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Abstract−A steady-state two-dimensional model for the anode feed solid polymer electrolyte water electrolysis
(SPEWE) is proposed in this paper. Finite element procedure was employed to calculate the multicomponent transfer
model coupled with fluid flow in flow channels and gas diffusion layers and electrochemical kinetics in catalyst reac-
tive surface. The performance of the anode feed SPEWE predicted by this model was compared with the published
experimental results and reasonable agreement was reached. The results show that oxygen mass fraction increases
because of the water oxidation when water flows from the import to the export on the anode side. On the cathode side,
hydrogen mass fraction varies little since hydrogen and water mix well. The flux of water across the electrolyte
increased almost linearly with the increase of the applied current density. Since the ohmic overpotential loss increasing
as the solid polymer electrolytes’ thickness increasing, the performance of the anode feed SPEWE with Nafion 112, 115,
117 decreases at the same applied current density.
Keywords: Computational Fluid Dynamics, Anode Feed Solid Polymer Electrolyte Water Electrolysis, Finite Element

Method

INTRODUCTION

The depletion of fossil fuel and protection of the earth’s environ-
ment have become hot topics and been discussed globally. To over-
come those problems, hydrogen energy is put forward to be used
as an energy carrier [1]. Hydrogen could be used as a fuel due to
its little environmental pollution and as the secondary energy source
for power systems, such as fuel cells, stationary power station [2].
Hydrogen is mainly manufactured by steam reforming from natu-
ral gas or other fossil fuels, but always accompanied with a high
concentration of carbonaceous components such as carbon diox-
ide and carbon monoxide. High-purity hydrogen (≥99.999% hy-
drogen) can be prepared through the water electrolysis. Among the
technologies for water electrolysis, solid polymer electrolyte water
electrolysis (SPEWE) has been developed to produce hydrogen.
The main merits of SPEWE over conventional alkaline electroly-
sis include much better performance, very fast start-up/shut-down
rates and much higher purity of the produced hydrogen [3,4].
SPEWE is carried out in an electrolyzer similar to an H2-O2 pro-
ton exchange membrane fuel cell (PEMFC), but the mechanism is
opposite to the mechanism of the PEMFC. When the DC voltage
is imposed on the electrolysis system, the water molecules at the
anode are broken up into protons and oxygen gas, while electrons
are released. Protons go across the electrolyte to the cathode where
they are reduced to hydrogen gas by combining electrons from the
outer circuit. SPEWE is classified as anode feed system and cath-
ode feed system lying on where water enters the system [5]. When

the electrolyzer is used just for generating hydrogen, cathode feed
SPEWE could be a better option because the separator which sep-
arates oxygen and water is eliminated at the anode and oxygen is
ventilated with water. The disadvantage in cathode feed SPEWE is
that mass transfer limitations happen and only low current densi-
ties can be obtained. In this study, the anode feed SPEWE model
was proposed because most of the military and commercial units
adopt this form [5]. However, it should be indicated that model-
ling of cathode feed SPEWE can be achieved with a few changes
in water transport phenomenon.

Many experimental studies on SPEWE have been reported [6-9];
however, theoretical analysis has received minimal attention. Mil-
let [2] studied the distribution of electric potential in the Nafion
electrolyte through mathematical model. Goldberg [10] developed
a hydrodynamic model to study the efficiency of the current col-
lector. Onda et al. [11] proposed a voltage-current relation where
the cell voltage is expressed as the sum of anode and cathode over-
potentials, resistive overpotential, and Nernst voltage. However, anode
and cathode overpotentials are described as a function of the cell
current density of the cell and the temperature of the electrolytes
by empirical correlations. Electro-osmotic drag coefficient was
related to the electrolyte temperature from experiment. Choi [12]
used Butler-Volmer kinetics equation to explain the relationship
between current and overpotential of SPEWE, but did not con-
sider the water transport in the electrolyte. Awasthi [13] presented
a dynamic model of the SPEWE system solved by MATLAB/Sim-
ulink to investigate the effect of electrolyzer components and oper-
ating conditions on SPEWE’s performance. To our best knowledge,
the distribution of species and the relationship between water trans-
port and current density has not been reported in the anode feed
SPEWE.
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Based on the above reviews, since existing models do not con-
sider the distribution of species (H2, O2) and the relationship be-
tween water transport and the current density, a comprehensive
model for better understanding these phenomena within the anode
feed SPEWE is strongly desired. In this paper a two-dimensional,
steady state isothermal model for the anode feed SPEWE is pro-
posed to investigate the distribution of hydrogen, oxygen and water
in the anode feed SPEWE and the water transport characteristics
passing through the electrolyte. The influence of the thickness of
the solid polymer electrolytes (such as Nafion 112, Nafion 115 and
Nafion 117) on the anode feed SPEWE performance was also
explored.

MODEL DEVELOPMENT

In this part, a two-dimensional steady-state isothermal model
based on computational fluid dynamics theory for the anode feed
SPEWE will be proposed.
1. Model Assumptions

The assumptions of the SPEWE model are as follows:
(1) The catalyst layers at both cathode and anode sides are as-

sumed to be reactive surfaces.
(2) Fluid flow in the anode and cathode channels is laminar due

to low Reynolds number.
(3) The gas diffusion layer and the electrolyte are assumed to be

isotropous; in addition, electrolyte is imperviable to gas species.
(4) Contact resistance is assumed to be negligible [5].
(6) The SPEWE operates under isotherm conditions.

2. Computational Domain
A drawing of the anode feed SPEWE is shown in Fig. 1. The

computational domain includes the anode/cathode flow channels,
gas diffusion layers (GDL) and electrolyte regions.

For the anode feed SPEWE, the semi reactions at each electrode
and the net water electrolysis reaction are listed as follows:

Anode: 2H2O→4H++O2+4e−

Cathode: 2H++2e−→H2

Total: 2H2O→2H2+O2

3. Model Equations
The anode feed SPEWE under isothermal and steady-state con-

ditions is expressed by continuity, species, momentum, electron and
proton conservation principles. Therefore, governing equations can
be listed as:

Continuity: (1)

Species: (2)

Momentum: (3)

Electron transport: (4)

Proton transport: (5)

where r is the fluid density, u the fluid velocity vector, Sm the mass
source, ck the molar concentration of species, Dk

eff effective diffu-
sion coefficient of species, Sk the source of species, ε the porosity
of porous media, p the pressure, τ the shear stress, Su the source
term of momentum equation, σs the electron conductivity of gas
diffusion electrode, Ss the source term of electron, σe the proton con-
ductivity of membrane, Se the source term of proton.

∇ ρu( )  = Sm⋅

∇ uck( ) = ∇ Dk
eff∇ck( )  + Sk⋅ ⋅

1
ε

2
----∇ ρuu( ) = − ∇p + ∇ τ + Su⋅ ⋅

− ∇ σs∇Φs( ) = Ss⋅

− ∇ σe∇Φe( ) = Se⋅

Fig. 1. Schematic illustration of the anode feed SPEWE.

Table 1. Source terms for governing equations in various regions of the anode feed SPEWE
GDL Anode reactive surfaces Cathode reactive surfaces Membrane

Mass Sm=0 Sm=MO2SO2+MH2OSW
a Sm=MH2SH2+MH2OSW

c Sm=0
Momentum /

Species SH2=0 SH2=0 SH2=0

SO2=0 SO2=0 SO2=0

SH2O=0

Electron / Ss=− ia Ss=− ic /
Proton / Se=ia Se=− ic /

Su = − 
μ

Kp
-----u Su = − 

μ

Kp
-----u Su = − 

μ

Kp
-----u

SH2
 = 

ic

2F
------MH2

SO2
 = 

ia

4F
------MO2

SH2O
a

 = − 2α +1( )
ia

2F
------MH2O SH2O

c
 = α

ic

2F
------MH2O SH2O = 

nd I x, y( )⋅

F
----------------------- + Dw ∇cw⋅
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Table 1 summarizes source terms in above-mentioned govern-
ing equations in each sub-domain of the anode feed SPEWE. In
gas flow channels, the porosity ε is equal to unity, and Eq. (3) turns
into the conventional form of the momentum conservation equa-
tion. As for the GDL, Su is the source term in momentum conser-
vation equation, symbolizing Darcy’s drag force. As for the catalyst
reactive boundary, the Butler-Volmer kinetic equation [14] is applied
to gain the source term of Eqs. (4)-(5):

Anode catalyst reactive boundary:

(6)

Cathode catalyst reactive boundary:

(7)

where ∂a
a, ∂a

c, are anodic charge transfer coefficient, ∂c
a, ∂c

c cathodic
charge transfer coefficient, ηa anodic local activation overpoten-
tial, ηc cathodic local activation overpotential.

The overall cell potential contains the open circuit voltage, ohmic
overpotentials and local activation overpotentials. It can be expressed
as [14,15]:

Vcell=EOCV+ηact+ηohm (8)

where EOCV is the open circuit voltage, ηact activation polarization
(including ηa and ηc), ηohm ohmic polarization. The open circuit
voltage is described by Nernst equation [16] as:

EOCV=1.229−8.5×10−4(T−298.15)+4.308×10−5T(ln(P*

H2)+0.5ln(P*

O2))(9)

The ohmic overpotential can be written as

ηohm=IRcell (10)

The ohmic resistance, Rcell of the SPEWE is the resistance of the
proton (H+) flow in the electrolyte, since the contact resistance
between any two parts in the SPEWE is assumed to be negligible,
and the resistance of the electrodes and plates is very low com-
pared to the resistance of the electrolyte [17]; only the resistance
provided by the proton (H+) flow in the electrolyte was consid-
ered. That electrolyte resistance lies on electrolyte proton conduc-
tivity and thickness, and can be shown as:

(11)

where σm is the proton conductivity of the electrolyte, tm electrolyte
thickness.
4. Boundary Conditions
4-1. Import and Export of Flow Channels

Only water is fed to the anode of the SPEWE; water flow rate
and mass fraction are needed at the import of the anode. For export
of anode and cathode flow channels, the boundary conditions for
species are defined as convective flux. This guarantees that all the
mass transfer through exports is dominated by convection. At the
export of anode/cathode flow channels, pressure is set as 1 atm.
4-2. Catalyst Reactive Boundaries

Flux boundary conditions are applied for all the conservation
equations at the interface between the gas diffusion layer and the

electrolyte which is named catalyst reactive boundary. The bound-
ary conditions are expressed as:

(12)

(13)

(14)

(15)

where α represents the whole water dragged from the anode to
cathode. It is described as follows:

(16)

where nd is water electro-osmotic drag coefficient in the electrolyte,
which hinges on the electrolyte water content (λ). In accordance
with Zawodzinkski et al. [18], nd is described as:

nd=0.2λ λ<5
nd=1 5≤λ≤14 (17)
nd=0.1875λ−1.625 λ>14

The water diffusion coefficient of the electrolyte in Eq. (16) is
related to the electrolyte water content and the temperature of the
SPEWE, and can be expressed by Motupally et al. [19] as follows:

λ≤3
(18)

λ>3

The mass flux of water at the catalyst reactive boundary equals
the electrolyte water flux. The total mass balance of water at anode
catalyst reactive boundary is gained by coupling the momentum
conservation equation with the flowing expression as:

(19)

And the momentum flux at the cathode catalyst reactive bound-
ary is described as:

(20)

The bottoms and tops of the GDL and electrolyte and the sides
of the anode/cathode channel are solid boundaries with zero flux
of gas passing through them.

The water flux related to the electro-osmotic drag serves as a
sink term at the anode catalyst reactive boundary and as a source
term at the cathode catalyst reactive boundary. By containing the
water flux consumed in the anode electrochemical reaction, the
diffusive flux of water at the anode and cathode catalyst reactive
boundary from the mass balance can be gained as:

(21)

ia = ai0, a
cH2

cH2, ref
-------------

 
⎝ ⎠
⎛ ⎞

1/2 ∂a
aF

RT
--------ηa⎝ ⎠
⎛ ⎞exp  − 

∂a
cF

RT
--------ηa⎝ ⎠
⎛ ⎞exp⎝ ⎠

⎛ ⎞

ic = ai0, c
cO2

cO2, ref
------------

 
⎝ ⎠
⎛ ⎞ ∂c

aF
RT
--------ηc⎝ ⎠
⎛ ⎞exp  − 

∂c
cF

RT
-------ηc⎝ ⎠
⎛ ⎞exp⎝ ⎠

⎛ ⎞

Rmem = 
tm

σm
------

NO2
 = 

ia

4F
------MO2

NH2O
a

 = − 2α +1( )
ia

2F
------MH2O

NH2
 = 

ic

2F
------MH2

NH2O
c

 = α
ic

2F
------MH2O

α = nd - 
F
I
---Dw

cw, c − cw, a

τm
-----------------------

Dw = 3.1 10−7
λ 0.28λ( ) −1exp[ ] − 

2346
T

-----------

⎝ ⎠
⎛ ⎞exp×

Dw = 4.17 10−8
λ 1+161 − λ( )exp[ ] − 

2346
T

-----------

⎝ ⎠
⎛ ⎞exp×

n u = − 
ia

4
---MO2

 − 
ia

F
---MH2O α + 0.05( )⎝ ⎠

⎛ ⎞/ρ⋅

n u = 
1
2
--

ic

F
---MH2

 − 
ic

F
---MH2Oα⎝ ⎠

⎛ ⎞/ρ⋅

Jw, a = − γ cw − cw
a( ) − nd + 

1
2
--

⎝ ⎠
⎛ ⎞ I

F
---
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tent λ of Nafion membranes contacting pure water as 22 and 17 at
30 and 80 oC, respectively. The λ was assumed to be varied lin-
early between 30 and 80 oC as the following relationship:

λ=52.3−0.1T (27)

Since the anode contacts pure water, λa=λ.
5. Solution Technique

The stationary conservation equations of the anode feed SPEWE
model are discretized by the finite element procedure and solved
by Comsol Multiphysics 3.5a software. To achieve the mesh size
independence for the numerical solutions, stringent numerical tests
were conducted. The mesh size independence test was performed
on five mesh size systems. The results of the SPEWE cell potential
computed by the model under different mesh size systems when
the anode feed SPEWE current density is 0.85 A cm−2 are summa-
rized in Table 2. Considering both accuracy and economics the mesh
size of 2220 elements was chosen for the present research. Since
the iteration process uses much higher computer memory, Fem-
lab software was operated on Dell Precision Workstation (T5810,
Intel Xeon E5-1620 V3, 3.5 GHz, 8 GB DDR4). Operating condi-
tions, physical parameters and geometries of the anode feed SPEWE
are listed in Table 3.

(22)

where, the equilibrium sorption values, cw
a and cw

c, are the water
concentrations in the body area at the anode and cathode side, cw

the surface water concentration on the electrolyte-side, which lies
on the water activity at the respective boundary by Henry’s Law,
and γ the proportionality constant, meaning the water mass trans-
fer coefficient. In Eqs. (21) and (22), the local water concentration
equilibrium value is dependent on the local electrolyte water con-
tent λ as follows:

(23)

The experimental correlation [20] between the electrolyte water
content and the water vapor activity (ak) is applied to compute the
electrolyte water content at the catalyst reactive boundary as:

λ=0.043+17.81ak−39.85ak
2+36.0ak

3; 0<ak≤1
λ=14+1.4(ak−1); 1≤ak≤3 (24)
λ=16.8; ak≥3

The water activity (ak) in the vapor phase is

(25)

where  is the water saturated vapor pressure of water, and
could be calculated using Eq. (26) like [21]:

(26)

Zawodzinski et al. [22] have measured the electrolyte water con-

Jw, c = − γ cw − cw
c( ) + nd

I
F
---

cw
a, c

 = λ
ρmem

EWm
------------

ak = 
xH2OP x, y( )

PH2O
sat

--------------------------

PH2O
sat

lgPw
sat

 = − 2.1794 + 0.02953 T − 273.15( )

− 9.1837 10−5 T − 273.15( )2×

+1.4454 10−7 T − 273.15( )3×

Table 2. Mesh size independence test
Mesh size Cell potential (V)

0550 1.8307
1110 1.8316
2220 1.8326
3330 1.8330
4440 1.8338

Table 3. Geometries, physical parameters and operating conditions
Parameter Symbol Value
Channel length Lch 20 mm
Channel width Wch 0.5 mm
Gas diffusion layer thickness tgdl 200 μm
Membrane thickness (Nafion 112) tm 50μm [23]
Membrane thickness (Nafion 115) tm 127 μm [23]
Membrane thickness (Nafion 117) tm 177.8μm [23]
Porosity of anode/cathode gas diffusion layers εgdl 0.6 [24]
Anode exchange current density ia, 0 0.01 A·m−2

Cathode exchange current density ic, 0 100 A·m−2

Permeability of anode/cathode gas diffusion layers k 1.76×10−11 m2 [25]
Dry membrane density ρdry 1980 kg·m−3 [26]
Equivalent weight of electrolyte in membrane EW 1.1 kg·mol−1 [26]
Faraday constant F 96487 C·mol−1

Universal constant R 8.314 J·mol−1·K−1

Cell temperature T 328 K
Pressure at the inlet of anode gas channel Pin, a 1 atm
Pressure at the inlet of cathode gas channel Pin, c 1 atm
Mass transfer coefficient for water γ 1.14×10−4 m·s−1

Membrane conductivity σm 14 S·m−1 [27]
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parisons were made with the experimental data for a single cell
operated at 328 K from Millet [2] in Fig. 2. From Fig. 2, the calcu-
lated polarization curve of the anode feed SPEWE is consistent
with experimental results.

The power supply due to the anode, cathode and ohmic over-
potentials are plotted in Fig. 3. The minimum power supply in this
figure is the required power supply for overcoming the equilibrium
open circuit potential. From Fig. 3, through comparison, anode
overpotential is mainly responsible for the voltage rise.
2. Flow Behavior and Distribution of Species in the Anode
Feed SPEWE

Fig. 4 describes the velocity distribution in flow channels and

RESULTS AND DISCUSSION

In this section, first, the polarization curve of the anode feed
SPEWE predicted by the model is validated by the experimental
measurement results from literature. Second, the flow behavior
and distribution of species in the anode feed SPEWE are presented.
Then the relationship between water flux across the electrolyte from
anode to cathode and the applied current density is described. Finally,
the effect of the thickness of the electrolyte on the performance of
the anode feed SPEWE is investigated.
1. Model Validation

To validate the numerical model proposed in this paper, com-

Fig. 4. Surface plot of velocity profile for flow in anode and cathode for a 20 mm long SPEWE.

Fig. 2. Comparison of the model predicted and experiment meas-
ured cell polarization curves.

Fig. 3. Required power supply for the anode feed SPEWE due to
overpotentials.
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porous anode and cathode in the anode feed SPEWE. Since water
is only supplied to the anode channel from the bottom and flows
upward, the velocity in this domain is higher than other zones in
the electrolyzer. At cathode channel, there is only outport, velocity
in this domain depends on the produced hydrogen and trans-
ported water from anode. The velocity vectors shown in Fig. 4
represent the direction of flow, and the length of vector represents
the velocity magnitude. The smaller velocity vectors in the elec-
trodes compared to those in the flow channel indicate a low veloc-
ity region since the electrodes are porous media where diffusion
dominates the mass transport instead of convection. From the

streamlines showed in Fig. 5, it is more evident that velocity vec-
tor in cathode channel is outward.

As known, current voltage curves can reveal the cell perfor-
mance easily, but it is very hard to gain the distribution of species
and water content data in the electrolyte experimentally. The cal-
culated distributions of species are shown in Figs. 6, 7, and 8. Fig.
6 shows the oxygen mass fraction distribution on the anode side.
As water flows from the import to the outport in the anode side of
the SPEWE, the oxygen mass fraction augments. This is due to
the influence of the water oxidation. The distribution of hydrogen
mass fraction at the cathode side is displayed in Fig. 7. Since there

Fig. 5. Computed streamlines for flow in the channels.

Fig. 7. Surface plot of hydrogen mass fraction in cathode at the cur-
rent density of 0.85 A·cm−2.

Fig. 6. Surface plot of oxygen mass fraction in anode at the current
density of 0.85 A·cm−2.
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is no material entering the cathode of the SPEWE from the inlet
of the cathode channel, the produced hydrogen and water from
anode mix well and the cathode can be regarded as continuous
stirred tank reactor (CSTR). The electrolyte water content is shown
in Fig. 8. The membrane interface on the anode side has a speci-
fied water content of λ=19, which is calculated from Eq. (27) for
the electrolyte in contact with liquid water at 333 K. Since anode
feed is adopted, the anode/membrane interface water content is
19. In the electrolyte, water is transferred from anode to cathode
due to electro-osmotic and diffusion. So, the electrolyte water con-
tent decreases from the anode side to the cathode side.
3. The Influence of Current Density on the Water Flux through
the Electrolyte

To estimate the amount of water transported through the elec-
trolyte from the anode to the cathode, the water flux in the x di-
rection was calculated as follows:

(28)

The first term on the right side of Eq. (28) is the water flux due to
electro-osmotic drag. The second term is the water diffusion flux.
The calculated water flux vs. the applied current density was de-
scribed in Fig. 9. As can be seen in this figure, the water flux in-
creased almost linearly with the increased current density. This
means that the water flux due to the diffusion flux only occupies a
small portion. So, the electro-osmotic drag coefficient could be
gained by the slope of the curve. From Fig. 9, the electro-osmotic
drag coefficient of the electrolyte is 2.0.
4. The Influence of Electrolyte Thickness on the Performance
of the Anode Feed SPEWE

To account for the influence of electrolyte thickness on the per-
formance of the anode feed SPEWE, three kinds of electrolytes
(Nafion 112, 115 and 117) are adopted in this paper. Studies [28]
have shown that Nafion 115 and 117 have almost analogous mi-
crostructures, but the crystalline component of the polytetrafluo-
roethylene backbone of Nafion 112 is different from that of Nafion
115 and 117. Hence, Nafion 112 has different electrolyte charac-
ters from Nafion 115 and 117, for example, the water diffusion co-
efficient, permeability, etc. For simplicity, it is assumed that Nafion
electrolytes have identical physical characters except thickness in
this paper. The thickness of a dry Nafion 112, 115, and 117 elec-
trolyte is 50.8μm, 127μm, and 177.8μm, respectively [23]. From
a physical point of view, the ohmic overpotential loss is propor-
tional to the resistor length and inverse ratio on the electrical con-
ductivity. The conductivity of Nafion 112, 115, and 117 electrolyte
are supposed to be equal, namely 14 S·m−1. Therefore, the electro-
lyte ohmic overpotential loss will only depend on the electrolyte
thickness, and the ohmic overpotential loss increasing are in the
series of Nafion 112, 115, and 117. To put it another way, the per-
formance of the SPEWE decreases with the similar series. This
ultimateness can be proved by polarization curves of the anode
feed SPEWE with different electrolytes shown in Fig. 10. From Fig.
10, it can be clearly shown that the performance of the anode feed
SPEWE decreases with the increasing of electrolyte thickness, espe-
cially at higher current densities. For instance, at the current den-
sity of 1 A·cm−2, the cell voltage of the anode feed SPEWE used
Nafion 112 electrolyte is 1.76 V, while that of Nafion 115 is 1.82 V,Mw = 

nd I⋅
F

---------- + 
ρM

EWMtm
------------------ Dwdλ

λc

λa

∫

Fig. 8. Surface plot of water content in the membrane at the cur-
rent density of 0.85 A·cm−2.

Fig. 9. Water flux across the membrane at different current density. Fig. 10. Performance of the SPEWE with different membranes.
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Nafion 117 is 1.89 V.

CONCLUSIONS

A two-dimensional steady-state isothermal model based on com-
putational fluid dynamics theory has been proposed to analyze the
performance of the anode feed SPEWE. The predicted polariza-
tion curves are consistent with experimental results. This model
can analyze the distribution of species and water transport through
the electrolyte. As the water flows from the import to the export
on the anode side, the oxygen gas mass fraction increases due to
the water oxidation. On the cathode side, the hydrogen gas mass
fraction has little change because hydrogen gas and water mix
well. The flux of water passing through the electrolyte increased
almost linearly with the increase of applied current density. As the
electrolyte thickness increases, the performance of the anode feed
SPEWE with Nafion 112, 115, 117 decreases at the same current
density. The proposed model in this paper enables us to reveal the
transport phenomenon in the anode feed SPEWE and study the
influence of parameter variations such as the electrolyte thickness
on the performance of the anode feed SPEWE.
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NOMENCLATURE

ak : activity of water in stream k, dimensionless
cw : molar concentration of water in the membrane [mol·m−2]
D : diffusion coefficients [m2·s−1]
Vcell : cell operating potential [V]
EOCV : open-circuit voltage [V]
F : Faraday’s constant [96,487 C·mol−1]
I : cell operating current density [A·cm−2]
ia : anode local current density [A·cm−2]
ic : cathode local current density [A·cm−2]
i0, a

ref : anode reference exchange current density [A·m−2]
i0, c

ref : cathode reference exchange current density [A·m−2]
kp : hydraulic permeability [m2]
MO2 : molecular weight of oxygen [kg·mol−1]

MH2 : molecular weight of hydrogen [kg·mol−1]
MH2O : molecular weight of water [kg·mol−1]
nd : electro-osmotic drag coefficient
p : pressure [atm]
R : universal gas constant [8.314 J·mol−1·K−1]

T : temperature [K]
tm : thickness of the electrolyte [m]
u : velocity vector [m·s−1]
w : species mass fraction [dimensionless]
x : species mole fraction [dimensionless]
α : total water drag from the anode to cathode [dimensionless]
γ : mass transfer coefficient for water [m·s−1]
λ : electrolyte water content
ε : porosity of the gas diffusion layer

η : overpotential [V]
μ : viscosity [kg·m−1·s−1]
ρ : density [kg·m−3]
σm : membrane electronic conductivity [S·m−1]
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