,mL  3.0 × 10-2 m 

Characteristic length for heat transfer,
ch,hL  7.0 × 10-2 m 

Lumped electrical resistance of the fuel cell,
elecR  0.012 Ω 

Charge transfer coefficient,
ch  0.41 

Reference exchange current density,
0I  3.0 × 10-3 A m-2 

3. Results and discussion 

To validate the model, the modelling data obtained from the present model are compared with 

the experimental data reported by (Fabian et al., 2006). It should be noted that although this 

work was performed some time ago, it is still regarded by many as the benchmark work 

(Atkinson et al., 2017; Obeisun et al., 2015). Fig. 2(a) shows the polarization curves produced 

by the model at two ambient temperatures (i.e. 10 and 30°C) and a constant ambient relative 
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humidity of 40%. One can observe from the figure that the modelling data are in good 

agreement with the experimental data and that the sharp decline in the cell voltage at high 

current densities is well captured by the model.   

Fig. 2(b) and 2(c) show the cell resistance and the temperature of the cathode GDL surface as 

a function of the current density for 10 and 30°C ambient temperatures and an ambient relative 

humidity of 40%. Similarly, good agreement is obtained between the experimental and the 

modelling data, imparting confidence on the reliability of the model. Further, Fig. 2(a) and 2(b) 

show that there is a sharp decline in the cell voltage and a steep increase in the cell resistance 

and these coincide. This means that the cell resistance is the main reason for limiting the air-

breathing fuel cell performance at high current densities. 

 

 

Fig. 2. (a) The cell voltage, (b) cell resistance and (c) GDL surface temperature as a function of the 

current density for an air-breathing fuel cell operating at 40% ambient relative humidity and ambient 

temperatures of 10 and 30°C. 

3.1. Status of water  

It is clear from the previous section that the air-breathing fuel cell is limited mainly by the 

membrane ohmic resistance at high current densities and thus the performance of the fuel cell 

increases with decreasing the fuel cell temperature. This must be compared with conventional 

fuel cells, where the performance is normally limited by water flooding. Therefore, it is of 

much interest to analyse the status of liquid water at the cathode of the modelled fuel cell; Fig. 
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3 shows the rates of generation and removal of water (which is equivalent to the water flux at 

the surface of the cathode GDL), respectively. 

Depending upon the relative magnitudes of the water generation and removal rates, the cathode 

of the fuel cell is said to be under: (i) self-humidification in the low current density region (< 

50 mA/cm²) where the difference between the higher rate of water removal and the lower rate 

of water generation decreases with increasing current density, (ii) water flooding in the 

intermediate current density region (between 50 and 450 mA/cm²) where the rate of generation 

of water is always more than the rate of water removal, and (iii) membrane dry-out in the high  

 

Fig. 3. The water generation rate, the cathode water removal rate and the cell resistance as a function 

of the current density.  

current density region (> 450 mA/cm²) where the rate of water removal is always more than 

that of water generation and the difference between the two rates increases as the current 
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density increases. Clearly, fuel cells with such profile, caused by the relatively low heat transfer 

coefficient, is limited by the dry-out of the membrane, and the higher fuel cell temperature will 

cause more serious water flooding and thus decrease the fuel cell performance. 

In order to determine the sensitivity of the fuel cell performance to the heat transfer coefficient, 

this coefficient has been increased by a factor of 3. From Fig. 4, it is clear that the cathode of 

the fuel cell operates under: (i) self-humidification in the low current density region (< 40 

mA/cm²) and (ii) water flooding in the current density larger than 40 mA/cm². Unlike the 

profile shown in Fig. 3, the performance of the fuel cell with higher heat transfer coefficient is 

limited by water flooding at high current densities which is commonly encountered when 

operating conventional PEM fuel cells.   

 

Fig. 4. The water generation rate, the cathode water removal rate and the cell resistance as a function 

of the current density for the fuel cell with a 3 times larger heat transfer coefficient. 
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3.2. Effect of anodic humidity  

The effect of the humidity at the anode is often neglected when modelling air-breathing PEM 

fuel cells as hydrogen is normally assumed to be dry. In this section, the effects of both the 

cathodic relative humidity (or the ambient relative humidity) and the anodic relative humidity 

on the performance of the air-breathing fuel cell are examined. Figs. 5 and 6 show the effect of 

the ambient relative humidity. For dry hydrogen (Fig. 5), the cell performance increases 

slightly with increasing ambient relative humidity, and with fully humidified hydrogen (Fig. 

6), the performance gain is even smaller. 

 

Fig. 5. Effect of the ambient relative humidity at the cathode on the cell performance at zero anodic 

(hydrogen) relative humidity and three ambient temperatures: (a) 10°C, (b) 20°C and (c) 30°C. 

 

Fig. 6. Effect of the ambient relative humidity at the cathode on the cell performance at 100% anodic 

(hydrogen) relative humidity and three ambient temperatures: (a) 10°C, (b) 20°C and (c) 30 °C. 

Figs. 7 and 8 show the effect of the anodic relative humidity. It is evident that increasing the 

anode humidity greatly improves the performance of the fuel cell. For example, when the 

anodic relative humidity increases from 0 to 100% in Fig. 7(c), the limiting current density 
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increases by more than 40% at 0.3V. Clearly, one of the ways to mitigate membrane dry-out 

problem at high current density, which has been discussed in Section 3.1, and subsequently 

enhance the fuel cell performance is to increase the relative humidity of hydrogen. 

It also can be seen from Figs. 5 and 7, the performance improvement attributed to the increase 

in the anodic relative humidity is clearly larger than that attributed to the increase in the ambient 

relative humidity. Also we can observe that this improvement is only very slightly influenced 

by the humidity situation at the cathode side (see Figs. 7 and 8). Further, it is observed that for 

all the cases investigated, the performance improvement is more significant at higher ambient 

temperatures, and this is due to lower membrane humidification with higher ambient 

temperatures. 

 

Fig. 7. Effect of the anode (hydrogen) relative humidity on the cell performance at zero cathode relative 

humidity and three ambient temperatures: (a) 10°C, (b) 20°C and (c) 30°C. 

 

Fig. 8. Effect of the anode (hydrogen) relative humidity on the cell performance at cathode relative 

humidity) and three ambient temperatures: (a) 10°C, (b) 20°C and (c) 30°C. 
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As mentioned in Section 2, water flooding has not been considered in the model. The increase 

in both the anode and cathode relative humidity normally cause water flooding at the cathode 

side of conventional fuel cells particularly at high current densities where the rate of water 

production is relatively high. 

To better understand the effect of the hydrogen relative humidity on water flooding, a figure 

that shows the accumulating liquid water at the cathode catalyst layer as function of current 

density is generated; see Fig. 9. For all the investigated cases, the ambient relative humidity 

and temperature were selected to be 40% and 20°C, respectively, as they are more or less the 

normal indoor conditions. It should be noted that no temperature control equipment is included 

in the model, since the air-breathing fuel cell is designed to power small electronic devices 

where the ancillary components are required to be removed to simplify the system and 

subsequently boost its competitiveness. It can be seen from the figure that the increase in the 

relative humidity of hydrogen causes more water to accumulate at the cathode catalyst layer; 

delaying the occurrence of the limiting current density. 

Water activity, which is the ratio between the partial pressure of the water vapour and the 

saturation pressure of the water vapour, can be also used to confirm whether there exists liquid 

water. Fig. 10 shows the water activity of the cathode catalyst layer and GDL surface as a 

function of the anode relative humidity at relatively low cell voltages (i.e. 0.4, 0.3 and 0.2V). 

Overall, it can be observed that the water activity slightly increases with increasing anodic 

relative humidity. For example, at 0.4V the water activity of the catalyst layer increases only 

by 20% when increasing the anodic relative humidity from 0% to 100%.  It can be noted that, 

in all the simulated cases shown in Fig. 10, the water activity is less than unity, and this 

indicates that no liquid water is produced at the cathode side. Therefore, the increase in the 

anodic relative humidity does not cause water flooding at high current densities. 
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Fig. 9. The accumulating liquid water at the cathode catalyst layer as a function of the current density 

for the fuel cell operating at different anode (hydrogen) relative humidities. 

 

Fig. 10. Effect of anodic (hydrogen) relative humidity on the water activity at relatively low cell 

voltages and at (a) cathode catalyst layer and (b) cathode GDL surface. 
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3.3. Effect of GDL thickness 

The results presented in Section 3.2 show that the increase in the anodic relative humidity 

improves the performance of the air-breathing fuel cell by increasing the water vapour 

concentration at the cathode catalyst layer and subsequently its ionic conductivity. Also, the 

variation of GDL thickness can influence the diffusion of the water vapour at the cathode and 

thus change the water vapour concentration. For dry and fully humidified hydrogen, the effects 

of GDL thickness on the cell performance are investigated. 

It can be seen that, from Fig. 11, the most appropriate GDL thickness, at either the cathode or 

anode, for operation of the air-breathing fuel cell is different at two humidity conditions at the 

anode side. For the dry condition, a thicker GDL is favoured, e.g. 0.8 mm thickness; see Fig. 

11(a). While for the fully humidified condition, the cell performs better with a thinner GDL, 

i.e. 0.2 mm thickness; see Fig. 11(b). The thickness of the GDL mainly influences the diffusion 

of the water vapour and oxygen. The cell performance is largely dependent on the 

concentrations of these two gases and therefore it is necessary to investigate the relationships 

between these concentrations and the GDL thickness. 

 

Fig. 11. Effect of the GDL thickness on the cell performance at two anodic (hydrogen) relative 

humidity: (a) 0% and (b) 100%. 
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Fig. 12 shows the effect of the GDL thickness on the gas concentrations at 0.4V and at two 

humidity conditions. For the dry condition (Fig. 12(a)), we can observe that the GDL thickness 

has opposite effect on the concentrations of water and oxygen. This is because, at the fuel cell 

cathode side, the water is transported from where it is produced at the cathode catalyst layer 

towards the ambient, while oxygen is transported in the opposite direction, i.e. from the 

ambient to where it is consumed at the cathode catalyst layer. When a thicker GDL is chosen, 

it becomes more difficult for water to be transported from the cathode catalyst layer to the 

ambient region and for oxygen to be transported from the ambient to the catalyst layer. For this 

reason, an optimal thickness is favoured to ensure the supply of sufficient oxygen for the 

oxygen reduction reaction and to supply sufficient water vapour to appropriately humidify the 

membrane. However for the fully humidified condition (Fig. 12(b)), water vapour is also 

transported from the anode side to the cathode catalyst layer. Thus a thinner GDL at the anode 

side enhances the diffusion of water vapour through the GDL, thus causing the water 

concentration to reach a relatively high value, and then it follows the same trend as the dry 

condition. For this case, a thinner GDL is appropriate for the cell operation at the high 

humidified conditions since there is a relatively high concentration of water and oxygen at the  

 

Fig. 12. Effect of the GDL thickness on the oxygen and water vapour as the cathode catalyst layer at 

two anode (hydrogen) relative humidity: (a) 0% and (b) 100%. 
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cathode catalyst layer. 

Based on the above findings, it could be stated that there exists an optimal thickness for the 

cathode GDL that ensures sufficient supply of both oxygen and water vapour. On the other 

hand, a relatively thin GDL can improve the transfer of water vapour to the cathode and this 

improvement becomes more profound as hydrogen relative humidity increases.  

It should be noted that a relatively thick GDL can cause water flooding; Fig. 13 shows that 

relatively thick GDLs (i.e. 0.8 and 1.2 mm) causes water activity to be more than unity for most 

of the anodic relative humidity values, thus leading to possible water flooding. 

 

Fig. 13. Effect of the GDL thickness on the water activity at the cathode catalyst layer. 

 

4. Conclusions 
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A mathematical zero-dimensional model has been developed for air-breathing PEM fuel cells. 

The main purpose of this study is to examine the effects of hydrogen humidity on the 

performance of air-breathing PEM fuel cells. The main conclusions are as follows: 

 The heat transfer coefficient dictates the performance limiting mode of the air-breathing 

PEM fuel cell: dry-out of the membrane with relatively low heat transfer coefficient and 

water flooding with relatively high heat transfer coefficient. 

 The performance of the fuel cell significantly improves with increasing anodic 

(hydrogen) relative humidity and this is due to the increase in the water concentration at the 

cathode catalyst layer at high current densities. For example, the limiting current density 

increases by more than 40% at an ambient temperature of 30 °C when increasing the anodic 

relative humidity from 0 to 100%. This improvement is marginally influenced by the 

humidity condition at the cathode side. Further, the increase in the anodic relative humidity 

does not cause water flooding at high current densities. 

 In order to maintain high concentrations of both oxygen and water vapour at the cathode 

catalyst layer, there is an optimal thickness for the cathode GDL. However, for anode GDLs, 

the thinner GDLs are preferred to enhance the diffusion of water vapour at the anode and 

consequently increase the water concentration at the cathode, and this improvement is more 

significant with the hydrogen relative humidity increases. 
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