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a b s t r a c t

Two mathematical models have been built for air-breathing and conventional polymer electrolyte fuel

cells to explore the reasons affecting the cell performance. A parametric study has been conducted to (i)

investigate how each type of fuel cells responds to changes in some key parameters and (ii) consequently

obtain some insights on how to improve the performance of the air-breathing fuel cell. The conventional

fuel cell significantly outperforms the air-breathing fuel cell and this is due to substantially higher forced

convection-related heat and mass transfer coefficients associated with the conventional fuel cell as

compared with natural convection-related heat and mass transfer coefficients associated with air-

breathing fuel cell. The two types of fuel cell respond differently to changes in porosity and thickness

of gas diffusion layer: the conventional fuel cell performs better with increasing porosity of gas diffusion

layer (from 0.4 to 0.8) and decreasing thickness of gas diffusion layer (from 700 to 100 mm) while the air-

breathing fuel cell performs better with decreasing porosity and increasing thickness of gas diffusion

layer. Further, the air-breathing fuel cell was found to be more sensitive to membrane thickness and less

sensitive to electrical resistance compared to conventional fuel cell.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

There is an increasingly urgent need to convert to renewable

energy sources in order to avoid the detrimental consequences of

climate change phenomena [1e3]. In this regard, polymer elec-

trolyte fuel cells (PEFCs) are promising zero-emission power con-

version technologies which form a central pillar in hydrogen

economy and this is due their high efficiency, low operating tem-

perature and rapid start-up [4,5]. In conventional PEFCs, the re-

actants (hydrogen and oxygen), and products (water vapour) are

transported from/to the flow channels to/from the membrane

electrode assembly (MEA) of the fuel cell by mainly forced con-

vection using auxiliary components such as compressors and flow

controllers. Further, the reactant gasses are normally required to be

humidified by an external humidifier before entering the fuel cell to

ensure appropriate initial membrane hydration and subsequently

reasonably good ionic conductivity [6e8]. These auxiliary compo-

nents (e.g., the compressors and humidifiers) substantially increase

the overall size and the weight and subsequently the cost and

complexity of the fuel cell system. On the other hand, small elec-

tronic devices (e.g., smartphones and tablets) have become

increasingly essential in our daily life and they consequently form a

hugemarket [9]. The powering components of these devices should

be ideally very small to ease carrying and handling. Therefore, the

conventional PEFC system should be substantially simplified to

reduce its size and weight if it is to compete with the commonly-

used rechargeable batteries. To this end, air-breathing PEFC tech-

nology has been proposed.

In air-breathing PEFCs, the cathode side of the fuel cell is open to

the ambient and this allows for the oxidant (air) and humidifying

water to be directly extracted from the ambient by natural con-

vection, thus eliminating the need to have an oxygen storage de-

vice, a mass flow controller, a humidifier, and a pumping device.

However, natural convection-related heat and mass transfer co-

efficients are significantly smaller than those of forced convection,

imposing increased heat and mass transfer resistance for air-
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breathing PEFCs and significantly limiting the cell performance

when compared with conventional PEFCs. Mathematical modelling

is one of the most efficient and cost-effective ways to better un-

derstand the physics within the fuel cells and/or look into ways

(either design-wise or material-wise) to improve their perfor-

mance. There have been numerous models in the literature for the

conventional PEFCs; see for example [10e16]. On the other hand,

the number of air-breathing PEFC numerical models is scarce and

this is clearly due to the limited number of applications in which

this technology is used. In the following paragraphs, we summarise

the key findings of the mathematical models for the air-breathing

fuel cells that were encountered while performing the literature

review.

Zhang and Pitchumani [17] built a two-dimensional and non-

isothermal model for an air-breathing PEFC with a dual-cell

hydrogen cartridge to investigate the effects of cell geometry and

operating conditions on the performance of the fuel cell. They

found that the performance of the fuel cell is improved by reducing

the side length of the fuel cell and this is due to better the exposure

to ambient air, thus enhancing the utilisation of the active area.

They also found that the fuel cell performs better with increasing

the anode pressure and relative humidity. In another study per-

formed by the same research group, Zhang et al. [18] developed a

three-dimensional and non-isothermal mathematical model to

investigate the effect of geometrical parameters of an air-breathing

PEFC stack, consisting of two cells sharing a hydrogen chamber.

They concluded that the vertical gap between the fuel cell and the

substrate requires to beminimum in order to improve the supply of

air to the cathode catalyst layers and, therefore, improve the cell

performance.

O'Hayre et al. [19] developed a one-dimensional and non-

isothermal model for an air-breathing PEFC and they found that

the fuel cell behaviour is adversely and significantly influenced by

the fact that the boundary layer of natural convection is the main

barrier that restricts heat and mass transfer to the open cathode of

the fuel cell. They also showed that the cell performance is strongly

affected by even slight forced convection. Litster et al. [20] pro-

posed a two-dimensional numerical model for an air-breathing

PEFC with a nano-porous gas diffusion layer (GDL). They showed

that air is mainly transported by Knudsen diffusion in the proposed

GDL, which provides sufficient amount of oxygen to the active side

of the cathode catalyst layer. Calili et al. [21] built a dynamic model

for an air-breathing PEFC and investigated the effects of ambient

conditions and GDL parameters (i.e. the GDL thickness and thermal

conductivity) on the dynamic response of the fuel cell during load

changes. They found that there exist an optimum ambient tem-

perature (20 �C) and GDL thickness (i.e. 500 mm) at which the fuel

cell shows better steady-state performance and less overshoots in

the voltage during the load changes. They also found that the

thermal conductivity of the GDL needs to be reasonably high in

order to improve the performance and load following ability of the

fuel cell. Rajani and Kolar [22] developed a two-dimensional model

for an air-breathing PEFC and investigated the effect of ambient

conditions (20e80% relative humidity and 10e40 �C) on the per-

formance of the fuel cell. They reported that the ambient temper-

ature predominantly influences the performance of the fuel cell

compared to the ambient relative humidity. Chen et al. [23] pro-

posed a mathematical model in order to investigate the effect of

hydrogen relative humidity on the performance of air-breathing

PEFCs at different ambient temperatures (10, 20 and 30 �C). They

found that the hydrogen relative humidity significantly influences

the performance of the fuel cell; for example, the limiting current

density could increase by more than 40% when the hydrogen

relative humidity increases from 0% to 100% at an ambient tem-

perature of 30 �C. Matamoros and Brüggemann [24] created a

three-dimensional model for an air-breathing PEFC and investi-

gated the effects of the ambient conditions on the concentration

and ohmic losses. They found that the performance of the fuel cell

improves with increasing ambient temperature due to the fact that

the increase in the temperature gradient enhances natural con-

vection. They also demonstrated that mass transport losses domi-

nantly influence the performance of the fuel cell compared to

ohmic losses at different ambient conditions.

Ying et al. [25] built a two-dimensional model for a channel-

based air-breathing PEFC. They found that there exists an opti-

mum opening ratio for the open cathode at which the fuel cell

performance is maximized. In their subsequent works, they

developed three-dimensional and non-isothermal models for air-

breathing PEFCs to investigate: (i) the temperature distribution

and cell performance [26], (ii) the effects of the channel configu-

ration [27] and (iii) interactions between electrochemical reactions,

heat and mass transfer in the fuel cell [28]. Hwang [29] created a

three-dimensional model for an air-breathing PEFC with an array of

circular holes at the cathode current collector. They suggested that

the fuel cell with the staggered arrangement for holes shows

slightly better performance than that with the in-line arrangement

for the holes. They also found that the optimum opening ratio for

both arrangements is about 30%, which provides a balance between

the mass transport losses and the ohmic losses. A two-dimensional

model for an air-breathing PEFC with rectangular vertical opening

at the cathode current collector was developed by Schmitz et al.

[30]. Their results showed that the cell performance enhances

when the opening ratio of the current collector increases from 33 to

80%.

Kumar and Kolar [31] developed a three-dimensional and non-

isothermal model for an air-breathing PEFC and investigated the

effects of cathode collector type (channel- and window-based) on

the fuel cell performance. They showed that the fuel cell performs

better with window-based cathode current collector than with the

channel based current collectors due to the fact that the rate of

transport rate of the produced water and heat is higher in the fuel

cell equipped with the former current collector type.

A three-dimensional mathematical model for a commercial air-

breathing PEFC was developed by Henriques et al. [32]. The model

was used to predict the performance of the fuel cell when the

transversal channels (barriers in the channels to increase contact

resistance) in the original design of the fuel cell is eliminated. The

redesigned fuel cell was fabricated and experimentally tested. They

validated themodel with the experimental data and concluded that

the efficiency of the fuel cell improved by about 26% after

redesigning.

Ismail et al. [33] built a two-dimensional thermal model for an

air-breathing PEFC. They showed that the Joule heating has a sig-

nificant impact on the modelled thermal parameters. They also

demonstrated that although the effect of entropic heat is not as

significant as the Joule heating, it cannot be ignored at low current

densities. Later, they [34] developed a non-isothermal mathemat-

ical model under steady-state conditions to investigate the impacts

of heat sources on the performance of air-breathing PEFCs. They

found that the fuel cell performance is significantly over-predicted

if the entropic heat and/or Joule heat are neglected.

Recently, Yan et al. [35] performed a numerical simulation for an

air-breathing PEFC stack applying different cathode flow channel

designs in order to enhance the performance of the fuel cell. The

numerical results were validated by experimental data and showed

that the optimum opening ratio is between 50 and 60% shows a

better performance due to reduced and uniform stack temperature.

Lee et al. [36] developed a three-dimensional, two-phase and

multiscale model for an air-breathing PEFC to parametrically

investigate the transport of water and heat. They found that the
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performance of the fuel cell improves with the use of a thinner

membrane and higher ionomer fraction in the cathode catalyst

layer due to reduced ionic resistance of the membrane phase. Al-

Anazi et al. [37] performed a computational investigation using a

three-dimensional, non-isothermal, steady-state model for an air-

breathing PEFC stack to investigate the effect of ambient condi-

tions in Riyadh City (Saudi Arabia) on the performance of the fuel

cell. They found that the fuel cell stack performs better with warm

and humid ambient conditions (summer time) where the humid-

ification of the membrane is adequately maintained. On the other

hand, the performance of fuel cell stack during the winter time was

found to be around 12% less than that in summer time. Lee et al.

[38] built a three-dimensional air-breathing PEFC model incorpo-

rating an innovative cathode flow-field design. They found that the

proposed cathode flow-field configuration increases the water-

retaining capability of the fuel cell by around 10% compared to

that of the conventional cathode flow-field configurationwhere the

channels are parallel.

To the best of the authors’ knowledge, there have been no

modelling studies in the literature that simultaneously compared

and analysed the outcomes of the air-breathing and the conven-

tional PEFCs. To this end, two steady-state, non-isothermal and

efficient mathematical models have been developed for both con-

ventional and air-breathing PEFCs to conduct for the first time a

parametric study to (i) explore the parameters that impact each

type of fuel cells and subsequently (ii) obtain insights on how to

improve the air-breathing fuel cell performance. To achieve this

goal, the sensitivity analysis of both modelled fuel cells to some key

parameters (i.e. the porosity and the thickness of the GDL, the

membrane thickness and the overall electrical resistance) has been

performed. These parameters have been selected because they

could be practically changed in order to improve the performance

of the fuel cells. Namely, the porosity and the thickness of the GDL

could be easily adapted by employing different types of GDLs or

refining the existing GDLs. This note also applies to the thickness of

the membrane electrolyte which is the only parameter that could

be changed assuming using the conventionally-used Nafion®

membranes. The overall electrical resistance is mainly due to con-

tact resistance between the various components of the fuel cells

and could be controlled through varying the assembling

compression. The parametric study has not included in the impact

of the operating conditions (the temperature and relative humidi-

ty) as these parameters are dictated by those of the ambient

adjacent to the open cathode of the air-breathing PEFCs; this is not

the case for the conventional PEFC where the operating conditions

could be controlled. Therefore, commonly-encountered ambient

conditions (20 �C and 40% relative humidity) where fixed and used

for both air-breathing and conventional PEFCs. It should be noted

we have investigated the impact of the ambient conditions on the

performance of air-breathing PEFCs in a previous work [21]. It is

noteworthy that the model has been originally developed for the

air-breathing PEFC [34]. However, some improvements and adap-

tations to the model have been made. Namely, the membrane

electrolyte and the anode compartment have been included into

the model and, consequently, the relevant physics (the heat

transport in the anode GDL and the electrolyte, the transport of

gases in the anode and the transport of dissolvedwater through the

membrane) have been accounted for. Further, for the purpose of

this comparative study, the physics of the model have been adapted

to represent the corresponding conventional PEFC.

2. Model formulation

Most of the equations listed in this section are applicable for

both types of fuel cells: conventional and air-breathing PEFCs. The

modelled air-breathing PEFCwas originally reported by Fabian et al.

[39]. The cell geometry and MEA properties of the modelled con-

ventional PEFC have been set to be the same as those of the air-

breathing PEFC described by Fabian et al. [39]. The following as-

sumptions and considerations have been employed for the models:

(i) The fuel cells operate under steady state conditions.

(ii) Water exists only in vapour form.

(iii) The reactant gases are treated as ideal gases.

(iv) The anode of the air-breathing PEFC is in dead-end mode.

(v) The main mode of transport in GDLs is diffusion and there-

fore the contribution of the convective flow in GDLs is

negligible.

(vi) The cathode catalyst layer is infinitely thin so that it is treated

as an interface between the membrane and the GDLs.

(vii) The water activity is in equilibrium with water vapour ac-

tivity in the catalyst layers.

(viii) The concentration losses are neglected as the water activity

has been always less than unity and the amount of reactants

available for the reactions have been always sufficient for all

the investigated cases.

(ix) The only heat source occurs at the cathode catalyst layer and

all the other heat sources are neglected due to their small

amounts.

Fig. 1 shows the schematics of the modelled cells displaying the

key components and the heat and mass fluxes for each fuel cell

type.

Note that Fabian et al. [39] reported that some water accumu-

lates at the cathode of the air-breathing PEFC, particularly at the

intermediate current densities for low temperatures and high hu-

midity conditions. However, accumulation of liquid water starts to

diminish as the current density increases since the running air-

breathing fuel cell was of high-performance. This is due to the

exponential increase in the cell temperature at high current den-

sities. The sharp decline in the cell potential at high current den-

sities is, therefore, primarily due to membrane dehydration, not

water flooding. Therefore (considering that water flooding may

only occur in the intermediate current densities of the modelled

fuel cell and this does not change the overall trends of the outcomes

of the models), water is, for simplification, assumed to exist in

water vapour form only [21]. This assumption/simplification was

also considered by O'Hayre et al. [19] and Ismail et al. [34].

2.1. Cell voltage

The cell voltage, Vcell, is calculated as follows:

Vcell ¼ E � hact � hohmic (1)

where E is the reversible (or Nernst) voltage, hact is the activation

losses and hohmic is the ohmic losses. The reversible voltage is ob-

tained using the Nernst equation [40]:

E¼
�DH þ TDS

2F
þ
RT

2F
ln

 

PH2
:P

1 =

2
O2

PH2O

!

(2)

where PH2
, PO2

and PH2O are the partial pressures of hydrogen, ox-

ygen and water under equilibrium conditions, respectively. T is the

absolute temperature, R is the universal gas constant and F is the

Faraday's constant. DH and DS are the enthalpy and entropy

changes for the overall reaction, respectively. The activation losses

are obtained using the following expression [19,40]:
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hact ¼
RT

2aF
ln

0

@

C
∞=ch
O2

j

Cccl
O2
j0

1

A (3)

where C
∞=ch
O2

and Cccl
O2

are the molar concentrations of oxygen at the

ambient/flow channel and the cathode catalyst layer, respectively. a

is the charge transfer coefficient, j is the current density and j0 is the

reference exchange current density, corrected for temperature by

the following expression:

j0 ¼ j0298 K exp

�

Ea
R

�

1

298
�
1

T

��

(4)

where Ea is the activation energy. The ohmic losses can be

expressed as follows [19,21,34]:

hohmic ¼ jAactðRelec þRmemÞ (5)

where Aact represents the active area of the fuel cell, Relec and Rmem

are respectively the lumped electrical resistance of the cell and the

membrane resistance. Rmem is given by:

Rmem ¼
dmem

Aactsmem
(6)

where dmem is the thickness of the Nafion® membrane. The ionic

conductivity of the membrane, smem can be calculated using the

following empirical correlation for the air-breathing PEFC [41]:

and using the well-known Springer's model for the conventional

PEFCs [42,43]:

smem¼ ½0:514l�0:326�exp

�

1268

�

1

303
�
1

T

��

(8)

where l represents thewater content of themembrane and is given

by Ref. [44]:

l¼

�

0:043þ 17:81a� 39:85a2 þ 36a3; 0< a � 1
14þ 1:4ða� 1Þ; 1< a � 3

(9)

The water activity, a is defined as follows [40]:

a¼
PH2O

Psat
(10)

where PH2O and Psat represent the partial pressure and the satura-

tion pressure of water vapour at the catalyst layers, respectively.

Psat , in atm, is given by Refs. [42,45]:

log10Psat ¼ �2:1794þ0:02953ðT �273:15Þ�9:1837

�10�5ðT � 273:15Þ2 þ1:4454� 10�7ðT � 273:15Þ3

(11)

It should be noted that thewater activity has been limited to one

when calculating the ionic conductivity of the membrane in the

modelled air-breathing PEFC; water activity beyond unity results in

unrealistic values for the ionic conductivity of the membrane

[19,34].

2.2. Heat transfer

Heat is mainly produced at the cathode catalyst layer as a result

of the exothermic oxygen reduction reaction, thus creating a tem-

perature difference between the cathode catalyst layer and the two

outermost sides of the fuel cells. The generated heat is first con-

ducted through the solid-phase of the fuel cell components (i.e. the

GDLs, the membrane and the current collectors) and is then

transported at the interfaces with the ambient through convection.

As schematically illustrated in Fig. 1, the temperature gradients are

created between the cathode catalyst layer interface (where most

of the heat sources exist) and the ambient regions at both sides of

Fig. 1. Schematic representations of the modelled: (a) air-breathing and (b) conven-

tional PEFCs. Note that the symbol ‘N’ stands for molar flux, ‘q’ for heat flux, ‘CCL’ for

cathode catalyst layer and ‘ACL’ for anode catalyst layer, the subscript ‘a’ for anode and

the subscript ‘c’ for cathode.

smem¼
�

3:46a3 þ0:0161a2 þ1:45a�0:175
�

exp

�

1268

�

1

303
�
1

T

��

(7)
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the fuel cell. The heat generated in the fuel cell is mathematically

given as [34]:

q¼ qc þ qa ¼ j

�

hact þ hohm þ
TDS

2F

�

(12)

The left-hand side heat flux, qc (see Fig. 1), may be expressed as

follows:

qc ¼

8

>

>

>

>

<

>

>

>

>

:

kGDL
Tccl � Tgdl;c

dgdl;c
¼ h

�

Tgdl;c � T∞

�

for air � breathing PEFC

kGDL
Tccl � Tgdl;c

dgdl;c
¼ h

�

Tgdl;c � Tcell

�

for conventional PEFC

(13)

and the right-hand side heat flux, qa (see Fig. 1), may be given by:

qa ¼

8

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

:

Tccl � Tgdl;a
�dmem

kmem
þ
dgdl;a
kgdl

! ¼ h
�

Tgdl;a � T∞

�

for air � breathing PEFC

Tccl � Tgdl;a
�dmem

kmem
þ
dgdl;a
kgdl

! ¼ h
�

Tgdl;a � Tcell

�

for conventional PEFC

(14)

where T∞, Tcell, Tccl, Tgdl;c and Tgdl;a respectively represent the

ambient temperature, the cell temperature (which is equivalent to

the temperature of the gases flowing in the channel) and the

temperatures at the cathode catalyst layer, at the cathode GDL

surface and at the anode GDL surface. The cathode GDL, the anode

GDL and the membrane thickness are designated as dgdl;c, dgdl;a and

dmem, respectively. kgdl and kmem are the thermal conductivities of

the GDL and the membrane, respectively.

h is the heat transfer coefficients the fuel cell has with the

ambient or the flow channel. h for either side of the air-breathing

PEFCs is the sum of the radiative heat transfer coefficient hrad and

the convective heat transfer coefficient hconv [46]:

hrad ¼2esBolt

�

T2gdl þ T2
∞

��

Tgdl þ T∞

�

(15)

hconv ¼
Nu:kair
Lch

(16)

where e and sBolt are the emissivity and the Stephan-Boltzmann

constant, respectively. kair is the thermal conductivity of air and

Lch is the characteristic length for heat transfer which is, for the air-

breathing fuel cell, equal to 7 cm. Nu is the Nusselt number which is

obtained for a horizontally-oriented iso-flux heated plate (repre-

senting the air-breathing PEFC modelled in this work) using the

following expressions [46,47]:

Nuc ¼0:16Ra
1=3
c (17)

Ra¼
gbqL4

ch

nairaairkair
(18)

where Ra is the Rayleigh number. nair and aair are the kinematic

viscosity and the thermal diffusivity of air, respectively. All the

thermo-physical properties of air used in the equations have been

estimated using the tabulated data in Ref. [46] at the film tem-

perature. The film temperature at the interface between the

ambient and the cathode GDL, Tf , is defined as the arithmetic mean

of the temperature of the cathode GDL surface, Tgdl, and the

ambient temperature, T∞. The thermal expansion coefficient at the

interface, b is estimated as follows [21]:

b¼ 1
.

Tf
(19)

On the other hand, h for the conventional fuel cell is represented

by only the convective heat transfer coefficient and this is (as evi-

denced from not shown simulations) due to negligible dissipation

of heat through radiation [46]:

hconv ¼
Nu:ki
Lch

(20)

where ki is the thermal conductivity of the species i (air in the

cathode flow channel and hydrogen in the anode flow channel). The

characteristic length Lch is the hydraulic diameter of the channel

which is in this case the side length of the square cross-section (i.e.,

1 mm). The Nusselt number for an iso-flux fully developed laminar

flow in a rectangular channel is given by Ref. [46]:

Nu¼3:61 (21)

2.3. Mass transfer

Oxygen and water are transported by natural convection be-

tween the ambient and the cathode GDL in the air-breathing PEFC.

On the other hand, oxygen, hydrogen and water vapour are trans-

ported by forced convection between the flow channel and the

cathode/anode GDL of the conventional PEFC. The anode of the air-

breathing PEFC is dead-ended and therefore, the concentration of

dry hydrogen at the surface of the anode GDL is assumed to be that

of the hydrogen chamber (see Fig. 1). All the gases in both types of

the fuel cells are mainly transported by diffusion within the GDLs.

The driving force for the transport of the gases between the

ambient/channel and the catalyst layer is the consumption/gener-

ation of these gases at the catalyst layers. All the above description

could be mathematically described as follows:

Ni ¼
j

nF
¼Deff

ij

C
gdl
i

� Ccl
i

dgdl
¼hm;i

�

Cgdl
i

�C
∞=ch
i

�

(22)

The second term in the above equation is the Faraday's second

low of electrolysis. Ni is the molar flux of the species i (oxygen,

hydrogen or water vapour), j is the current density of the fuel cell, n

is the number of electrons transferred per 1 mol of oxygen (4),

water (2) or hydrogen (2). Cgdl
i

, Ccl
i and C

∞=ch
i

are respectively the

molar concentration of the species i at the GDL surface, at the

catalyst layer and in the ambient/flow channel and Ccl
i is the molar

concentration of the species i in the catalyst layer. The effective

diffusion coefficient on the cathode side, Deff
ij

is effective diffusion

coefficient of the species i into j (oxygen and water vapour into air

in the cathode GDL or hydrogen into water vapour in the anode

GDL) and is estimated using the following expression [48]:

Deff
ij

¼ f ðεÞ:Dij

 

Tgdl
Tref

!1:5�
Pref
P

�

(23)

where Dij is the binary diffusion coefficient of the species i into j at

the reference temperature (Tref ) and pressure (Pref ). Both the
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operational pressure (P) and the reference pressure are equal to the

ambient pressure, i.e.1 atm, and therefore the last term in Eq. (23) is

unity. Note that Tgdl in Eq. (23) is taken to be the arithmetic mean of

the surface temperature of the GDL and the temperature at the

catalyst layer. The diffusibility, f ðεÞ, is a function of the porosity of

the GDL and is calculated using the following empirical correlation

[49]:

f ðεÞ¼ 1� 2:72ε coshð2:53ε�1:61Þ

�

3ð1� εÞ

3� ε

�

(24)

The mass transfer coefficient of the species i (hm;i) is estimated

as follows:

hm;i ¼
Shi:Dij

Lch;m
(25)

where Lch;m is the characteristic length related to the mass transfer

(which is equal to the side length of the square channel for the

conventional fuel cell (1 mm) and equal to the side length of active

area for the air-breathing fuel cell (3 cm)). Sh is Sherwood number

and is, making use of the analogy between heat transfer and mass

transfer, given as [46,47]:

Shi ¼

8

<

:

3:61 for conventional PEFC

0:16Ra
1=3
m;i

for air � breathing PEFC
(26)

Ram;i is the Rayleigh number associated with the mass transfer

for the species i and can be calculated using the following expres-

sion [47]:

Ram;i ¼
gg
	

x∞i � xi



L3
ch;m

niDij
(27)

where g is the acceleration due to gravity, x∞i is the mole fraction of

the speciesi in the ambient region, xi is the mole fraction of the

species i at the surface of the GDL and ni is the kinematic viscosity of

the species i. Due to the fact that the nitrogen concentration within

the cell and the ambient region remains almost constant, a binary

mixture of ideal gases of oxygen and water vapour can be assumed;

therefore, the volumetric expansion coefficient of species i due to

the concentration gradients, g, is estimated as follows [47]:

g¼
MO2

�MH2O

Mmix
(28)

where MO2
and MH2O are the molecular weights of oxygen and

water, respectively. The molecular weight of the binary mixture,

Mmix, has been taken to be the arithmetic mean of the molecular

weights of the binary mixture in the ambient region, M∞mix, and at

the GDL surface, Mgdl
mix

[34]:

Mmix ¼
M∞mix þM

gdl
mix

2
(29)

where M∞mix is given by:

M∞mix ¼
C∞O2

C∞O2
þ C∞H2O

MO2
þ

C∞H2O

C∞O2
þ C∞H2O

MH2O (30)

C∞O2
is the molar concentration of oxygen in the ambient region:

C∞O2
¼0:21

�

C∞tot �C∞H2O

�

(31)

The molar concentration of water in the ambient air, C∞H2O
is

given by:

C∞H2O
¼
P∞sat :RH

RT∞
(32)

where RH represents the water relative humidity of the ambient.

Thewater vapour saturation pressure P∞sat is obtained using Eq. (11).

Themolar concentration of ambient air C∞tot is obtained using the

ideal gas law:

C∞tot ¼
P

RT∞
(33)

In a similar way, Mgdl
mix

is calculated using Eq. (30) by replacing

the molar concentrations of oxygen and water in the ambient with

those at the surface of the cathode GDL.

It should be noted that the membrane electrolyte is imperme-

able to oxygen, hydrogen and nitrogen but allows for water (in

dissolved form) to transport within it by electro-osmotic drag

(driven by the proton transport and is from the anode side to

cathode side of the membrane) and back diffusion which is nor-

mally from the cathode side to anode side. To this end, the molar

flux of water NH2O at either the cathode or the anode catalyst layer

(calculated using Eq. (22)) is equal to the net water flux resulting as

a result of the competing transport phenomena of electro-osmotic

drag and back diffusion [50]:

NH2O ¼

8

>

>

>

>

<

>

>

>

>

:

nd
j

F
� Dw

Cccl
H2O

� Cacl
H2O

dmem
at the cathode catalyst layer

Dw

Cccl
H2O

� Cacl
H2O

dmem
� nd

j

F
at the anode catalyst layer

(34)

where Cccl
H2O

and Cacl
H2O

are the molar concentrations of water at the

cathode and the anode catalyst layers respectively. Dw is the dis-

solved water diffusivity in the membrane and nd is the electro-

osmotic drag coefficient. These two parameters are given as fol-

lows [50]:

Dw¼

8

>

>

>

<

>

>

>

:

3:1� 10�7lðexpð0:28lÞ � 1Þexp

�

�
2346

T

�

for 0< l<3

4:17� 10�8lð161 expð�lÞ þ 1Þexp

�

�
2346

T

�

for l � 3

(35)

and

nd¼

�

1 for l � 14
0:1875l� 1:625 for l >14

(36)

The water content of the membrane, l, is calculated using Eqs.

(8)e(10). It should be noted that the water diffusivity and the

electro-osmotic drag coefficient have been taken to be the arith-

metic mean of their values at the temperatures of the anode and

cathode catalyst layers.

2.4. Numerical procedure

The computational domain of each fuel cell consists of a cathode

GDL, cathode catalyst layer, membrane electrolyte, anode catalyst

layer and anode GDL (Fig. 3). The boundary layers next to the

cathode of air-breathing PEFC are induced by natural convection

and are for temperature and concentrations. The initial cell
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temperature of the conventional PEFC has been set to be the same

with the ambient temperature. Table 1 shows the physical pa-

rameters used for the modelled of the air-breathing and conven-

tional fuel cells; except for the characteristic lengths, the

parameters for both models have been kept the same for compar-

ative purposes. All the physical parameters and constants of the

fuel cells have been declared for each model and all the equations

mentioned in Section 2.1, 2.2 and 2.3 have been appropriately listed

in an m-file within MATLAB®. Eqs ((1) and (12)e(14) and (22) and

(34) have been then solved for current density, concentrations and

temperatures at different cell potentials and interfaces using the

nonlinear solver ‘fsolve’.

3. Results and discussion

Fig. 2(a-b) shows that the polarisation curve and the surface

temperature of the cathode GDL of themodelled air-breathing PEFC

at ambient temperature and relative humidity of 20 �C and 40% are

in very good agreement with the corresponding experimental data

reported in Ref. [39]. Further, the model nicely captures the

experimentally observed sharp decline in the cell performance

(Fig. 2a) and exponential increase in the cell temperature (Fig. 2b)

at high current densities. The graphs in Fig. 2(a-b) also present the

data generated by the modelled conventional PEFC at 20 �C cell

temperature and 40% relative humidity of inlet gases. It is clear

from Fig. 2a that the conventional PEFC significantly outperforms

the air-breathing PEFC as primarily evidenced by the decreased

limiting current density demonstrated by the latter fuel cell. Some

more data have been generated from both models and plotted in

order to highlight the underlying reasons behind the above per-

formance difference between the two types of fuel cells; see

Fig. 2(c-f).

Both the ohmic (Fig. 2c) and to a lesser extent the activation

(Fig. 2d) losses participate towards the superiority of the conven-

tional fuel cell over the air-breathing fuel cell in particular at high

current densities (>500 mA=cm2). The ohmic losses generally

correlate to the cell temperature which has been set in this study to

be that of the cathode catalyst layer; this is a reasonable arrange-

ment as the temperature difference between the cathode catalyst

layer (where temperature is a maximum) and the outermost sides

of the fuel cells is, for a given current density, less than 2 �C. As the

cell temperature increases, the water activity (calculated by Eq.

(10)) decreases. To this end, the exponential increase in air-

breathing fuel cell temperature after 500 mA=cm2 causes a corre-

sponding exponential increase in membrane resistance and in turn

the ohmic losses. This exponential increase in air-breathing fuel cell

temperature is attributed to the inability of the heat transfer co-

efficient (which is substantially lower than the corresponding

forced convection heat transfer coefficient for the conventional fuel

cell) to dissipate heat from the air-breathing fuel cell. As shown in

Fig. 2e, the natural convection heat transfer coefficient increases

with increasing current density; however, this increase is not suf-

ficiently high to mitigate the exponential increase in cell temper-

ature and, consequently, the ohmic losses.

Likewise, the exponential increase in the air-breathing fuel cell

temperature causes a higher increased activation losses compared

to the conventional fuel cell; this is evident from Eq. (3). This

equation also shows that the activation losses are a function of

oxygen concentration at the cathode catalyst layer: as the oxygen

concentration increases, the activation losses decrease. In this re-

gard, the conventional fuel cell has substantially higher amount of

oxygen available for the reaction at the cathode catalyst layer than

the air-breathing fuel cell (not shown) and this is due to signifi-

cantly higher mass transfer coefficient demonstrated by the con-

ventional fuel cell (Fig. 2f). It is noteworthy that both forced and

natural mass transfer coefficient slightly increase with increasing

current density as both are a function of diffusivity coefficient

which scale with temperature as evidenced from Eq. (23) and Eq.

(25).

In the following subsections, we conduct parametric studies to

evaluate the effects of some key parameters (i.e., the GDL porosity,

the GDL thickness, the membrane thickness and the electrical

resistance) on the performance of both air-breathing and conven-

tional fuel cells. This is performed in order to obtain insights on

how the performance of air-breathing PEFC could be improved

through analysing the differences in the outputs of the two types of

the modelled fuel cells.

3.1. Porosity of gas diffusion layers

Fig. 3 shows the impact of the cathode GDL porosity on the

performance of the modelled fuel cells. Interestingly, the perfor-

mance of the air breathing PEFC improves with decreasing cathode

GDL porosity while the conventional one shows a slight perfor-

mance increase with increasing cathode GDL porosity (Fig. 3a). As

expected, the increase in the cathode GDL porosity allows for more

oxygen to be transported to the catalyst layers of the fuel cells

(Fig. 3e). Equally, more water is removed from the cathode catalyst

layer as the cathode GDL porosity increases (Fig. 3f). As heat

transfer coefficient at the open cathode of the air-breathing PEFC is

not sufficiently high to lower the exponential increase of the cell

temperature (Fig. 3b), the amount of water needed to hydrate the

polymer electrolytemembrane become a rate limiting factor. As the

water concentration at the cathode catalyst layer (and the mem-

brane electrolyte) of the air-breathing fuel cell decreases, the

membrane resistance and subsequently the ohmic losses (Fig. 3c)

increase, thus resulting in lower limiting current density (Fig. 3a).

Table 1

Physical parameters and constants used for the base cases of the models [19,34,39].

Parameters Value

Universal gas constant, R 8.314 J=ðmol:KÞ

Faraday's constant, F 96,485 C=mol

Stephan-Boltzmann constant, sBolt 5.67 � 10�8 W=ðm2:K4Þ

Gravitational acceleration, g 9.81 m=s2

Ambient/cell pressure, P 1 atm

Oxygen/nitrogen molar ratio 21/79

Ambient temperature, T∞ 20 �C

Initial cell temperature of conventional PEFC, T 20 �C

Binary diffusivity of O2 in air, DO2;air 2.20 � 10�5 m2=s

Binary diffusivity of H2O in air, DH2O;air 2.56 � 10�5 m2=s

Binary diffusivity of H2 into water vapour, DH2
2.59 � 10�10 m2=s [17]

Cell active area, Aact 9.00 � 10�3 m2

Membrane thickness, dmem 5.20 � 10�5 m

GDL thickness, dgdl 3.00 � 10�4 m

GDL porosity, ε 0.70

GDL tortuosity, t 3

GDL thermal conductivity, kgdl 1 W=ðm:KÞ

Membrane thermal conductivity, kmem 0.17 W=ðm:KÞ

Emissivity, e 0.90

Reference exchange current density, j0298K
3 mA=cm2

Lumped cell electrical resistance, Relec 12 mU

Charge transfer coefficient, a 0.41

Enthalpy change, D H �241.98 � 103 J=mol

Entropy change, DS �44.43 � 103 J=mol

Activation energy, Ea 50.00 � 103 J=mol
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On the other hand, the heat transfer coefficients associatedwith the

conventional fuel cell are sufficiently high to dissipate heat from

the fuel cell and maintain well membrane hydration. As the

porosity of the cathode GDL of the conventional fuel cell increases,

more oxygen is transported to the cathode catalyst layer, thus

leading to less activation losses (Fig. 3d) and better fuel cell per-

formance (Fig. 3a).

The impact of anode GDL porosity on the performance of the

modelled fuel cells are similar to but less than that of the cathode

GDL porosity; see Fig. 4. Namely, as the anode GDL porosity of the

Fig. 2. The outputs of the modelled air-breathing and conventional PEFCs at 20 �C and 40% relative humidity: (a) cell voltage, (b) cell temperature, (c) ohmic losses, (d) activation

losses, (e) heat transfer coefficient and (f) mass transfer coefficient of oxygen as a function of current density.
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air-breathing fuel cell increases, the amount of water being

removed from the anode catalyst layer (Fig. 4f) and the ohmic

losses (Fig. 4c) increase. However, such an increase in the ohmic

losses is less than that when the cathode GDL porosity increases

considering the fact that water is generated at the cathode catalyst

layer. On the other hand, the modelled conventional fuel cell is not

heat transfer-limited and the increase in the anode GDL porosity

leads to an increase in hydrogen available for the reaction at the

Fig. 3. The outputs of the modelled air-breathing and conventional PEFCs at 20 �C and 40% relative humidity and variable cathode GDL porosity: (a) cell voltage, (b) cell tem-

perature, (c) ohmic losses, (d) activation losses, (e) oxygen concentration at the cathode catalyst layer and (f) water concentration at the cathode catalyst layer as a function of

current density.

F. Calili-Cankir, M.S. Ismail, D.B. Ingham et al. Energy 250 (2022) 123827

9



anode catalyst layer (not shown) and a very slight non-noticeable

improvement in the fuel cell performance (Fig. 4a).

Overall, considering the outcomes of this study, it is recom-

mended that GDLs with relatively low porosity (~0.4) should be

used for air-breathing PEFCs, particularly for the cathode side of the

fuel cell.

3.2. Thickness of gas diffusion layers

Fig. 5 and Fig. 6 show the impact of the thickness of the cathode

GDL and the anode GDL respectively on the performance of the

modelled fuel cells. It is clear that the impact of the GDL thickness is

similar to that of the porosity. Namely, the performance of the air-

breathing of the fuel cell improves as the cathode or anode GDL

Fig. 4. The outputs of the modelled air-breathing and conventional PEFCs at 20 �C and 40% relative humidity and variable anode GDL porosity: (a) cell voltage, (b) cell temperature,

(c) ohmic losses, (d) activation losses, (e) oxygen concentration at the cathode catalyst layer and (f) water concentration at the anode catalyst layer as a function of current density.
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thickness increases (Figs. 5a and 6a). As the GDL thickness in-

creases, less water is removed from the catalyst layers and the

membrane (Figs. 5f and 6f), thus reducing themembrane resistance

and subsequently the ohmic losses (Figs. 5c and 6c). On the other

hand, the conventional fuel cell is not heat transfer limited due to

high transfer coefficients that allow for reasonable cell

temperatures compared to those of air-breathing fuel cells (Figs. 5b

and 6b). To this end, thin GDLs are of benefits to the conventional

fuel cell as it permits more oxygen to be supplied to the catalyst

layers (Fig. 5e) and/or more heat to be dissipated from the fuel cell

leading to less cell temperatures (Figs. 5b and 6b), less activation

losses (Figs. 5d and 6d) and slightly better performance (Figs. 5a

Fig. 5. The outputs of the modelled air-breathing and conventional PEFCs at 20 �C and 40% relative humidity and variable cathode GDL thickness: (a) cell voltage, (b) cell tem-

perature, (c) ohmic losses, (d) activation losses, (e) oxygen concentration at the cathode catalyst layer and (f) water concentration at the cathode catalyst layer as a function of

current density.
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and 6a). It should be noted that, as with the impact of the GDL

porosity, the impact of the cathode GDL thickness on the perfor-

mance of either the air-breathing or the conventional fuel cell is

more profound than that of the anode GDL thickness and this is due

to two factors: (i) more water is available at the cathode catalyst

layer where it is produced and (ii) activation losses are mainly

associated with the cathode catalyst layer. One more observation is

that the cell temperature of the conventional fuel cell is more

sensitive to the thickness of the anode GDL than the cathode GDL.

This could be attributed to the longer thermal pathway that heat

generated at the cathode catalyst layer need to travel through to the

surface of the anode GDL compared to the surface of the cathode

Fig. 6. The outputs of the modelled air-breathing and conventional PEFCs at 20 °C and 40% relative humidity and variable anode GDL thickness: (a) cell voltage, (b) cell temperature,

(c) ohmic losses, (d) activation losses, (e) oxygen concentration at the cathode catalyst layer and (f) water concentration at the anode catalyst layer as a function of current density.
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GDL; see Fig. 1. Therefore, any reduction in the anode GDL thickness

will have greater (and better) impact on the surface temperature

compared to that of the cathode GDL thickness. Overall, GDLs with

relatively high thickness (>500 mm) are favoured to be used for air-

breathing PEFCs, particularly for the cathode side of the fuel cell.

3.3. Membrane thickness

Fig. 7 shows the impact of the membrane thickness on the

performance of the modelled fuel cells. For this parametric study,

membrane thicknesses have been changed in equally-spaced in-

tervals from 20 to 140 mm. Overall, the fuel cell performance de-

grades with increasing membrane thickness for either the air-

breathing or the conventional fuel cell. Evidently, as the mem-

brane thickness increases, the ionic resistance of the membrane

and subsequently the ohmic losses increases (Fig. 7c). Also, the

overall thermal resistance of the fuel cell increases with increasing

membrane thickness, thus causing (along with increasing ohmic

losses) an increase in cell temperature (Fig. 7b) and consequently

activation losses (Fig. 7d). It is noteworthy that the fuel cell per-

formance becomes less limited by the membrane thickness as the

latter increases. For example, the limiting current density of the air-

breathing fuel cell decreases by about 22% when changing the

membrane thickness from 20 to 50 mm and by about 9% when

changing the membrane thickness from 110 to 140 mm.

3.4. Electrical resistance

Fig. 8 shows the impact of the total electrical resistance on the

performance of the modelled fuel cells. For the given range of the

electrical resistance (6e18 mU), the performance of the air-

breathing fuel cell in the intermediate current density region

slightly degrades with increasing electrical resistance and ohmic

losses (Fig. 8c); however, this effect diminishes as the current

density increases as evidenced by the almost invariant limiting

current densities of all the cases (Fig. 8a). The fuel cell resistance is,

as could be seen from Eq. (5), broken down into electrical resistance

and membrane (ionic) resistance. As the current density of the air-

breathing fuel cell increases, more heat is generated due to

increasing ohmic (Fig. 8c) and activation losses (Fig. 8d). The rela-

tively poor heat dissipation from the air-breathing fuel cell results

in an exponential increase of the cell temperature at high current

densities which substantially lower the water activity and increase

the membrane resistance (Fig. 8e) and eventually mask the impact

of the electrical resistance. As can be seen from Fig. 8e, the values of

the membrane resistance are almost the same at very high current

Fig. 7. The outputs of the modelled air-breathing and conventional PEFCs at 20 �C and 40% relative humidity and variable membrane thickness: (a) cell voltage, (b) cell temperature,

(c) ohmic losses and (d) activation losses.
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densities justifying the almost invariant current densities of all the

investigated cases for the air-breathing fuel cell. On the other hand,

the conventional fuel cell (compared to the air-breathing one)

enjoys better heat dissipation which even allow the membrane

conductivity to increase with linearly increasing cell temperature

(see Eq. (8)). This in turn allows for the impact of the electrical

resistance to be fully realised along the entire range of the current

density of the conventional fuel cell: the fuel cell performance

gradually degrades with increasing electrical resistance.

4. Conclusions

Two steady-state, non-isothermal mathematical models have

been developed for air-breathing and conventional PEFCs in order

Fig. 8. The outputs of the modelled air-breathing and conventional PEFCs at 20 �C and 40% relative humidity and variable electrical resistance: (a) cell voltage, (b) cell temperature,

(c) ohmic losses, (d) activation losses and (e) membrane resistance.
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to undertake a parametric study that elucidates the key factors that

influence the performance of each type of fuel cells and subse-

quently obtain better insights on how to improve the performance

of the air-breathing fuel cell. Namely, some key parameters (i.e., the

porosity and the thickness of the GDL, the membrane thickness and

the overall electrical resistance) have been selected to compara-

tively assess the performance for each type of fuel cells and identify

the underlying reasons behind the clear difference in performance.

The key findings of this study are as follows:

� The conventional PEFC significantly outperforms the air-

breathing PEFC and this is due to substantially higher heat and

mass transfer coefficients demonstrated by the former type of

fuel cells. Poor heat dissipation, due to reliance on natural heat

convection, in case of the air-breathing PEFC leads to, compared

to the conventional PEFC, an exponential increase in cell tem-

perature at high current densities which ultimately lower the

membrane hydration and increase the ohmic losses. Likewise,

poor supply of oxygen to the cathode catalyst layer of the air-

breathing PEFC results in increased activation losses.

� The porosity and the thickness of the GDL impact the perfor-

mance of the air-breathing and conventional PEFCs differently.

As the GDL porosity increases from 0.4 to 0.8 or the GDL thick-

ness decreases from 700 to 100 mm in case of the air-breathing

PEFC, the rate of water transport away from the catalyst layer

(and the membrane) increases, lowering the hydration level of

the membrane and consequently increasing the ohmic losses

and degrading cell performance especially at high current

densities where cell temperature increases exponentially. On

the other hand, the conventional PEFC is not, owing to relatively

high heat transfer coefficient, heat transfer limited and there-

fore the increase in the GDL porosity or the decrease in the GDL

thickness lead to better performance due to increased supply of

oxygen/hydrogen to the catalyst layers without compromising

the membrane hydration level.

� Both the air-breathing and conventional PEFCs perform better

with the thinnest membrane (i.e. 20 mm) and this is evidently

due to decreased membrane resistance and subsequently ohmic

losses. However, the performance of the air-breathing PEFC is

more sensitive to membrane thickness than the conventional

PEFC and this is due to the fact that the former type of fuel cells

is more heat transfer limited, meaning that thicker membranes

result in higher thermal resistance and ultimately more pro-

nounced impact on cell performance.

� In contrast, the performance of the conventional PEFC was

found to be more sensitive to the overall electrical resistance

than the air-breathing PEFC. The ohmic losses in the air-

breathing PEFC are, owing to insufficient heat dissipation at

high current densities, dominantly influenced by the membrane

resistance which largely mask the impact of the electrical

resistance.

� As a recommendation out of this study, GDLs with relatively low

porosity (~0.4) and high thickness (>500 mm) should be ideally

designed and/or used for air-breathing PEFCs, particularly for

the cathode side of the fuel cell.
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Nomenclature

Roman symbols

a Water activity ½ � �

Aact Active area of the fuel cell ½m2�

C Molar Concentration [mol/ m3�

D Diffusion coefficient ½m2=s�

e Emissivity ½ � �

E Nernst Voltage ½V�

Ea Activation energy ½J=mol�

F Faraday's constant ½C=mol�

g Gravitational acceleration ½m=s2�

h Heat transfer coefficient ½W=ðm2:KÞ�

hm Mass transfer coefficient ½m=s�

DH Enthalpy change for the reaction ½J=mol�

j Current density ½A=m2�

j0 Reference exchange current density ½A=m2�

k Thermal conductivity ½W=ðm:KÞ�

Lch Characteristic length ½m�

M Molecular weight ½kg=m3�

n Number of electrons ½ � �

nd Electro-osmotic drag coefficient ½ � �

N Molar flux ½mol=ðm2:sÞ�

P Ambient pressure ½atm�

PH2 Partial pressure of hydrogen ½atm�

PH2O Partial pressure of water vapour ½atm�

Psat Water vapour saturation pressure ½atm�

PO2
Partial pressure of oxygen ½atm�

q Heat flux ½W=m2�

R Universal Gas Constant ½atm=ðmol:KÞ�

Relec Lumped electrical cell resistance ½U�

Rmem Membrane resistance ½U�

Ra Rayleigh number ½ � �

RH Relative humidity ½%�

DS Entropy change for the reaction ½J=ðmol:KÞ�

Sh Sherwood number ½ � �

T Absolute temperature ½K�

Vcell Cell voltage ½V�

x Mole fraction ½ � �
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Greek symbols

a Charge transfer coefficient ½ � �

b Thermal expansion coefficient ½K�1�

g Volumetric expansion coefficient ½K�1�

d Thickness ½m�

ε Porosity ½ � �

hact Activation losses ½V�

hohmic Ohmic losses ½V�

l Water content [�]

sBolt Stephan-Boltzmann constant ½W=ðm2 K4Þ�

smem Ionic conductivity ½S=m�

Abbreviations

ABPEFC Air-breathing Polymer Electrolyte Fuel Cell

ACL Anode Catalyst Layer

CCL Cathode Catalyst Layer

GDL Gas Diffusion Layer

MEA Membrane Electrode Assembly

PEFC Polymer Electrolyte Fuel Cell
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