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In the present study, the performance of a proton exchange membrane fuel cells is 
studied under cathode flooding conditions. A 2-D model of water and heat man-
agement based on the laws of conservation and electrochemical equations is used. 
The performance of the proton exchange membrane cell is evaluated on the basis 
of the computed average current density and its distribution along the channels. 
Operating parameters are optimized with the objective of maximizing average 
current density while minimizing its variations. The problem is formulated into 
a multi-objective form that is solved by the non-dominated sorting genetic algo-
rithm-II to find the optimal Pareto front. The results of the base case are compared 
to those of the optimized cell. A 38.94% increase in average current density and a 
38.8% decrease in standard deviation are obtained.
Key words: proton exchange membrane fuel cells, current-voltage characteristic, 

non-dominated sorting genetic algorithm, cathode flooding 

Introduction

Proton exchange membrane fuel cells (PEMFC) exhibit many desirable features such 
as low operating temperature, short start time and relatively high levels of efficiency and du-
rability within the fuel cell technology. Therefore, PEMFC focus an important part of research 
and development. For instance, they are almost universally chosen to equip fuel cell vehicles of 
the future [1]. For example, Malekbala [2], have studied the effects of several operating param-
eters of the fuel cell system. The obtained results show that the proposed model can predict the 
dynamic behavior of the fuel cell system.

Understandably, a great deal of research effort has been focused on PEMFC basic 
aspects and the advancement of its technology. However, improving in fuel cell durability is 
still confronted with significant challenges [3]. The non-uniform current distribution in PEM-
FC results in accelerated ageing, local overheating, power output and performance degrada-
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tion [4-6]. In addition, operating under flooding conditions causes a non-uniform distribution 
of the current in a PEMFC. Flooding is a dominant factor that limits a PEMFC performance, 
especially for high current densities. In this case, the excessive quantity of water produced 
condenses and fills the electrode pores. This is called water flooding. The transport of reactants 
to the active catalyst surface is therefore restrained. Understanding the relation between this 
phenomenon of excess liquid water and spatial current profile is crucial for the design and 
operation of PEMFC [7].

Improving the performance PEMFC requires investigating and understanding of the 
interacting parameters and their effects on performance. These include geometrical as well 
as operating parameters. The geometric parameters of the cell are very important but are not 
considered as variables during the use of a given cell. On the other hand, an adequate choice of 
operating parameters can result in a high power density cell and an extension of its life. Fuel 
cell parameters optimization has been the subject of several research studies. The core of fuel 
cell modeling work presented by Sedighizadeh et al. [8] is to identify model parameters using 
the particle swarm optimization (PSO) method in association with fitting the model to exper-
imental data. A model based on electrochemical reactions occurring in a PEMFC is presented 
by Askarzadeh and Rezazadeh [9]. In order to improve the accuracy of this model so that it can 
better reflect the actual PEMFC performance, its parameters are optimized by means of a mod-
ified particle swarm optimization (MPSO). A genetic algorithm-polynomial neural network is 
used for modeling PEMFC performance. It is based on numerical results which are correlated 
with experimental data and have been proposed by Mehrabi et al. [10]. Tafaoli-Masoule et al. 
[11] have presented optimum design parameters and operating conditions for maximum pow-
er of a direct methanol fuel cell using analytical model and GA. In addition, Yang et al. [12] 
present the use of GA to optimize the bipolar plate channel geometry of a PEMFC. Sun et al. 
[13] have proposed a hybrid adaptive differential evolution (HADE) algorithm for identify-
ing non-linear parameters of PEMFC. Through experimental comparison with other identified 
methods, the PEMFC model based on HADE algorithm shows better performance. Al-Othman 
et al. [14] have presented parametric identification of PEMFC using quantum-based optimiza-
tion method. The proposed method is applied to a 1.2 kW Ballard Nexa fuel cell to identify the 
exact parameters and has successfully been tested experimentally. Results based on parameter 
identification, simulation and experimental measurements are compared for validation purpos-
es. Haghighi and Sharifhassan [15] have analyzed the exergy of a high temperature PEMFC. 
In this work a GA code is developed using MATLAB software to compute and optimize work, 
exergy, exergy efficiency and thermodynamic irreversibility. Chen et al. [16] have introduced a 
novel multi-objective evolutionary algorithm based on decomposition to optimize the operating 
parameters of the PEMFC system for the purpose of maximizing system efficiency and power. 
Rao et al. [17] have presented an optimization of operating parameters to maximize the current 
density without flooding at the cathode membrane interface of a PEMFC using Taguchi method 
and GA. Boudouh et al. [18] have presented experimental results of a study of the phase change 
cooling using forced convection flow in mini-channels. The prototype is designed to simulate 
PEMFC cooling.

Optimization of the operating parameters of the PEMFC under partial flooding condi-
tions of the cathode has not been clearly addressed in the literature. Among the works that focus 
on the study of the effect of water flooding on non-uniform distribution of current in PEM cells, 
a noteworthy contribution has recently been performed by Karimi et al. [19]. They present a 
study designed to determine PEMFC performance under flooding conditions. A 2-D approach 
based on the laws of conservation and electrochemical equations is proposed. The mechanisms 
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of water generation and transfer and how they affect the performance of the cell are illustrated. 
In the same context, Jamekhorshid et al. [20] have proposed a 2-D model of partial flooding of 
the gas diffusion layer (GDL) for studying local current density profiles along the flow pathway 
over a wide range of operating conditions. 

In the present work, a 2-D model of heat and water management based on the laws of 
conservation and electrochemical equations is used for studying the performance of a PEMFC. 
Special attention is given to flooding conditions. In order to improve previous optimization 
models, the non-dominated sorting genetic algorithm (NSGA-II) is also used for optimizing 
operating parameters with regard to cell performance and durability.

Mathematical model

A PEMFC is depicted in fig. 1. It actually is an assembly of membrane and elec-
trodes. An electrolyte membrane is placed in the middle of two pairs of catalyst and micro-po-
rous (GDL).

Figure 1. Schematic illustration of the PEMFC
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The mathematical model and assumptions developed in different studies [19-21] are 
used in the present, it is a quasi-stationary 2-D model with partial flooding of the GDL diffusion 
layer. It reflects the heat and mass transfer occurring in a PEMFC. 

Governing equations

Under quasi-stationary conditions, local current densities are set by the reactant molar 
flow rates when transported through flow channels to the chemical reaction sites. The molar flow 
rates for various species and water vapor, at a local position, x, along the flow channel, are given:

 d ( ) ( )
d 4
i

i
N x wI x

x F
ξ=  (1)

 – anode channel:

 
2H ,2, 4w aξ ξ α= − = −  

 – cathode channel:

 
2 2O , N1, 2 4 , 0w cξ ξ α ξ= − = + =  
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The parameter α represents the net water molecule per proton flux ratio, which is 
taken:

 d d
( ) d ( ) d

pw w
d w w

kC PF Fn D C
I x y I x y

α
µ

= − −  (2)

In order to minimize the complexity of this model, it is assumed that both water con-
centration and pressure gradients, across the membrane, are approximated by linear variation 
constants. The expression of α becomes:

 , , , , , ,

( ) 2 ( )
pw c w a w c w a w c w a

d w
m m

kC C C C P PF Fn D
I x t I x t

α
µ

− + −
= − −  (3)

where nd, Dw, kp, μ, and tm are the electro-osmotic coefficient (number of water molecules 
carried by a proton), water diffusion coefficient, permeability of water in the membrane, water 
viscosity and membrane thickness, respectively. 

Water vapor flow rate variation along the flow channels depends on both liquid water 
flow rate variation and water vapor flux into and out of the membrane.
 – Anode:
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x x F
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 (5)

 – Cathode:
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x x F
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= − + 
  

 (7)

where kc is the rate constant for evaporation and condensation of water, h and w are, respective-
ly, the height and width of the channel.

The energy balance equation of the gas mixture at the anode and cathode is given:

 ,
, , ,

d ( )d ( )( ( ) ( ) [ ( )]
d d

l
w kv lk

i p i w k w k s k
i

N xT xN x C H H Ua T T x
x x

= − + −∑  (8)

where U is the overall heat transfer coefficient, a = 2(h+w) is the heat exchange area per unit 
length of the channel. 

The cell potential is calculated by subtracting the activation polarization and the Ohm-
ic polarization from the open circuit voltage as follows:

 cell oc act ohm( ) ( )E E x xη η= − −  (9)

where Eoc is given:
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2 2

3 5
oc H O

11.229 0.85 10 ( 298.15) 4.31 10 ln ( ) ln ( )
2s sE T T P x P x− −  = − ⋅ − + ⋅ +  

 (10)

where ηact(x) is expressed by the following equation:

 
2

act cat0
O

R(273 ) ( )( ) ln
0.5 ( ( )

sT I xx
F I P x

η
 +
 =
  

 (11)

where I 0 is the exchange current density at 1 atmosphere of oxygen, 
2

cat
O ( )P x  is the oxygen par-

tial pressure at the catalyst interface of the GDL. Assuming an ideal gas mixture, 
2

cat
O ( )P x  is 

given:

 
2 2

cat cat
O O( ) ( )R[ ( ) 273]cP x C x T x= +  (12)

The relation between oxygen concentration at the catalyst surface,
2

cat
O ( )C x , and oxy-

gen concentration in the flow channels is described:

 
2 2

2 2
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 (13)

The effective diffusion coefficient, 
2

eff
O gD − , is given:

 [ ]2 2

3/2eff
O O (1 )

ggD D s φ
−− = −  (14)

where s is liquid water saturation parameter. It is defined as the fraction of the overall GDL void 
space occupied by liquid water. It is given:
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The ideal gas law is used to calculate the oxygen concentration in the flow channel:

 2
2

Obulk
O

( )
( )

R[ ( ) 273]c

P x
C x

T x
=

+
 (16)

The mass transfer coefficient of oxygen
2Oκ can be approximated by assuming a mass 

transfer for fully developed laminar flow through a three-sided adiabatic square sectioned duct 
with constant mass flux applied at one face:

 2

2

O

O
Sh 2.7k
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D
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= =  (17)

where the oxygen diffusion coefficient is given:
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2
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where 
2OY , 

2NY , and , ,w v cY , respectively, are the mole fractions of oxygen, nitrogen and water 
vapor. Oxygen diffusion coefficients in water vapor and nitrogen (

2O ,w vD − , 
2 2O ND − ) are given:
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Ohmic polarization is given:

 ohm
( )( )

( )
m

m

I x tx
x

η
σ

=  (21)

The average current density is given:

 avg
0

1 ( )d
L

I I x x
L

= ∫  (22)

The complementary empirical equations used in this model are described in details in 
the work of Nguyen and White [21].

Computational procedure

In order to solve the governing equations of the heat and mass transfer in the PEMFC, 
two options are available: namely, maintaining a constant average current density or a constant 
voltage. In this work, the second option is adopted.

The set of governing equations is solved numerically as follows:
 – The cell voltage is predefined. 
 – The flow channels for the anode and cathode are meshed into a number of equal elements. 
 – The average current density, Iavg, is specified. Based on Iavg, molar flow rates of hydrogen, 

oxygen and water vapor are calculated at the entrance of the flow channel. 
 – Computations start from the first element for which the local current density, I(x), is also 

assumed.
 – The governing equations of mass and heat transfers in the anode and cathode are solved for 

the first element.
 – Then the voltage is computed. If this value of voltage differs from the present value, the 

local current density must be corrected. An iteration loop based on the Newton-Raphson 
method is used to find the correct local current density. Otherwise, computations are per-
formed for the next segment.

 – This procedure is repeated until computations for all segments of the channel are completed.
 – Then, the mean current density Iavg is computed and compared with the specified value. If 

the difference exceeds a specified convergence criterion, Iavg is corrected; otherwise, com-
putations are stopped.

Optimization formulation

Multi-objective optimization methods have been used in different problems, with rel-
atively low focus on PEMFC [22, 23]. Several research works have been devoted to study the 
effects of main operating conditions on PEMFC performance [19, 20]. From a useful point of 
view, the performance of a PEM cell must be evaluated on the basis of the average current den-
sity as well as its variation along the channels. In general, the desired target is a high average 
current density with lowest variations, measured by standard deviation. The first requirement 
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guarantees a high power density, while the latter is necessary for the durability of the system. 
Indeed, decreasing the level of current variability has a positive impact on cell durability as it 
prevents local overheating, which causes a degradation of both durability and power output. 
The two desired objectives are grouped into one objective function for optimizing the operating 
parameters of the PEMFC. This analysis results in a unique solution [24].

However, in our work, the problem of maximizing the average current density and 
minimizing the standard deviation is formulated in multi-objective form that is solved by the 
NSGA-II method. This algorithm gives a set of solutions, each representing a compromise 
between the different objectives to be optimized [25]. It is based on the classification of individ-
uals into several levels and uses a faster sorting procedure based on non-dominance or optimal 
Pareto. This latter is an elitist approach that preserves the diversity of populations, securing best 
solutions found in previous generations on one hand and using a comparative operator based on 
calculating the Crowding distance on the other hand. Detailed description of NSGA-II is given 
elsewhere [25].

The NSGA-II algorithm is used for optimizing the PEMFC operating parameters. The 
objective is to maximize power density and minimize current density variability along the flow 
direction in the cell. The objective functions considered are the following:

 1 avgobj max.( )F I=    and   2obj min.( )F Sd=  (23)

where Iavg is the average current density along the flow channel and Sd its standard deviation 
given:

 

2
avg

1
[ ( ) ]

n

j
j

I x I
Sd

n
=

−

=
∑

 (24)

where n represents the number of node along the canal.
To solve this problem, the NSGA-II algorithm is used. The selected values of various 

parameters of NSGA-II used in this work are: population size: 400, number of generation: 
1000, crossover probability: 80%, and mutation probability: 10%

The values of decision variables lower and upper limits selected for the present com-
putations are shown in tab. 1.

Results and discussion

Before going further in our analysis, it 
is important to test the validity of our simu-
lation results. Figure 2 shows a comparison 
of simulation results for the current density 
profile from the present model with simu-
lation results from Jamekhorshid et al. [20] 
obtained for similar operating conditions, 
i. e.: hydrogen and air inlet temperature: 
80 °C; cell temperature: 80 °C; anode stoi-
chiometry: Sa =1.2; cathode stoichiometry: 
Sc =1.75; anode inlet relative humidity: 
100%; cathode inlet relative humidity: 85%. 
It can be seen that the prediction of the pres-
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Figure 2. Comparison between the our simulation 
results and simulation results from Jamekhorshid 
et al. [20] (RHc

in = 85%, RHa in = 100%, Sc = 1.75, 
Sa = 1.2, Pc

out = 1 atm, T = 80 °C)
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ent study is in reasonable agreement with results from Jamekhorshid et al. [20]. The slight 
difference can be attributed to the fact that the model presented by Jamekhorshid et al. [20] 
assumes isothermal operating conditions.

Base case

The base case corresponds to a PEMFC operating with pure hydrogen and air at 1.5 
atm, a temperature of 70 °C and a voltage of 0.6 V. At both inlets, cathode and anode, gaseous 
mixtures are considered to be saturated with water vapor. The entrance humidification tempera-
ture is considered equal to the PEMFC temperature. The input parameters and properties used 
in computations for the base case are taken from Karimi et al. [19] and Nguyen and White [21].

Figure 3 shows the contribution of 
each water transport mechanism, including 
net water flux per proton, α, electro-osmot-
ic drag coefficient, nd, diffusion flux due to 
concentration gradient of water vapor and 
the convective flux that is due to the pres-
sure gradient of water vapor. The contri-
bution of the convective flux is very small 
(close to zero as shown in fig. 3). Near the 
fuel cell inlet, the electro-osmotic drag coef-
ficient, nd, and net water flux per proton, α, 
are very high. This is due to the fact that the 
membrane is well hydrated. The transport of 
water by diffusion is from cathode side to 

anode side. It should be noted that diffusion water transport through the membrane depends 
solely on water concentration gradient across the membrane. The variations of the other param-
eters of the PEM fuel cell (base case) are presented in fig. 5.

Optimization results

The result of the optimal Pareto front is shown in fig. 4. It clearly shows that the 
basic case study represented by point (D) does not belong to non-dominated solutions. The 
two objective functions are antagonistic; improvement in average current density causes an 
increase in standard deviation. A good distribution of solutions on the Pareto front can also 
be observed. Table 2 illustrates the solution (B), the two extreme solutions (A) and (C), and 
the base case. Point (A) is an optimum result corresponding to the case where current density 

Table 1. Upper and lower limits values of the parameters to be optimized
Parameter Lower value Upper value

Cell temperature, Ts, [°C] 60 80
Inlet temperature of anode gas, Ta

in, [°C] 60 80
Inlet temperature of cathode gas, Tc

in, [°C] 60 80
Inlet pressure of anode, Pa

in, [atm] 1.5 3
Inlet pressure of cathode, Pc

in, [atm] 1.5 3
Inlet anode humidity, RHa

in, [%] 50 100
Inlet cathode humidity, RHc

in, [%] 50 100
Anode stoichiometry, Sa, [–] 1.2 1.8
Cathode stoichiometry, Sc, [–] 1.8 2.5

Figure 3. Variation along the channel of water 
transport mechanisms

 

 

0.0 0.2 0.4 0.6 0.8 1.0
x/L

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6 α

nd

Diffusion

Convection

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

Sd: 0.1571
Iavg: 1.0746

Sd [Acm−2]

I a
vg

 [A
cm

−
2 ]

D
A

B

C

Al
ph

a,
 n

d,
 d

iff
us

io
n 

an
d 

co
nv

ec
tio

n 



Abdi, H., et al.: Multi-Objective Optimization of Operating Parameters of a PEM Fuel Cell ... 
THERMAL SCIENCE: Year 2019, Vol. 23, No. 6A, pp. 3525-3537 3533

standard deviation is assumed as the only 
objective function. Similarly, point (C) is 
an optimum result where average current 
density is considered as the single objective 
function.

The operating parameters as well as 
the results obtained for the basic case and 
the optimized cell (point B) are presented in 
tab. 3. It is found that the average current 
density of the optimized cell increases by 
38.94% and the standard deviation decreas-
es by 38.8%.

Figure 5(a)-5(g) shows the varia-
tion of various parameters of the PEM cell 
along the flow channel for both the base 
case and the optimized cell. The improve-
ment in current density is clearly demon-
strated in fig. 5(a). In the basic 
case, the current density is higher 
at the inlet; this is due to the fact 
that the gases are more humidified 
compared to the case of the opti-
mized cell. 

The same can be said for the ionic conductivity profile as shown in fig. 5(b). Water 
transfer from anode to cathode causes a decrease in water activity at the anode for the base 

Figure 4. The distribution of Pareto-optimal 
solution (Pareto front) using NSGA-II where 
average current density and standard deviation of 
the current density as two objective functions
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Table 2. Comparison of three selected non-dominated 
solutions on the optimal Pareto curve and the base case

A B C D
Iavg, [Acm–2] 0.7476 1.0746 1.2982 0.7734
Sd, [Acm–2] 0.0197 0.1571 0.4474 0.2567

Table 3. Decision variables and objective function values of 
the PEMFC before and after optimization

Base cell Optimized cell
Decision variables
Cell temperature, Ts, [°C] 70 80
Inlet temperature of anode gas, Ta

in, [°C] 70 80
Inlet temperature of cathode gas, Tc

in, [°C] 70 70.93
Inlet pressure of anode, Pa

in, [atm] 1.5 1.5
Inlet pressure of cathode, Pc

in, [atm] 1.5 3
Inlet anode humidity, RHa

in, [%] 100 61.11
Inlet cathode humidity, RHc

in, [%] 100 98.43
Anode stoichiometry, Sa, [–] 1.2 1.8
Cathode stoichiometry, Sc, [–] 1.8 2.5
Objective function
Iavg, [Acm–2] 0.7734 1.0746
Std, [Acm–2] 0.2567 0.1571
Molar flow rate
Inlet molar flow rate of hydrogen, [mols–1] 9.62⋅10–6 2.0⋅10–5

Inlet molar flow rate of water vapor at the anode, [mols–1] 2.46⋅10–6 4.67⋅10–6

Inlet molar flow rate of oxygen, [mols–1] 7.22⋅10–6 1.39⋅10–5

Inlet molar flow rate of water vapor at the cathode, [mols–1] 8.78⋅10–6 7.72⋅10–6
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Figure 5. Variation along the channel 
of; (a) current density, (b) membrane 
conductivity, (c) water activity,  
(d) net water per proton flux, (e) molar 
flow rate of liquid water, (f) liquid 
water saturation, (g) gaseous mixture 
temperature for base and optimized 
cells
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case, fig. 5(c), a decrease in net transport coefficient of water molecules per proton, fig. 5(d), 
and a decrease in membrane ionic conductivity. Moreover, accumulation of liquid water at the 
cathode, fig. 5(e), caused by the electrochemical reaction and water migration from anode to 
cathode, leads to partial flooding of the cathode, fig. 5(f). Under these flood conditions, liquid 
water filling the pores of GDL’s and limiting the transport of oxygen to the active surface of 
the catalyst causes a decrease in current density. An increase in gas mixture temperature is also 
noted at the cathode, fig. 5(g). It is due to the latent heat of condensation of water. On the other 
hand, the temperature of the gaseous mixture at the anode is kept constant because the gases 
enter at the temperature of the cell and no phase change has occurred yet.

Despite an increase of molar flow rates of hydrogen and water vapor at the inlet of the 
anode channel for the optimized cell, figs. 5(b)-5(d) show that activity of water at the anode, 
membrane conductivity and net transport coefficient of water molecules per proton are higher 
for the basic case. This can be attributed to the fact that the gaseous mixture is completely satu-
rated near the inlet of the anode. In the remaining part of the channel, higher relative humidity at 
the anode of the optimized cell results in an increase in net water transfer coefficient per proton 
and higher membrane conductivity. Consequently, this leads to higher current density com-
pared to the base case, fig. 5(a). Moreover, a lower gas mixture temperature at the cathode for 
x/L < 0.32 with respect to cell temperature, fig. 5(g), can reduce the generation of liquid water at 
the cathode and consequently the degree of saturation in liquid water as shown in figs. 5(e) and 
5(f), respectively. A zero liquid water saturation for x/L < 0.12 for the optimized cell can be ex-
plained by the fact that water vapor pressure at the cathode is lower than the saturation pressure.

Conclusion

The PEMFC performance under flooded cathode conditions is studied. A 2-D mathe-
matical model simulating the management of water and heat based on the laws of conservation 
and electrochemical equations is used. The operating parameters of a PEM unit cell have been 
optimized using the NSGA-II algorithm. The double objective is to obtain the highest power 
density possible while minimizing current density variations along the channel. The end result of 
the optimization process is no longer given by a single solution but rather by a set of solutions. 

A comparison of the results obtained through the optimization algorithm NSGA-II 
with the base case is performed. One of the non-dominated solutions on the optimal Pareto 
curve is selected for this purpose. This solution satisfies the two objectives namely, a higher 
average current density and a lower standard deviation. It is found that average current density 
of the optimized cell increases by 38.94% and the standard deviation decreases by 38.8%. Fur-
thermore, it is noted that the risk of cathode flooding is reduced. 

Nomenclature
a – heat transfer area per unit length, [cm]
ak – activity of water in stream k, [–]
Cp,i – heat capacity of gas i, [Jmol–1°C–1]
C – concentration, [molcm–3]
D – diffusion coefficient, [cm²s–1]
Dk – hydraulic diameter, [cm]
E – cell voltage, [V]
F – Faraday’s constant, [Cmol–1]
H – enthalpy, [Jmol–1]
h – channel height, [cm]
I – local current density, [Acm–2]
Iavg – cell average current density, [Acm–2]

I 0 – exchange current density for the oxygen 
reaction, [Acm–2]

kc – evaporation and condensation rate 
constant, [s–1]

kp – hydraulic water permeability, [cm2]
L – channel length, [cm]
Mw – molecular weight, [gmol–1]
N – molar flux, [mols–1]
Ni – molar flow rate of species i, [mols–1]
nd – electro-osmotic drag coefficient, [–]
P – pressure, [atm]
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R – gas constant, [Jmol–1K–1]  
or, [atmcm3K–1mol–1]

RH – relative humidity, [%]
S – stoichiometry coefficient, [–]
Sh – Sherwood number, [–]
s – liquid saturation, [–]
T – cell temperature, [°C]
Ts – temperature of the solid phase, [°C]
t – thickness, [cm]
U – overall heat transfer  

coefficient, [Js–1cm–2°C–1]
w – channel width, [cm]
x – direction along the channel length, [cm]
y – direction normal to the channel  

length, [cm]
Y – molar fraction, [–]

Greek Symbols

α – net water flux per proton flux, [–]
η – overpotential, [V]
κ – convective mass transfer  

coefficient, [cms–1]
µ – viscosity, [kgcm–1s–1]
ξ – stoichiometric coefficient, [–]
ρ – density, [gcm–3]

σ – membrane conductivity, [Ω–1cm–1]
ϕ – GDL porosity, [–]

Subscripts/Superscripts

a – anode
act – activation
avg – average
c – cathode
cat – catalyst
eff – effective
g – gas phase
GDL – gas distribution layer
H2 – hydrogen
i – component
in – inlet
k – anode/cathode
m – membrane
N2 – nitrogen
O2 – oxygen
oc – open circuit
ohm – ohmic
sat – saturation
std – standard
v – vapor
w – water
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