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Abstract This paper is devoted to the modeling and

numerical optimization of proton-exchange membrane

(PEM) water electrolysers for operation at elevated pres-

sures (up to 130 bars). The model takes into account dif-

ferent geometrical parameters of the PEM cell, the kinetics

of the hydrogen and oxygen evolution reactions, the elec-

tro-osmotic drag of water molecules, the permselectivity of

the solid polymer electrolyte and associated gas cross-over

phenomena. The role of various operating parameters (such

as pressure, temperature, current density, flow rate of

water) on cell efficiency, faradaic yield and heat produced

during water electrolysis is evaluated and discussed. The

model is also used for the purpose of optimizing the per-

formances of PEM cells. In particular, optimal values of

some critical operating parameters (current density, rate of

water supplied to the anodes) are recommended.
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List of symbols

Cg, Cl, CH, CO

(mol m-3)

Molar density of gas, liquid,

hydrogen, oxygen.

tg, tl (m s-1) Velocity of gas and liquid.

t0 (m s-1) Velocity of cooling water

Pg, Pl, Pc (Pa) Pressure of gas, liquid and

capillary pressure

Kp (m2) Permeability of porous current

collector

Rp (m) Average pore radius of porous

current collector

krl, krg Relative permeabilities of liquid

and water

s (adim.) Saturation of porous current

collector

sfc (adim.) Saturation at the current

collector–flow channel interface

scl (adim.) Saturation at the current

collector–catalytic layer

interface

hc (deg.) Wetting angle of porous current

collector

e (adim.) Porosity of gas diffusion layer

Rbc (m) Critical bubble radius

Ng, Nl, N

(mol m-2 s-1)

Flux of gas, liquid, total flux

Nga, Nla (mol m-2 s-1) Gas and liquid fluxes at current

collector–anodic layer interface

Ngc, Nlc (mol m-2 s-1) Gas and liquid fluxes at current

collector–cathodic layer

interface

CH (mol m-3) Hydrogen concentration in the

gas phase

Rp (m) Effective pore radius
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iR, i0, ip (A m-2) Total, useful, and parasitic

current densities

np (adim.) Electro-osmotic drag coefficient

Ps (Pa) Pressure of saturated water vapor

hm (m) Membrane thickness

h (m) Gas diffusion layer thickness

hfc (m) Flow channel thickness

DT (�C) Temperature difference along the

membrane-electrode assembly

(MEA)

SMEA (m2) Active area of MEA

iex (A m-2) Exchange current density

qm (Ohm-1 m-1) Specific ionic conductivity of

solid polymer electrolyte

Physicochemical parameters

Cpw = 4,217

(J kg-1 K-1)

Specific heat of liquid water at

T = 100 �C

ll = 2.822 9 10-2

(Pa s)

Dynamic viscosity of liquid

water at T = 100 �C and

P = 13 MPa

lH = 1.09 9 10-5

(Pa s)

Dynamic viscosity of hydrogen

at T = 100 �C and P = 13 MPa

lO = 2.47 9 10-5

(Pa s)

Dynamic viscosity of oxygen at

T = 100 �C and P = 13 MPa

r = 0.05884 (Pa m) Surface tension of water at

T = 100 �C and P = 13 MPa

UH = 1.67 9 10-3

(mol mol-1)

Water solubility of hydrogen at

T = 100 �C and P = 13 MPa

UO = 1.85 9 10-3

(mol/mol)

Water solubility of oxygen at

T = 100 �C and P = 13 MPa

Eeq = 1.29 (V) Equilibrium cell voltage at

T = 100 �C and P = 13.0 MPa

DH� = -285.0

(kJ/mol)

Enthalpy change for reaction

H2 þ 1
2
O2 ! H2O lð Þ at

T = 100 �C

Fitted equations

np = 2.3 ?

0.0212 � (T - 80)

Number of solvated water

molecules associated with each

proton (drag factor) in solid

polymer electrolyte at full

humidification versus

temperature T in �C

(approximated from data in [1]).

DOM ¼ 2:44 � 10�8

exp �2;100
T

� �
(m2 s-1)

Diffusion coefficient of oxygen

in solid polymer electrolyte at

full humidification

(approximated from data in [2]).

DHM ¼ 5:65 � 10�8

exp �2;100
T

� �
(m2 s-1)

Diffusion coefficient of

hydrogen in solid polymer

electrolyte at full humidification

(approximated from data in [2]).

FcðsÞ

¼

1:417ð1� sÞ
�2:12ð1� sÞ2

þ1:263ð1� sÞ3

if hc\90
�

1:417s

�2:12s2

þ1:263s3

if hc [ 90
�

0

BBBBBBBBBBBBB@

Leverett function which is used

to determine capillary pressure in

porous media as a function of the

wetting angle hc (taken from

[3]).

Er ¼ Eð0Þ � 8:5 �
10�4 T � 298:15ð Þ þ
4:308 � 10�5

T ln PHP0:5
O

� �
(V)

Reversible voltage of electrolysis

cell as a function of temperature

T and gas pressures.

Etn ¼ �DHð0Þ

2F � 8:5 �
10�4 T � 298:15ð Þ þ
4:308 � 10�5

T ln PHP0:5
O

� �
(V)

Thermoneutral voltage of

electrolysis cell as a function of

temperature T and gas pressures.

1 Introduction

Proton-exchange membrane (PEM) water electrolysis

[4–6] offers an interesting alternative to conventional

alkaline water electrolysis. High current densities (in the

1–5 A cm-2 range) have been reported on large (1–5

N m3 H2/h) PEM systems [4, 5] and high operating pres-

sure can be reached for direct storage of hydrogen in

pressurized vessels. However, different problems must be

overcome to operate PEM cells under such severe operat-

ing conditions. Main factors controlling the overall per-

formance of PEM water electrolysers are (i) the mass flow

of water supplied to the anode, (ii) the rate of oxygen

transport away from the anode and (iii) the electric current

distribution between current collectors and catalytic layers.

If a reaction zone is not properly fed with water during

operation and if uneven ohmic resistances exist over the

surface of the membrane-electrode assemblies (MEAs),

then the current density is not homogeneously distributed

and the efficiency of the electrolyser can decrease signifi-

cantly. In this paper, the role of the operating pressure is

more specifically considered. When water electrolysis is

performed at elevated pressures, some specific advantages

are obtained compared to atmospheric operation: (i) the

thermoneutral voltage increases with the operating pres-

sure, thus reducing thermal emissions during electrolysis;

(ii) the relative volume of the gas phase decreases when the

pressure increases and, as a result, a more efficient trans-

port of biphasic (liquid–gas) mixtures across the porous

current collectors is obtained, leading to higher kinetics.

The bad news is that gas cross-permeation phenomena

through the solid polymer electrolyte (SPE) increase in

magnitude when the operating pressure is raised. This leads
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to higher contamination levels in the gaseous production

(mainly H2 in O2 because hydrogen diffusivity in the SPE

is larger than the oxygen one, but also O2 in H2), and to

specific hazards which have to be carefully managed (the

lower limit of explosivity of H2 in O2 is 4 vol%). This also

leads to lower current efficiencies (faradaic yield),

increased ohmic and polarization losses of potential

because cross-diffusion of hydrogen and oxygen generate a

parasitic current analogous to an internal cell short-circuit,

not leading to water decomposition. For practical applica-

tions, operating pressures up to 130 bars are targeted. They

allow the direct fueling of standard industrial hydrogen

(and oxygen) storage vessels. Pressures of 130 bars

(2,000 psi) are also a threshold between different grades of

pressure-supporting structures.

The purpose of the work presented here was to identify

the most significant physical and chemical phenomena

controlling the kinetics and efficiency of water decompo-

sition at high pressure in PEM water electrolysers. A cor-

rect description of these phenomena is required to solve the

engineering problems associated with the development of

efficient high-pressure PEM water electrolysers. Modeling

has been used for that purpose, to optimize the design of

PEM cells for efficient water–gas transport and proper heat

management during electrolysis. Physical and chemical

models of transfer processes which cannot be treated using

standard mathematical methods and which are not clearly

described in the literature related to high-pressure PEM

water electrolysis, are more specifically considered in this

paper, namely: (i) processes of heat- and mass-transfer

across porous current collectors when biphasic mixtures are

involved; (ii) dynamics of gas bubbles evolution at inter-

faces between current collectors and flow channels. In the

literature, only few papers are dealing with the modeling of

PEM water electrolysers, and in most cases, the different

aspects (electrode kinetics, mass-transfer in current col-

lectors, mass-transfer and heat-transfer in flow channels)

are treated separately. Onda et al. [7] provided a model to

account for current–voltage relationships. The cell voltage

was described by the sum of Nernstian potential, ohmic

potential, and also cathodic and anode overvoltages.

Empirical equations for overvoltage as function of oper-

ating temperature and current density were proposed. A

similar simplified approach has been used in [8], also

considering mass balance and charge on electrodes, but

treatment of mass-transport effects are seldom found. The

theoretical description of biphasic transport in porous

media (current collector) for application in PEM fuel cells

can be found in several papers [9–15]. Some works have

included flooding effects as the concentrated parameter in

the single-phase transport equation through the effective

factor of diffusion [9, 10]. Other research papers offer

models for the transport of biphasic mixtures in hydrophilic

[11–15] and hydrophobic [3, 16] gas diffusion layers. In the

literature, two different approaches are followed to

describe the transport of biphasic media. In earlier works

on fuel cell modeling, the transport of biphasic mixtures in

current collectors was treated by using the well known

theory of un-saturated flow (UFT) [12, 15]. That theory

assumes that the pressure of a gas is constant in the porous

media, and that the pressure of the liquid phase is equal to

the capillary pressure. Multiphase modeling (M2) [17]

offers a more appropriate description of the problem and

provide the exact reformulation of classical biphasic model

in one single equation. The main difference with the UFT

approach is that the condition of constant gas phase pres-

sure is released. Another essential feature of M2 consists in

the possibility of having domains where single and double

phase co-exist. In classical biphasic models, the treatment

of interfaces between regions of single and double phase

essentially increase the complexity of the numerical solu-

tion. Most of these aspects are considered in the present

work and used to propose a model for high-pressure PEM

water electrolysis. The role of various operating parameters

(such as temperature, pressure, current density, flow rate of

water supplied to the anode) on cell efficiency, faradaic

yield and heat produced during water electrolysis is eval-

uated and discussed. The model is also used for the purpose

of optimizing the performances of a PEM cell and optimal

values of some critical parameters are recommended.

2 Modeling

2.1 Geometrical description of the PEM cell

The different components of a conventional PEM water

electrolysis cell are pictured in Fig. 1. This is a composite

structure. The different domains have been modeled indi-

vidually and interconnected through appropriate boundary

conditions.

Domain 1, 2—anodic and cathodic mass flow channels.

From a geometrical viewpoint, this is a regular network of

rectangular channels machined in the thickness of the

bipolar plates (8 in Fig. 1). One flow channel (electronic

conductor) is positioned on each side of the PEM cell. A

constant mass flow of liquid water is set as boundary

condition on the input side of the plates. Along the chan-

nels, biphasic mixtures of liquid water, gaseous hydrogen

(cathode) or gaseous oxygen (anode) and water vapor are

formed during electrolysis. Mixtures of constant composi-

tion are set as boundary conditions on the exit sides of the

cell.

Domain 3, 4—anodic and cathodic current collectors.

Two porous current collectors (electronic conductors)

made of sintered titanium particles are then placed on each
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side of the PEM cell. The surface of the current collectors

(x–z plane) is in direct contact with the surface of the

bipolar plates (no interface ohmic drop). The two-phase

mixtures of liquid water, gaseous hydrogen (oxygen) and

water vapor flow across the structure, along the y axis

(perpendicular to the surface). Capillary forces are motive

forces to the transfer.

Domain 5—membrane. This is the proton-conducting

solid polymer electrolyte (SPE). Both protons and water

molecules are transferred from the anode to the cathode,

across the membrane thickness, during water electrolysis.

The flow of water is caused by diffusion and by the electro-

osmotic drag (solvated protons are migrating to the cathode

and solvation water molecules taken at the anode are

released at the cathode).

Domain 6—anodic catalytic layer. Water oxidation

takes place at the interface between the anodic catalyst and

the SPE, leading to the formation of protons, electrons and

gaseous oxygen:

2H2O! 4Hþ þ 4e� þ O2

This is the catalytic layer (a mixture of percolating cata-

lytic particles, SPE and pores) which is typically a few

microns thick (3D interface). Electrons are collected

through the current collectors and bipolar plates. Gaseous

oxygen formed by the oxygen evolution reaction (OER) is

released across the porous current collector and protons

are transferred to the cathode by migration across the

SPE.

Domain 7—cathodic catalytic layer. Protons reduction

into gaseous hydrogen (hydrogen evolution reaction or

HER) takes place in the cathodic catalytic layer according

to:

4Hþ þ 4e� ! 2H2

The catalytic layer has the same structure than the

anodic one, the only main difference being the kind of

catalyst used for the HER (platinum) compared to the

catalyst used for the OER (iridium or its oxides). Electrons

reach the reaction sites from the external circuit and the

cathodic current collectors; protons are transferred from the

membrane.

2.2 Simplifying assumptions

The model presented here is based on the following sim-

plifying assumptions:

• all physical processes are taking place at constant

pressure and temperature;

• gases formed at the electrodes and transferred to the

anodic and cathodic channels are ideal gases;

• porous current collectors have isotropic properties and

interfaces with adjacent regions are planar and free

from parasitic ohmic drops.

Fig. 1 Schematic diagram of

cell components. 1 Anode flow-

field channel, 2 cathode flow-

field channel, 3 anode current

collector, 4 cathode current

collector, 5 solid polymer

electrolyte membrane,

6 cathode electrocatalytic layer,

7 anode electrocatalytic layer,

8 current transfer rib of bipolar

plate

924 J Appl Electrochem (2010) 40:921–932

123



2.3 Governing equations and boundary conditions

The most significant physicochemical processes which

have to be considered for modeling high-pressure water

electrolysers are now described and the corresponding

equations are presented.

2.3.1 Equations used to model the transport of liquid

and gas phases across the hydrophilic porous

current collectors

General equations describing the transport of two-phase

mixtures are derived from the general laws of mass and

momentum conservation for gas and liquid phases. Mass

conservation of gas phase in the absence of the gas source

is expressed by:

r Cgtg

� �
¼ 0 ð1Þ

Cgtg is the total flux of the gas phase. Assuming

Cg = const (for example during operation at constant

current density), Eq. 1 may be rewritten as:

rtg ¼ 0: ð2Þ

In a similar way, mass conservation of the liquid phase

can be expressed as follows:

rtl ¼ 0: ð3Þ

Momentum conservation of gas and liquid phases can be

expressed by equating the resisting forces to pressure gradients

for each individual phase [3]. For the gas phase, this leads to:

rPg ¼ �kgtg kg ¼
lg

Kpkrg

¼
lg

Kp 1� sð Þ3
ð4Þ

for the liquid phase, one obtains:

rPl ¼ �kltl kl ¼
ll

Kpkrl

¼ ll

Kps3
: ð5Þ

Equations 4 and 5 are the expressions of Darcy’s law for

each phase. In the case under consideration, Darcy’s law can

be used for gases and liquids because only laminar flows are

considered (see discussion in [3]). In the present case, the

Reynolds number in the porous current collector is:

Re ¼ tgdpore

mg

�
qgtg

ffiffiffiffi
K
p

lg

¼ Ng

Aglg

ffiffiffiffi
K
p
� I

2AglgF

ffiffiffiffi
K
p

� 104 � 10�6

2 � 0:002 � 2 � 10�5 � 105
� 1:25;

where l is dynamic viscosity, A is the molar weight of gas

(kg mol-1), K is the permeability, m is the kinematic

viscosity. Thus, Re is close to unity and hence, even at the

cathode (hydrogen), the flow in the porous current collector

is laminar, and Darcy’s law applies. The difference of

pressure Pg - Pl is equal to the capillary pressure Pc:

PcðsÞ ¼ Pg � Pl ¼ r Coshc

ffiffiffiffiffiffi
e

Kp

r
FcðsÞ: ð6Þ

In Eq. 6 Fc(s) is the Leverett function. For a hydrophilic

porous medium: hc \ 90�. Addition of Eqs. 2 and 3 leads to:

r tl þ tg

� �
¼ rt ¼ 0: ð7Þ

By applying the gradient operator to both parts of the

equality Pc(s) = Pg - Pl, one obtains, after rearrangement:

1

kl þ kg

dPcðsÞ
ds
rs ¼ kl

kl þ kg

tl �
kg

kl þ kg

tg ¼
kl

kl þ kg

t� tg:

ð8Þ

By applying the gradient operator to both parts of

equality (8) and using the equation of the conservation of

the total phase-velocity t (7), one obtains:

�r 1

kl þ kg

dPcðsÞ
ds
rs

� �
� d

ds

kl

kl þ kg

� �
trs ¼ 0: ð9Þ

As a result, the system of equations describing the

transport of liquid and gas phases across the current

collectors (considered as a homogeneous and hydrophilic

porous medium) is:

�r 1

klþkg

dPcðsÞ
ds
rs

� �
� d

ds

kl

klþkg

� �
trs¼ 0

rt¼ 0

tg¼
kl

klþkg

t� 1

klþkg

dPcðsÞ
ds
rs

:

8
>>><

>>>:

ð10Þ

The first term of Eq. 10 has the form of a diffusion

equation: r DsðsÞrs½ ��tsrs¼ 0: Here DsðsÞ¼
� 1

klþkg

dPcðsÞ
ds

corresponds to a diffusion factor

associated with the liquid phase. The term ts¼ t d
ds

kl

klþkg

� �

corresponds to convective velocity. Equation 10 can be

conveniently rewritten by using appropriate variables

determining the total fluxes of gaseous and liquid phases.

Let us note:

Ng ¼ tgCg

N ¼ CgCl

CgþCl
t

(

: ð11Þ

Then Eq. 10 can be rewritten as:

�r 1

klþkg

dPcðsÞ
ds
rs

� �
�CgþCl

CgCl

d

ds

kl

klþkg

� �
Nrs¼ 0

rN ¼ 0

Ng¼
CgþCl

Cl

kl

klþkg

N� Cg

klþkg

dPcðsÞ
ds
rs

8
>>><

>>>:

ð12Þ
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2.4 Boundary conditions

Boundary conditions associated with Eq. 12 are:

(1) at the interface between current collector and flow

channel, the saturation (the ratio between the volume

of liquid to volume of pores) value is used;

(2) at the interface between current collector and the

catalytic layer, the boundary condition for the flow of

gas and liquid phase are given in the following form:

Nga ¼ i�ip
4F

1
1�s

Nla ¼ � i
2F 1þ 2np

� �
� i�ip

4F
s

1�s s ¼ Ps

P

Ngc ¼ i�ip
2F

1
1�s Nl ¼ N þ N � Ng

� �
Cl

Cg

Nlc ¼ i
Fnp þ i�ip

2F
s

1�s:

8
>>><

>>>:

ð13Þ

Boundary conditions (13) take into account the presence of

a parasitic current density ip which does not lead to the

formation of oxygen and hydrogen, and assume that

hydrogen and oxygen gases formed during electrolysis are

saturated with water vapor. When setting the boundary

condition between porous current collector and flow

channels, it is assumed that the capillary pressure in the

porous medium of the current collector is equal to the

pressure in the gas bubble. The method used to calculate

the critical dimension of the gas bubble and the saturation

value at the interface between current collector and flow

channel is described in the next section as well as hydrogen

and oxygen crossover phenomena, due to the permeability

of the SPE.

2.4.1 Description and analysis of gases crossover

phenomena

Hydrogen crosspermeation phenomena across the SPE

come from the fact that its solubility in the solid polymer

electrolyte is not zero. Therefore, molecular hydrogen

diffuses from the cathodic compartment of the electrolytic

cell through the membrane up to the anodic catalytic layer

where it is either reoxidized into protons according to:

H2 ! Hþ þ Hþ þ 2e� ð14Þ

or released with oxygen after transport through the porous

anode. Since the potential of the anode during water

electrolysis is high (between ?1.5 and ?2.0 V/NHE), a

value such that reaction (14) is fast, and the model assumes

that all diffusion hydrogen are recombinated into protons.

However, in a practice, sometimes is experimentally

observed that some amount of hydrogen molecules being

able to leak out of the SPE through the porous anode to

contaminate the oxygen production. The proportion of

hydrogen molecules reaching the anode which are oxidized

back into proton depends on operating parameters such as

potential, temperature and current density [18], but also

very markedly on the micro-structure of the catalyst-SPE

interface (other possibility of hydrogen appearance in

oxygen is corrosion phenomena have never been clearly

put into evidence). For example, when catalyst particles are

located inside the polymer matrix, several microns below

the membrane surface (this is obtained when the electrode

is plated onto the SPE using an impregnation-reduction

method such as the one described in [4]), the roughness

factor of the electrode is large and the proportion of

hydrogen molecules released in oxygen is significantly

low. On the contrary, when electrodes having low rough-

ness factors are used, the proportion is larger. Whatever

this proportion, both phenomena are detrimental to the

efficiency of the process: H2 found on the anodic side in the

gas phase can react with O2, leading to water and heat, and

protons formed at the anode according to (14) migrate back

to the cathode and as a result, this leads to the onset of a

parasitic current of protons. This current which does not

lead to the formation of hydrogen produce an increase in

the potential of electrolytic cell due to the additional ohmic

losses in the membrane. Therefore, the electricity used to

split water molecules which are then re-obtained is dissi-

pated as heat in the PEM cell, leading to lower cell

efficiencies.

Oxygen diffuses through the membrane, from the anode

to the cathode, in a similar way. In the cathodic catalytic

layer the following electrochemical reaction takes place:

4Hþ þ 4e� þ O2 ! 2H2O ð15Þ

During water electrolysis, the potential of the cathode is

such that reaction (15) is potentially fast although lower

than reaction (14). Again, the micro-structure of the

catalyst-SPE interface is responsible for the amount of

oxygen which is reduced back into water. As a result, a

proportion of the protons drift does not lead to the

formation of hydrogen, but is used for the reduction of

diffusing oxygen. This process produce an increase of the

potential of the electrolytic cell due to the additional ohmic

losses in the membrane and to an increase of the cathodic

overvoltage due to the formation of 4 additional protons,

which subsequently do not form hydrogen. In the

following, it will be considered that all cross-permeating

molecules reaching the opposite electrode are re-oxidized

(H2) or reduced (O2). This is a simplifying assumption

because our purpose was not to model contamination levels

but to evaluate current inefficiencies associated with the

parasitic formation of water from H2 and O2 obtained by

electrolysis.

Cross-permeation of hydrogen and oxygen through the

membrane takes place according to two different pro-

cesses: (i) diffusion; (ii) convective transfer of dissolved

hydrogen and oxygen in water molecules involved in the

926 J Appl Electrochem (2010) 40:921–932
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electrical osmosis drag. In the case of hydrogen transport,

the convection flow of water through the membrane is

opposite to the hydrogen diffusion flow. The total hydrogen

flow through the membrane QHM does not depend on

coordinates, and as a result it can be expressed as follows:

QHM ¼ �DHM
dCH

dy
þ tcCHCH ¼ const 0\y\hm

y ¼ 0 CH ¼ Cg y ¼ hm CH ¼ 0:

�
ð16Þ

In Eq. 16 tc (the convective velocity of water through

the membrane caused by electroosmosis), can be expressed

as follows:

tc ¼ �
iRnp

FCl

: ð17Þ

Equation 16 contains two unknown values (hydrogen

concentration CH and total hydrogen fluxes through the

membrane QHM). Also, Eq. 16 is a first order equation,

although it has two boundary conditions. Thus, the problem

has a unique solution, which can be expressed as:

CH ¼ Cg

exp
iRnpCH

FClDHM

hm�yð Þ

	 

�1

exp
iRnpCH

FClDHM

hm

	 

� 1

QHM ¼ Cg

iRnpCH

FCl

1

exp
iRnpCH

FClDHM
hm

h i
� 1:

8
>>>>>>><

>>>>>>>:

ð18Þ

The value of the parasitic current density due to the

hydrogen crossover ipH is given by:

ipH ¼ 2FQHM ¼ 2np

CgCH

Cl

iR

exp
iRnpCH

FClDHM

hm

	 

� 1:

ð19Þ

The convective flow of water across the membrane

down to the cathode also promotes the diffusion of oxygen

from the anode to the cathode. The total oxygen flux across

the membrane can be calculated as discussed above for

hydrogen. The only difference comes from the relative

direction of the convective velocity tc which is now

opposite. The solution for the transport of oxygen QOM,

similar to Eq. 16 for hydrogen, is:

CO ¼ Cg

1� exp � iRnpCO

FClDOM
hm � yð Þ

h i

1� exp � iRnpCO

FClDOM
hm

h i

QOM ¼ Cg
iRnpCO

FCl

1

1� exp � iRnpCO

FClDOM
hm

h i

8
>>>>>><

>>>>>>:

ð20Þ

According to reaction (15), four electrons are required to

obtain the recombination of one molecule of oxygen.

Therefore, the value of the parasitic current density due to

the oxygen crossover ipO is given by:

ipO ¼ 4FQOM ¼ 4np

CgCO

Cl

iR

1� exp � iRnpCO

FClDOM
hm

h i: ð21Þ

Thus, the resulting current density iR is the sum of 3

different contributions:

iR ¼ i0 þ ipO þ ipH; ð22Þ

where i0 denotes the useful current density associated with

water electrolysis. Membrane permeability to hydrogen

and oxygen is such that the value of the current efficiency

gi is less than unity. Expressions of current density iR and

current density i0 (corresponding to the rate of hydrogen

and oxygen generation) are related through the following

relationship:

1� gi ¼
iR � i0

iR
¼ np

Cg

Cl

 

4CO

1

1� exp � iRnpCO

FClDOM
hm

h i

þ 2CH

1

exp
iRnpCH

FClDHM
hm

h i
� 1

!

:

ð23Þ

At small current densities, iR from Eq. 23 takes the

form:

1� gi ¼
iR � i0

iR
¼ FCg

iRhm
4DOM þ 2DHMð Þ: ð24Þ

It follows from Eq. 24 that, at low current densities,

even when there is not net production of hydrogen and

oxygen, a parasitic current can exist (due to the presence of

hydrogen in the cathodic channels and of oxygen in the

anodic channels). Therefore, the current is equal to zero. At

high current densities, Eq. 23 takes the form:

iR � i0

iR
¼ 4np

CgCO

Cl

ð25Þ

It follows from Eq. 25 that the value of current is

constant at high operating current densities.

2.4.2 Dimensions of gas bubbles at the current

collector–flow channel interface

The release of gas bubbles at the current collector–flow

channel interface results from the combined action of

several factors, the main of which being the resisting force

to water flow. At high pressures, other factors can be

neglected. To calculate the resisting forces, it is necessary

to take into account the heterogeneous distribution of water

velocity t(y) at the surface of current collectors. The

classical analytic expression obtained for laminar flows can

be used for that purpose:

t ðyÞ ¼ 6 t0

y hfc � yð Þ
h2

fc

� 6
t0

hfc

y; ð26Þ
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where y (0 B y B hfc) is the transverse coordinate along

the flow channel. In Eq. 26 the approximation comes from

the assumption that the radius of a gas bubble Rbc is small

compared with the size of channel hfc. In this case, it is

assumed that the drag force is equivalent to a force at a

certain constant average velocity Uav. Uav is the normalized

integral of the velocity with the weight, equal to the

transverse size of the gas bubble, at a distance y away from

the surface of the current collector:

Uav ¼
R 2Rbc

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2yRbc � y2

p
tðyÞdy

R 2Rbc

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2yRbc � y2

p
dy

¼ 3

2

t0Rbc

hfc

: ð27Þ

The radius of a gas bubble Rbc released at the surface of

the current collector is determined by equating the

expression of the drag force with the expression of the

force of the surface tension Fr:

Fr ¼ 2pr sin hRp: ð28Þ

The force of surface tension is directed antiparallel to

the vector associated with the sum of all forces which are

acting to release gas bubbles. The contact angle hc is

determined from the condition of wettability of the surface.

The drag force FU is determined by specific resistance,

expressed through the Reynolds number and factor of

resistivity fU:

FU ¼
12p
Re

1UqlU
2
avR2

bc: ð29Þ

By equating Eqs. 29 and 28, one obtain:

Rbc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hfcrRpsinhc

18llt0

s

: ð30Þ

The pressure due to the surface tension Pst in a bubble

having the critical dimension is given by:

Pst ¼
2r
Rbc

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
72llt0r

hfcRpsinhc

s

: ð31Þ

The capillary pressure Pc in the porous current collector,

which is assumed to be a hydrophilic medium, is

determined from the Leverett function:

Pc ¼ r cos hc

ffiffiffiffiffiffi
e

Kp

r
Fcð1� sfcÞ

� 1:472ð1� sfcÞ r cos hc

ffiffiffiffiffiffi
e

Kp

r
: ð32Þ

In Eq. 32, only the linear part of the usual Leverett

formula is considered. This is because it is assumed that the

value of saturation is close to unity. By equating Eqs. 31

and 32 for the pressures, one obtain (for the anodic and

cathodic channels):

1� sfc ¼ 11:972

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kp ll t0

e hfcRp r sin h cos2hc

s

: ð33Þ

The physical meaning of Eq. 33 is that the saturation

value inside the porous current collectors is mostly

determined by the velocity of the water flow inside the

flow channel. If the flow of water is larger than what is

strictly needed for electrolysis (for example for cooling the

electrolysis stack during operation), then the optimum

value of the velocity of water flow should not be set any

empirical value but more precisely determined by

calculating accurately the amount of heat produced inside

the electrolyser (which in turn is a function of operating

current density and cell efficiency). When these two

criteria are used for determining the water flow,

undesirable saturation effects inside current collectors are

limited and higher efficiencies can be obtained.

2.4.3 Calculation of gas content inside current collectors

near the current collector–catalytic layer interfaces

It is now necessary to express the gas concentration at the

interfaces between current collectors and catalytic layers.

The mass-transfer equation of two-phase mixtures (12) can

be solved and expressed as quadratures in the case of the

one-dimension approximation. It can be assumed that the

void fraction of the gas phase in the porous current col-

lector is negligible at large operating pressures because the

volume of the gas phase significantly decreases with

pressure. Therefore, the resistance induced by the gas

phase to the motion of the liquid phase can be neglected.

Also, as discussed above, only the linear part of the Lev-

erett function is used in the calculation. Using all these

simplifying assumptions, motion equations can be written

as:

dPc

dy
¼ r cos Hc

ffiffiffiffiffiffi
e

Kp

r
dFcðsÞ

ds

ds

dy
� �1:417 r cos Hc

ffiffiffiffiffiffi
e

Kp

r
ds

dy

¼ � K�1
p

lgNg

Cg 1� sð Þ3
; ð34Þ

where y is the transverse coordinate along the current

collector (0 \ y \ h); Ng is the oxygen flow Ng ¼ i
4F

� �
or

hydrogen flow Ng ¼ i
2F

� �
:

To obtain a solution, the first order Eq. 34 requires one

boundary condition. This condition is obtained at the

interface between the catalytic layer and the flow channel:

y ¼ 0 s ¼ sfc ð35Þ

Equation 34 is then solved as a quadrature. Its solution

in the case of the hydrogen transport through the cathodic

current collector takes the following form:
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1� scl ¼ 1� sfcð Þ4þ 1:411 h lH i

F Cgr cos hc

ffiffiffiffiffiffiffiffi
e Kp

p

" #1=4

: ð36Þ

In a similar way, oxygen transport through the anodic

current collector takes the following form:

1� scl ¼ 1� sfcð Þ4þ 0:706 h lo i

F Cgr cos hc

ffiffiffiffiffiffiffiffi
e Kp

p

" #1=4

: ð37Þ

2.4.4 Heat production during water electrolysis

Heat production in the PEM cells (WMEA per one cell in J)

is determined by considering three main operating param-

eters: (i) the thermoneutral voltage Etn, (ii) the operating

voltage Ucell and (iii) the current density iR in the elec-

trolysis cell. The expression of WMEA is given by:

WMEA ¼ iRSMEA Ucell � Etnð Þ; ð38Þ

where SMEA is active area of electrolysis cell.

The mass flow of cooling water Qcl circulating inside the

flow channels is usually chosen to insure a uniform tem-

perature inside the electrolysis cells. The uniformity of

temperature can be checked by measuring the difference of

temperature (DT) between inlet and output channels of the

PEM cells or electrolysis stack. Because of the thermal

conductivity of the different components of a PEM cell

(SPE, catalysts, current collectors, bipolar plates), heat is

released symmetrically by the cooling water circulating in

the anodic and cathodic channels. Qcl can be determined

from the following simple expression:

Qcl ¼
WMEA

2CpwDT
¼ iRSMEA Ucell � Etnð Þ

2CpwDT
: ð39Þ

From Eq. 39, it is then possible to calculate the value of

the average water velocity v0 in the flow channels:

t0 ¼
Qcl

hfcDMEAql

¼ iRSMEA Ucell � Etnð Þ
2CpwDthfcDMEAql

; ð40Þ

where ql is the density of liquid water. The accurate

calculation of the heat produced in the PEM cells or

electrolysis stacks requires the determination of the

current–voltage characteristic of the electrolysis cell. At

any given current density, the cell voltage is the sum of

different terms: (i) the reversible equilibrium potential of

water decomposition, (ii) ohmic losses in the membrane

(Urm), in the current collectors, in the catalytic layers and

in the structural elements of MEA (Uk) and (iii) the

overvoltages associated with the activation of anodic and

cathodic electrochemical reaction g. Ohmic losses in the

membrane are given by:

Urm ¼ qmhmiR ð41Þ

Ohmic losses in catalytic layers expressed as voltage

drop (Ucl) can be evaluated under the assumption that

activation potential losses are approximately uniform over

the layer thickness. Then, the average value of the proton

current is equal to 50% of the total current iR. Taking into

account the porosity epcl of the polymer phase inside the

catalytic layers, it is possible to obtain an approximation of

Ucl, using the classical Bruggermans correction:

Ucl ¼
qmhcliR

e1:5
mcl

;

where hcl is the thickness of the catalytic layer. Ohmic

losses in the current collectors have been evaluated from

experimental data: Uk & 0.25 Urm.

The expression of the anodic overvoltage has been

obtained from experimental results. The following rela-

tionships has been used:

ga ¼
RT

aaF
ln

iR
iex

� �
i0
0 � 380 A=m2 ð42Þ

Finally, the general expression of the voltage–current

relationship of the electrolysis cell based on Eqs. 41–42 is

therefore:

U ¼ Ep þ 1:25qmhmiR þ
RT

aaF
ln

iR
iex

� �
ð43Þ

3 Numerical results and discussion

Numerical values of main geometrical parameters used in

the simulations are compiled in Table 1.

In Table 1, the contact angle of wetting h is given for

porous titanium. During electrolysis, there is a chemical

and electrochemical oxidation of the titanium current col-

lector and titanium oxides are formed at the surface.

According to the literature (see, for example [19, 20]), and

to our own results, the contact angle of wetting for such

material is ca. 70�.

Table 1 Geometrical and operating parameters

Parameter Value

Diameter of MEA active area DMEA = 0.182 m

Active surface area of MEA SMEA = 0.026 m2

Acceptable temperature difference

in the PEM cell

DT = 3 �C

Width of flow channel hfc = 1.5 mm

Width of current collector h = 1.0 mm

Porosity of current collector e = 0.4

Permeability of current collector Kp = 1 9 10-11 m2

Average dimension of current collector pores Rp = 1 9 10-5 m

Wetting angle of current collector h = 70�
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3.1 Influence of hydrogen and oxygen crossover

phenomena on the electrochemical performances

of electrolysis cells

Relative current losses due to gas crossover phenomena as

a function of temperature and current density, and as a

function of pressure and current density, are plotted in

Figs. 2 and 3 respectively. Calculations have been made

for hm = 250 lm. Continuous lines in the plots indicate

constant temperature (T = 100 �C, Fig. 2) and constant

pressure (P = 13 MPa, Fig. 3) values. From these calcu-

lations, it is possible to conclude that performing water

electrolysis at low current density is not interesting because

of resulting low current efficiencies. At 1 A cm-2, the

current efficiency (at T = 100 �C and P = 13 MPa) is still

less than 90%. At 2 A cm-2, the current efficiency

increases up to 94%, an acceptable value from the view-

point of power costs. An operating current density of

0.6 A cm-2 can be considered as a threshold value below

which insufficient faradaic yields become unacceptable.

3.2 Influence of membrane thickness on electrolysis

cell performances

Dependences of the overall electrolysis cell efficiency on

useful current density and membrane thickness are plotted

in Fig. 4. The line of maximum efficiency is shown in bold.

It is possible to conclude from the results of Fig. 4 that the

optimum membrane thickness at a current density of

2 A cm-2 is 125lm, and 225 lm at a current density of

1 A cm-2. The membrane thickness should be ca. 250–

300 lm, a range for which the efficiency of the PEM cell

slightly decreases when the membrane thickness increases.

3.3 Transport of two-phase mixtures across current

collectors

The effect of operating temperature and current density on

the relative volume of the gas phase in the porous current

collector (i) near the flow channel and (ii) near the anodic

Fig. 2 Plots of the relative current losses (due to hydrogen and

oxygen crossover) on a log scale as a function of operating

temperature and current density (P = 13 MPa)

Fig. 3 Plots of the relative current losses (due to hydrogen and

oxygen crossover) on a log scale as a function of operating pressure

and current density (T = 100 �C)

Fig. 4 Plots of overall electrolysis cell efficiency (rel.) as a function

of useful current density and membrane thickness
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catalytic layer (at a constant pressure of 13 MPa) are

shown in Fig. 5. Results were obtained from Eqs. 33 and

37. The temperature dependence of the saturation s is

determined by the corresponding temperature dependence

of fluid velocity t0. It can be seen that, at a current density

of 1 A cm-2, the volume of the gas phase inside the cur-

rent collector, close to the interface between the current

collector and the flow channel, is less than 10% of the

volume of the liquid phase. Therefore, the current collector

does not produce a significant resistance to the transport of

the liquid–gas mixture, except in regions were the current

density is less than 1 A cm-2. As the current density

decreases, the saturation increases and so does the resis-

tance to the transport of the liquid phase.

The resistance to the transport of the biphasic mixture

across the porous current collector decreases when the

operating pressure increases. Therefore, it can be recom-

mended to use current collectors with smaller porosity and

smaller pores for operation at high pressure to reduce

internal ohmic losses both in bulk regions and at the current

collector–catalytic layer interfaces.

Using the above mentioned simplifying assumptions, the

saturation of current collector near the flow channel is

identical both on anodic and cathodic sides, and does not

depend significantly upon operating pressure. Dependence

on the specified factors takes place only in a saturation of a

current collector far from the flow channel. When the water

flow rate is reduced, the saturation of current collector

increases. This is due to the fact that the size of gas bubbles

coming off the current collectors is also increasing and that

the pressure in such bubble decreases. As a result, the

larger bubbles more effectively ‘‘pumps out’’ the gas from

the current collector. With lower water flows, the effect

proceeds as long as the separation of the bubble from the

support is not determined by Archimedes forces.

3.4 Heat production

The calculated dependence of the thermal emission (W) of

a circular PEM cell upon operating temperature and current

density (at a constant pressure of 13 MPa) is plotted in

Fig. 6. From these results, it can be concluded that heat

produced during water electrolysis is inversely proportional

to the operating temperature. This effect is due to the

Fig. 5 Plots of the relative volume of the gas phase in the porous current collector near the anodic catalytic layer (left) and near the flow channel

(right) as a function of operating temperature and current density (P = 13 MPa)

Fig. 6 Plots of heat (W) produced by a circular PEM cell as a

function of operating temperature and current density (P = 13 MPa)
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strong temperature dependence of the internal resistance of

PEM cells.

Current density and activation losses at the anodes are

not the only criteria to take into account to determine the

value of the water flow across PEM cells. A second one,

caused by the mass-transfer of two-phase (liquid–gas)

mixtures across current collectors should also be consid-

ered. Usually, the value of the water mass flow is chosen to

insure a uniform temperature at the surface of the MEAs.

However, when the flow of water increases, the value of

saturation in the porous current collectors decreases. This is

due to the fact that the average size of gas bubbles leaving

the current collectors also decreases, and pressure inside

gas bubbles increases. As a result, the amount of water

supplied to the anodic catalytic layers tends to inappro-

priately low, and voltage activation losses tend to increase.

Therefore, from these results, it can be concluded that the

criterion of temperature uniformity inside PEM cells

should not be applied too strictly when calculating the

optimum water flow. From the model, a value DT & 3 �C

is found sufficient to supply enough water to the catalytic

layers and avoid efficiency losses due to saturation effects.

4 Conclusions

In this paper, a model is proposed to model a PEM water

electrolyser and analyze its performances as a function of

different geometrical and operating parameters. From the

results of the simulations, it can be concluded that high-

pressure water electrolysis at low current densities is not

interesting because of the influence of hydrogen and oxy-

gen crossover effects, leading to low current efficiencies.

An operating current density of 0.6 A cm-2 has been

determined as a threshold value (at 100 �C and a pressure

of 13 MPa) below which the electrolyser should not be

operated because of the significantly low faradaic effi-

ciency. An operating current density in the 1–2 A cm-2

range is more acceptable from the viewpoint of power

costs. By computing the relative volume of the gas phase in

the current collectors as a function of different operating

parameters, it is found that, when the rate of water in the

flow channels is increased, the content of gases in the pores

of current collectors and catalytic layers increases. This is

an undesirable effect which potentially can lead to uneven

distribution of current lines inside the PEM cells and to

lower efficiencies. Therefore, a first criterion which should

be used to determine the optimum rate of water flow inside

the cells is to insure that enough water is supplied to the

anodes. Taking into account as second criterion the amount

of heat which is produced during electrolysis and which

has to be removed from the cells, a temperature increase

DT & 3 �C has been identified has an optimum giving the

most appropriate rate of water flow. Finally, it should be

noted that the model presented in this paper for optimizing

PEM water electrolysers can also be used to optimize the

design of other electrochemical PEM systems such as PEM

hydrogen compressors and PEM reversible cells.
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