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Abbreviation/ acronym  Description 
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ORR Oxygen Reduction Reaction 

PA Phosphoric Acid 

PBI Polybenzimidazol 

PEIS Potentiostatic electrochemical impedance spectroscopy 

PEM Proton Exchange Membrane 

PEMFC Proton Exchange Membrane Fuel Cell 

Pt Platinum 

RH Relative Humidity 

 

  



NIMPHEA_D4.4 Simulation of the electrochemical interface   

© NIMPHEA Consortium Sensitive  5 | P a g e  

1 Executive Summary  

This document describes the models used to simulate the electrochemical interface and the physics at the 

MEA scale, as part of Work Package 4 (WP4). It explains the models used, the adaptations to HT and to 

the presence of phosphoric acid, the calibration procedure and shows polarization curves, EIS and other 

results on differential cells. 

The models are parametrized thanks to electrochemical data from WP3 and the structure of components 

and subcomponents characterized respectively in WP3 and Task 4.2  

This document outlines the models adapted for this project. 

Specificities of PBI membranes and membranes containing phosphoric acid were added and a calibration 

procedure was set up in order to reproduce the available experimental results. 

The parameters obtained with the AME_1D models will be fed into the 2D models (rib-channel and channel) 

to enable more detailed simulations. 

One will extract from the 1D models the contribution of the most limiting phenomena for performance. 

The 2D models will, over a second phase, help in determining an optimal cell design. 
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2 Presentation of the models 

PEMFC models have been developed at the CEA with the aim of: 

Understand, validate and quantify the various phenomena that are supposed to take place within fuel 
cells, 
identify the sources of performance losses, 
develop tools for sizing bipolar plates and MEAs. 

As part of the NIMPHEA project, these models, designed for low-temperature fuel cells, have been 

extended to the cases of high-temperature fuel cells and adapted to take account of phosphoric acid in the 

electrode. 

These models are developed in the CEA EuROPIUM model platform in the COMSOL Multiphysics 

commercial software. Matlab is used for building the models thanks to the COMSOL LiveLink Matlab 

scripting possibilities. 

EuROPIUM is the acronym for ElectRochemistry OPtImization Understanding Modeling framework. It is a 

numerical platform including models at different scales to simulate fuel cell performances. The models 

calculate the physics and electrochemistry corresponding to a PEM-fuel cell: 

2D Channel is a 2D model devoted to one channel, from inlet to outlet [1]. 
2D Rib-channel is a 2D model devoted to the simulation through cell of one rib + one channel on each 
side. See description in [1]. 
1D Rib-channel is a 1D version of this model that runs very quickly and so that can be used for 
parameter studies. 

 

2.1 EuROPIUM platform 

2.1.1 Channel code 

The 2D Channel model (i.e., Cellule_2D) is used to simulate the cell operation (see Figure 1) in a plane 

parallel to the channels. Ribs and channels are not distinguished here. This 2D plane spreads over the 

cathode and the anode excluding the bipolar plate. 

It includes the channels, the GDLs and MEA: Figure 1. 

In the simulated domain, the channel geometry is longer than the MEA part (Figure 2) in order to have an 

inlet establishment zone for velocity profile on both side.  
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Figure 1: Perspective view. The simulation takes into account the physics (flow, electrochemistry) in the blue plane, 
parallel to the gas flow and perpendicular to the MEA plane. Orange and violet arrows show the anode and cathode 
channel flows (case of counter-flow design). The dimensions on the picture do not scale with real ones for visibility 

reasons. 

  

 

 

Figure 2: Cellule_2D lateral view: The blue-grey area is the simulated domain. Black lines denote interfaces between 
different materials. Red arrows correspond to channel flow orientation in case of counter-flow design. Orange arrows 
correspond to gas diffusion. The dimensions on the picture do not scale with real ones for visibility reasons. The cell 
is symmetrical: the same components are present on both part of the membrane (though the properties may differ) 

 

 

Figure 3: Example of simulation result obtained with the Cellule_2D model for the local relative humidity. 
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This model provides the longitudinal concentration evolution of the various species (oxygen, nitrogen, 

hydrogen, steam) profiles. It is sensitive to: 

the inlet conditions: gas temperature, flux, humidity, 
the GDL and the MEA depth and their physical properties, 
the channel depth  

It can be completed by the 2D rib-channel (i.e., AME_2D) model to have a more local insight. 

Due to the high value of the ratio length to width, the refinement of the meshing leads either to a very high 

number of meshes or to a huge deformation of meshes. To bypass this problem the transport equations 

have been normalized. This normalization can be skipped if the mesh is structured. 

The physical and electrochemical phenomena modelled are: 

The Nernst and Butler-Volmer laws  for the electrochemistry in the active layer.  
A combination/modification of Stefan-Maxwell, Darcy and Fick laws ([2],[3],[4],[5],[6] and [7]) for the 
species transport inside the porous media (GDL, MPL): oxygen, nitrogen and steam on the cathode 
side; hydrogen and steam on the anode side. 
When gas permeation is simulated, hydrogen and oxygen can cross the membrane but they are 
recombined into water in the catalyst layer of the other side of the membrane. Thus, the flow in the 
cathode channel does not contain any hydrogen and similarly, the anode flow does not contain oxygen. 
Diffusion of dissolved gases in ionomer (CL, membrane). 
Diffusion and electro-osmosis of water in the membrane. 
Darcy flow for the liquid water in the porous media (GDL, MPL). 
Thermal conduction everywhere. 
Ionic transport in the MPL and the membrane. 

2.1.2 Rib-channel code: 2D version 

The model is developed in Comsol Multiphysics and simulates the transport phenomena and 
electrochemistry in the MEA between two consecutives channels and through plane from anode to cathode 
as illustrated on the Figure 4. This code is often used with boundary conditions obtained from the Channel 
code simulations as explained farther. 

 

 

Figure 4: Location of the 2D rib-channel modelled domain (area inside the red dashed line). 

The Figure 5 below provides more details about the simulation domain such as the localization of the 
internal gas flux, the electrochemical reaction sites and the boundary conditions. 
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Figure 5: 2D rib-channel modelled domain 

An example of meshing of the simulated domain using the Comsol interface is given on the Figure 6. The 
ribs have been included in the simulated domain in order to impose a uniform current density on the top the 
represented ribs thus, the current density profile on the rib/channel interface is obtained from simulation 
and not imposed which represents the reality in more realistic way.  

 

 

Figure 6: AME_2D example of meshing. The same components are present on both part of the membrane, but their 
properties are not necessarily identical (especially for the catalyst layers) 
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Some examples of results are given on the Figure 7: 
 

 

Figure 7: Relative humidity field (left) and current densities (right): each solid lines corresponds to profile of current 

density along the longitudinal direction for one value of the average current density 

 

The physical and electrochemical phenomena modelled are: 

The Nernst and Butler-Volmer laws for the electrochemistry in the active layer. 
A combination/modification of Stefan-Maxwell, Darcy and Fick laws, as proposed by [7] for the species 
transport inside the porous media (GDL, MPL): oxygen, nitrogen and steam on the cathode side; 
hydrogen and steam on the anode side. 
Diffusion of dissolved gases in ionomer (CL, membrane) [8]. 
Diffusion and electro-osmosis of water in the membrane and catalyst layer (in the ionomer) 
[9],[10],[11] and [12]. 
Optional Darcy flow for the liquid water [13] in the porous media (GDL, MPL, CL): usually not taken 
into account, works only in transient simulations. 
Thermal conduction and convection in all the domains. 
Ionic transport in the catalyst layer and the membrane. 

 
NB: 
In the same domains, the same equations are used for Channel and Rib-channel models. 

  

HR 

Cathode 

Anode 
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2.1.3 Rib-channel code: 1D version 

This model (i.e., AME_1D) is a geometric simplification of the AME_2D model. 
It can be used for performing faster simulations, for example to fit the electrochemical parameters on 
experimental data. 
The results are less accurate than those obtained with the AME_2D version, but when the rib/channel 
pattern is small and or when the current density is not too high (far from the diffusion limiting current), the 
rib/channel effect can usually be neglected. 
The simulated domain is illustrated on Figure 8. 
The main difference is in the boundary condition location: at the extremities of the domain, both the gas 
concentrations and the current are imposed at the same points. 

 

 
Figure 8: 1D-rib-channel code: simulated domain 
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2.2 Rib-channel and channel models equations 

2.2.1 Geometry and domains 

The Figure 9 corresponds to the simulation domain for the 2D channel model. 

The Figure 10 corresponds to the simulation domain for the 2D rib-channel model.  

The conventional notation is the following: domain names are in right character font, names of interfaces 

in italics and type of domain in orange. 

 

Figure 9: Geometry for the 2D channel model. 

 

Figure 10: Geometry for the 2D rib-channel model 

The table below defines the different acronyms used in the previous figures: 
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Table 1: Definitions of geometry and domains acronyms 

Acronym Definition 

*_a  related to anode 

*_c related to cathode 

*_ea / *_ec anode/cathode inlet 

*_sa / *_sc anode/cathode outlet 

i_ interface 

BP Bipolar plate 

CH Channel 

MB Membrane 

 

2.2.2 Physics and equations 

The conventional color notation for the equations is the following: 
- the working (called “dependent”) variables in red color are the main variables of the system 
- those in orange are variables requiring closure from a physical model 
- those in green are thermodynamic quantities to be determined from tables (distinction between 

orange and green is sometimes open to discussion). 
- those in blue are constant or quantities calculated by the preprocessing. 
- the vectors or matrix are denoted in bold characters. 
- the scalar quantities and variables are in italics. 

n is the normal vector at the boundary of a domain 

2.2.2.1 Convection in the channels: Navier-Stokes 

- Equations used to calculate the gas convection inside the channels. These equations deal with an 
averaged gas that have the properties calculated from all the gases involved. The net vaporization 
to condensation balance (Scond) is considered: liquid water vaporized flux minus gas water 
condensed one. 

- Domains : CH_a, CH_c 
- Working variables : 𝑈 𝑉 𝑝 
- Equations : 

o Momentum balance is written as : 

𝜌𝑔 (
𝜕𝐮

𝜕𝑡
+ 𝐮 ∙ 𝛁𝐮) + 𝑀𝑣𝑆𝑐𝑜𝑛𝑑𝐮 = −𝛁𝑝 + ∇ ∙ (𝜇𝑔(𝛁𝐔 + (𝛁𝐔)𝑇) −

2

3
𝜇𝑔(∇ ∙ 𝐔)𝐈) 

o Molar balance is written as : 

𝜕𝑐𝑔

𝜕𝑡
+ ∇ ∙ (𝑐𝑔𝐔) = 𝑆𝑐𝑜𝑛𝑑 

with: 
 

𝐮 = (
𝑢
𝑣
), the mass average fluid velocity 

used in the left hand side terms of the momentum equation 

𝐔 = (
𝑈
𝑉
), the volume (or molar) average fluid velocity (See also Memo-LMP-PS04) 

𝑆𝑐𝑜𝑛𝑑  the vapor condensation rate 

The two average velocities are related knowing the diffusion fluxes for the different species: 
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𝐮 = 𝐔 + 𝐮𝐝 

𝐮𝐝 =
∑ 𝑀𝑖𝐍𝑖

d
𝑖

𝜌𝑔

 

The total gases concentration depends on pressure and temperature: 

𝑐𝑔 =
𝑃𝑔

𝑅𝑇
 

The total gases pressure is derived from the relative pressure used in the calculation: 

𝑃𝑔 = 𝑝 + 𝑃0 

Gases density and average molar mass depend on the composition: 

𝜌𝑔 = 𝑐𝑔𝑀𝑔 

𝑀𝑔 = ∑𝑋𝑖𝑀𝑖

𝑖

 

The viscosity of the gas mixture also depends on composition: 

𝜇𝑔 = ∑
𝑋𝑖𝜇𝑖

∑ 𝑋𝑗Φ𝑖𝑗𝑗
𝑖

 

Where: 

Φ𝑖𝑗 =

(1 + √
𝜇𝑖

𝜇𝑗
(
𝑀𝑗

𝑀𝑖
)

1
4⁄

)

2

√8√1 +
𝑀𝑖

𝑀𝑗

 

 

• Boundary conditions at the boundaries listed below: 

CH_ea, CH_ec: (inlet of the channels) 
The gases volume velocity is imposed: 

−𝑈 + 𝑢0

𝑐𝑔,0

𝑐𝑔

= 0 

−𝑉 = 0 

CH_sa, CH_sc: (outlet of the channels) 
The pressure is imposed: 

−𝐧 ∙

(

 
−2𝜇𝑔

𝜕𝑈

𝜕𝑥
+ 𝑝

−𝜇𝑔 (
𝜕𝑈

𝜕𝑦
+

𝜕𝑉

𝜕𝑥
)
)

 = (2𝜇𝑔

𝜕𝑈

𝜕𝑥
+ 𝑝) ∙ 𝑛𝑥 + 𝜇𝑔 (

𝜕𝑈

𝜕𝑦
+

𝜕𝑉

𝜕𝑥
) ∙ 𝑛𝑦 

−𝐧 ∙

(

 
 

−𝜇𝑔 (
𝜕𝑉

𝜕𝑥
+

𝜕𝑈

𝜕𝑦
)

−2𝜇𝑔

𝜕𝑉

𝜕𝑦
+ 𝑝

)

 
 

= 𝜇𝑔 (
𝜕𝑉

𝜕𝑥
+

𝜕𝑈

𝜕𝑦
) ∙ 𝑛𝑥 + (2𝜇𝑔

𝜕𝑉

𝜕𝑦
+ 𝑝) ∙ 𝑛𝑦 
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−𝑝 = 0 

Walls: 
Velocity is equal to zero at the walls of the channels: 

−𝑈 = 0 

−𝑉 = 0 

i_CH_MEA: 

Mass average velocity is constant across the MEA/Channel boundary: 

−𝑈 + 𝑈𝑔
𝐺𝐷𝐿 = 0 

−𝑈 + 𝑉𝑔
𝐺𝐷𝐿 = 0 

2.2.2.2 Gas diffusion in channels: Stefan-Maxwell 

• Equations used to calculate the diffusion of one gas in all the other gases inside the channels. 
All the gases are considered. Read [14],[4],[5] and [15]. 

• Domains: CH_a, CH_c 
• Working variables: 𝑐𝑋2

 𝑐𝑣𝑎𝑝 

• Equations:  

𝜕𝑐𝑖

𝜕𝑡
+ ∇ ∙ (𝐍𝑖

𝑑 + 𝑐𝑖𝐔) = 𝑆𝑐𝑜𝑛𝑑 

For 𝑖 = {𝑋2, 𝑣𝑎𝑝} 

With: 
𝑋2 = 𝐻2 in the domain CH_a 

𝑋2 = 𝑂2 in the domain CH_c 

Diffusion flux N𝑖
𝑑 are calculated by solving the following equations: 

𝑐𝑔𝛁𝑋𝒊 = ∑
𝑋𝑖𝐍𝑗

𝑑 − 𝑋𝑗𝐍𝑖
𝑑

𝐷𝑖𝑗
𝑗≠𝑖

 

 

And 

∑𝐍𝑖
𝑑

𝒊

= 0 

for 𝑖, 𝑗 = {𝑋2, 𝑁2, 𝑣𝑎𝑝} 

 

Note: this system of equations can be put in the form c∇X = −A ∙ N, with (for 3 species) 
 

 𝐴 =

[
 
 
 

𝑋2

𝐷12
+

𝑋3

𝐷13
−

𝑋1

𝐷21
−

𝑋1

𝐷31

−
𝑋2

𝐷12

𝑋1

𝐷21
+

𝑋3

𝐷23
−

𝑋2

𝐷32

1 1 1 ]
 
 
 
, 𝑁 = [

𝑁1
𝑑

𝑁2
𝑑

𝑁𝑛
𝑑

] and c∇X = [
𝛻𝑋1

𝛻𝑋2

0
] .  

 
The system can then be inverted in the form N = A−1 ∙ c∇X.  
By coupling with the balance equation we obtain: 

𝜕c

𝜕𝑡
+ ∇ ⋅ (−A−1 ⋅ c∇X + c U) = S𝑐𝑜𝑛𝑑  
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With 

𝑐𝑁2
= 𝑐𝑔 − (𝑐𝑋2

+ 𝑐𝑣𝑎𝑝) 

𝑆𝑐𝑜𝑛𝑑 = ℎ𝑐𝑜𝑛𝑑(𝑐𝑣𝑎𝑝 > 𝑐𝑠𝑎𝑡)(𝑐𝑣𝑎𝑝 − 𝑐𝑠𝑎𝑡) 

𝑐𝑠𝑎𝑡 =
𝑃𝑠𝑎𝑡(𝑇)

𝑃𝑔
 

where 𝑃𝑠𝑎𝑡(𝑇) is the vapor saturation pressure and 𝑆𝑐𝑜𝑛𝑑  the vapor to liquid water condensation rate. A 

heat production can be associated: 

  

𝑄𝑐𝑜𝑛𝑑 = 𝑆𝑐𝑜𝑛𝑑𝐿𝑣(𝑇) 

 

The binary diffusion coefficients are taken from Transport Phenomena: 

𝐷𝐻2,𝑁2
=

2.46 ∙ 10−6𝑇2.334

𝑃𝑔
 

𝐷𝑂2,𝑁2
=

6.43 ∙ 10−5𝑇1.823

𝑃𝑔
 

𝐷𝐻2,𝑣𝑎𝑝 =
2.16 ∙ 10−5𝑇2.334

𝑃𝑔
 

𝐷𝑂2,𝑣𝑎𝑝 =
4.26 ∙ 10−5𝑇2.334

𝑃𝑔
 

𝐷𝑁2,𝑣𝑎𝑝 =
4.45 ∙ 10−6𝑇2.334

𝑃𝑔
 

• Boundary conditions: 

CH_ea, CH_ec: 
−𝑋𝑋2

+ 𝑋𝑋2,0 = 0 

−𝑋𝑣𝑎𝑝 + 𝑋𝑣𝑎𝑝,0 = 0 

with 

𝑋𝑖 =
𝑐𝑖

𝑐𝑔

 

i_CH_MEA: 

(𝐍𝑖
𝑑 + 𝑐𝑖𝐔) − 𝐍𝑖 = 0 
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2.2.2.3 Gas diffusion in porous media: Young and Todd 

• Equations used to calculate the motion of gases inside the porous media: the GDL and the MPL. 
The motion can results from both diffusion (several gases) and convection. Concerning steam, 
condensation and vaporization are taken into account (liquid vaporized flux minus steam 
condensed one). 

• Domains : GDL_a, GDL_c, MPL_a, MPL_c, CL_a, CL_c 
• Working variables : 𝑐𝑋2

 𝑐𝑁2
 𝑐𝑣𝑎𝑝 

• Equations 

𝜖
𝜕𝑐𝑋2

𝜕𝑡
= −∇ ∙ 𝐍𝑋2

− 𝑆𝑋2
𝑎  

𝜖
𝜕𝑐𝑁2

𝜕𝑡
= −∇ ∙ 𝐍𝑁2

− 𝑆𝑁2
𝑎  

𝜖
𝜕𝑐𝑣𝑎𝑝

𝜕𝑡
= −∇ ∙ 𝐍𝑣𝑎𝑝 + 𝑆𝐻2𝑂

𝑑 − 𝑆𝑐𝑜𝑛𝑑 + 𝑆𝑒𝑣𝑎𝑝 

 

where the flux N𝑖 are the solutions obtained from: 
𝑐𝑔𝜖

𝛕2
𝛁𝑋𝑖 = ∑[

𝑋𝑖𝐍𝑗

(𝐷𝐴)𝑗𝑖

−
𝑋𝑗𝐍𝑖

(𝐷𝐴)𝑖𝑗

]

𝑗≠𝑖

 

for 𝑖 = {𝑋2, 𝑣𝑎𝑝},  𝑗 = {𝑋2, 𝑁2, 𝑣𝑎𝑝} 

and 
𝜖

𝛕2
𝛁𝑃𝑔 = −𝐀𝐀 ∑𝑀

𝑖

1
2⁄ 𝐍𝑖

𝑖

 

for 𝑖 = {𝑋2, 𝑁2, 𝑣𝑎𝑝} 

Note: this last equation is equivalent to Darcy one when 𝐷𝑖
𝑘~∞ where the velocity is 𝑢𝑔 defined hereafter. 

Note: in the cases that interest us, this system of equations of the form ∇c = A ∙ N can be inverted in the 

form N = A−1 ∙ ∇c if necessary to reveal a "multi-species diffusion tensor" A−1. 
𝑋2 = 𝐻2 in GDL_a, MPL_a, CL_a 

𝑋2 = 𝑂2 in GDL_c, MPL_c, CL_c 
 
 

1

(𝐷𝐴)𝑖𝑗

=
1

𝐷𝑖𝑗

+
1

𝐷𝑖
𝑘 

1

𝐀𝐀

=
1

𝐀𝐂

+
1

𝐴𝐾

 

𝐷𝑖
𝑘 =

2𝑅𝑝

3
√

8𝑅𝑇

𝜋𝑀𝑖

 

𝐴𝐾 =
3

4𝑅𝑝

(
𝜋𝑅𝑇

2
)

1
2⁄

 

𝐀𝐂 =
𝜀𝜇𝑔

𝑐𝑔𝛕2𝐊𝐾𝑟𝑔(𝑠) ∑ 𝑋𝑖𝑀𝑖

1
2⁄

𝑖
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Relative permeability [16]: 

𝐾𝑟𝑔(𝑠) = (1 − 𝑠)3 

Note: the parameters 𝜖, 𝜏, 𝐾, 𝑅𝑝 are different according to the domains. In other versions of the model 

(which take into account deformations), they can also vary within a domain but these variations remain 
constant over time; they are therefore constant volume fields. 
We define in addition (for the boundary condition with the channel): 

 

𝐔𝑔 = (
𝑈𝑔

𝑉𝑔
) =

𝐍𝑋2
+ 𝐍𝑁2

+ 𝐍𝑣𝑎𝑝

𝑐𝑔

 

 

• Boundary conditions 

i_CH_MEA: 

−𝑐𝑖 + 𝑐𝑖
𝐶𝐻 = 0 

where 𝑐𝑖
𝐶𝐻 is the value of 𝑐𝑖 in the domains CH_a and CH_c. 

Elsewhere: 
𝐍𝑖 ∙ 𝐧 = 0 

 

Note: in the current resolution with COMSOL, the equations in porous media are everywhere the same and 
the physical properties of the porous medium vary from one domain to another. This is implicitly to impose 
continuity of flows and concentrations at the interfaces. 
 

2.2.2.4 Dissolved species in the ionomer 

• Diffusion flux of dissolved gases inside the membrane ([1], [17]) using Fick law. 
• Species: Hydrogen, Nitrogen and Oxygen 
• Domains:  

CL_a, MB for 𝐻2 

CL_c for 𝑂2 

CL_a, MB, CL_c for 𝑁2 

• Working variables : 𝑎𝐻2
 𝑎𝑂2

 𝑎𝑁2
  

• Equations : 

(1 − 𝜖)𝜖𝑖𝑜𝑛𝑜𝑚𝑒𝑟𝐶𝑖
𝑟𝑒𝑓 𝜕𝑎𝑖

𝜕𝑡
= −∇ ∙ (𝐍𝑖

𝑎) + 𝑆𝑖
𝑎 + 𝑆𝑖 

𝐍𝑖
𝑎 = −𝐃𝑖,𝑒𝑓𝑓

𝑎 𝐶𝑖
𝑟𝑒𝑓

𝛁𝑎𝑖 

𝐶𝑖
𝑟𝑒𝑓

= 𝑃𝑟𝑒𝑓𝐻𝑖
𝑖𝑜𝑛𝑜𝑚𝑒𝑟 

𝐃𝑖,𝑒𝑓𝑓
𝑎 =

(1 − 𝜖)𝜖𝑖𝑜𝑛𝑜𝑚𝑒𝑟

𝛕𝑖𝑜𝑛𝑜𝑚𝑒𝑟
2 𝐷𝑖

𝑎 

 

Correction due to porosity and tortuosity is written as proposed by Epstein [18]. It can be noted that N𝑖
𝑎, the 

in-plane diffusion in the ionomer of the CL is negligible compared to the diffusion in the gas (pores) phases. 

It is nevertheless kept in the model for numerical reasons (it avoids empty equations sets). 
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With, inside the domains CL_a and CL_c : 
𝑖 = {𝐻2, 𝑂2, 𝑁2} 

𝑆𝑖
𝑎 = 𝛾𝐶𝐿ℎ𝑖(𝐶𝑖

𝑒𝑞
− 𝐶𝑖) 

𝐶𝑖
𝑒𝑞

= 𝑃𝑖𝐻𝑖
𝑛𝑎𝑓

 (“𝑛𝑎𝑓” here, in accordance with the definition of ℎ𝑖) 

𝐶𝑖 = 𝑎𝑖𝐶𝑖
𝑟𝑒𝑓

 

𝑎𝑖
𝑒𝑞

=
𝑃𝑖

𝑃𝑟𝑒𝑓

 

𝑃𝑖 = 𝑐𝑖𝑅𝑇 

The thickness of the water and ionomer films are given by: 

𝑒𝑤𝑎𝑡𝑒𝑟 =
𝑠𝜖

𝛾𝐶

 

𝑒𝑖𝑜𝑛𝑜𝑚𝑒𝑟 =
(1 − 𝜖)𝜖𝑖𝑜𝑛𝑜𝑚𝑒𝑟

𝛾𝐶

 

where 𝛾𝑃𝑡 and 𝛾𝐶 are the developed surfaces of platinum and carbon in the catalyst layer (m²/m³CL). 

The global kinetic ℎ𝑖 is defined as: 

ℎ𝑖 =
𝐻𝑖

𝑤𝑎𝑡𝑒𝑟

𝐻𝑖
𝑖𝑜𝑛𝑜𝑚𝑒𝑟

ℎ𝑖
𝑤𝑎𝑡𝑒𝑟 +

𝐻𝑖
𝑤𝑎𝑡𝑒𝑟

ℎ𝑖
𝑖𝑜𝑛𝑜𝑚𝑒𝑟

 

ℎ𝑖
𝑚𝑒𝑑𝑖𝑎 =

1

1

𝑘𝑖
𝑖𝑛𝑡,𝑚𝑒𝑑𝑖𝑎 +

𝑒𝑚𝑒𝑑𝑖𝑎

𝐷𝑖
𝑚𝑒𝑑𝑖𝑎

 

 

A Henry’s law is used at the ionomer/pore interface, with the coefficient: 

𝐻𝑖
𝑚𝑒𝑑𝑖𝑎 = 𝑘0

𝐻 𝑒𝑥𝑝(𝑘1
𝐻𝑎𝐻2𝑂) 𝑒𝑥𝑝 (𝑘𝑇

𝐻 (
1

𝑇
−

1

298.15
)) 

 

An interfacial absorption/desorption kinetic is used at the interface: 

𝑘𝑖
𝑖𝑛𝑡,𝑚𝑒𝑑𝑖𝑎 = 𝑘0

𝑖𝑛𝑡 𝑒𝑥𝑝(𝑘1
𝑖𝑛𝑡𝑎𝐻2𝑂) 𝑒𝑥𝑝 (−𝑘𝑇

𝑖𝑛𝑡 (
1

𝑇
−

1

298.15
)) 

 

And a diffusion coefficient is used for the species in the ionomer: 

𝐷𝑖
𝑚𝑒𝑑𝑖𝑎 = 𝑘0

𝐷 𝑒𝑥𝑝(𝑘1
𝐷𝑎𝐻2𝑂) 𝑒𝑥𝑝 (−𝑘𝑇

𝐷 (
1

𝑇
−

1

298.15
)) 

 
 

For the Nafion [1], [17], [19] and [20]: 

 



NIMPHEA_D4.4 Simulation of the electrochemical interface   

© NIMPHEA Consortium Sensitive  20 | P a g e  

 KH0 KHT KD0 kDT 

Hydrogen 3.8007e-04 1.0885e+03 4.1e-7 2602 

Oxygen 1.0580e-04 707.2408 3.1e-7 2768 

Nitrogen 6.4000e-06 1.3000e+03 4.24e-6 2246 

In this (default) case kH1=0, KD1=0, kint0=1, kint1=0, kintT=0 (kint0=1 is a very high value, so that interfacial 
kinetic is not a limiting phenomena). 
 

• Boundary conditions 

𝐍𝑁2
𝑎 ∙ 𝐧 = 0 for all external interfaces 

𝐍𝑂2
𝑎 ∙ 𝐧 = 0 for all external interfaces 

𝐍𝐻2
𝑎 ∙ 𝐧 = 0 for all external interfaces, except at i_MB_CL_c where 𝐶𝐻2

= 0 

 

2.2.2.5 Water in the ionomer 

• Motion of water inside the membrane due to diffusion and electro-osmosis. 
• Domains : CL_a, MB, CL_c 
• Working variables: 𝑎𝐻2𝑂  

• Equations 

Molar species balance: 

(1 − 𝜖)𝜖𝑖𝑜𝑛𝑜𝑚𝑒𝑟𝐶𝑆𝑂3−𝜆′
𝜕𝑎𝐻2𝑂

𝜕𝑡
= −∇ ∙ (𝐍𝐻2𝑂) − 𝑆𝐻2𝑂

𝑑 + 𝑆𝐻2𝑂 − (1 − 𝜖)𝜖𝑖𝑜𝑛𝑜𝑚𝑒𝑟𝜆
𝜕𝐶𝑆𝑂3−

𝜕𝑡
 

𝐍𝐻2𝑂 = 𝑛𝑑

I𝑖
𝐹

− 𝐃𝑤,𝑒𝑓𝑓(𝐶𝑆𝑂3−𝜆′∇𝑎𝐻2𝑂 + 𝜆∇𝐶𝑆𝑂3−) 

𝜆 = 𝑓𝜆 (𝑎𝐻2𝑂), 𝜆′ = 𝑓′𝜆 (𝑎𝐻2𝑂) 

 

Diffusion [12], [21] and [22]: 

𝐷𝑤 = 𝑘0
𝐷𝑤(1 + 𝑘1

𝐷𝑤)exp (−𝑘𝑇
𝐷𝑤 (

1

𝑇
−

1

298.15
)) 

𝐃𝑤,𝑒𝑓𝑓 =
(1 − 𝜖 )𝜖𝑖𝑜𝑛𝑜𝑚𝑒𝑟

𝛕𝑖𝑜𝑛𝑜𝑚𝑒𝑟
2 𝐷𝑤 

 

Electro-osmosis [9]: 

𝑛𝑑 = 𝑘0
𝑑 + 𝑘1

𝑑𝜆 + 𝑘2
𝑑𝜆2 

 

For Nafion : 𝑘0
𝑑=1, 𝑘1

𝑑=0.028, 𝑘2
𝑑=0.0026 

 
In the domains CL_a, CL_c [1], [11], [21] and [23] : 

𝑆𝐻2𝑂
𝑑 = ℎ𝐻2𝑂𝛾𝐶𝐿𝐶𝑆𝑂3− (𝜆 − 𝑓𝜆 (𝑎𝐻2𝑂

𝑒𝑞
)) 

 

 

The overall absorption/desorption kinetic is given by: 
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ℎ𝐻2𝑂 =
1

1
𝑘𝑖𝑛𝑡 +

𝐷𝑤

𝑒𝑖𝑜𝑛𝑜𝑚𝑒𝑟

 

 

The interfacial absorption/desorption kinetic is given by: 

𝑘𝑖𝑛𝑡 = 𝑘0
𝑖𝑛𝑡 exp (−

𝑘𝑇
𝑖𝑛𝑡

𝑅𝑇
) 

 

The water sorption isotherm for Nafion is for example given by: 

𝑓𝜆(𝑎𝐻2𝑂) = 0.043 + 17.81𝑎𝐻2𝑂 − 39.85𝑎𝐻2𝑂
2 + 36𝑎𝐻2𝑂

3 

 

Concentration, activity and partial pressure are defined: 

𝐶𝐻2𝑂 = 𝜆𝐶𝑆𝑂3− 

𝑎𝐻2𝑂
𝑒𝑞

=
𝑃𝑣𝑎𝑝

𝑃𝑠𝑎𝑡(𝑇)
 

𝑃𝑣𝑎𝑝 = 𝑐𝑣𝑎𝑝𝑅𝑇 

 

Water in ionomer is considered as liquid in terms of enthalpy, so a heat consumption has to be associated 

with desorption (as water is considered appearing in vapor form in the pores): 

𝑄𝐻2𝑂
𝑑 = −𝑆𝐻2𝑂

𝑑 𝐿𝑣(𝑇) 

• Boundary conditions: 

𝐍𝐻2𝑂 ∙ 𝐧 = 0 

 

Takin into account the ionomer swelling in the catalyst layer: computation of the resulting porosity in the 

catalyst layer and sulfonic sites concentration. 

Considering the dry ionomer, the volume of the pores, ionomer and carbon+platinum can be expressed: 

𝑉𝑝𝑜𝑟
𝑑𝑟𝑦

= 𝜖𝑑𝑟𝑦𝑉 

𝑉𝑖𝑜𝑛𝑜𝑚𝑒𝑟
𝑑𝑟𝑦

= 𝜖𝑖𝑜𝑛𝑜𝑚𝑒𝑟
𝑑𝑟𝑦 (1 − 𝜖𝑑𝑟𝑦)𝑉 

𝑉𝐶𝑃𝑡 = (1 − 𝜖𝑛𝑎𝑓
𝑑𝑟𝑦

)(1 − 𝜖𝑑𝑟𝑦)𝑉 

Taking into account the swelling, we have: 

𝑉𝑝𝑜𝑟 =  𝜖𝑉 

𝑉𝑖𝑜𝑛𝑜𝑚𝑒𝑟 = 𝑟𝑛𝑎𝑓  𝜖𝑛𝑎𝑓
𝑑𝑟𝑦

 (1 − 𝜖𝑑𝑟𝑦)𝑉 
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where 𝑟𝑛𝑎𝑓 = 1 + 𝜆
𝑀𝐻2𝑂

𝐸𝑊

𝜌𝑑𝑟𝑦

𝜌𝑙𝑖𝑞(𝑇)
 is the swelling ratio of the ionomer 

As 𝑉𝑝𝑜𝑟 = 𝑉 − (𝑉𝑛𝑎𝑓 + 𝑉𝐶𝑃𝑡) , the wet porosity and volume fraction of ionomer in the solid phase can be 

extracted: 

𝜖 = 1 − (1 − 𝜖𝑑𝑟𝑦) (1 + 𝜖𝑛𝑎𝑓
𝑑𝑟𝑦

(𝑟𝑛𝑎𝑓 − 1)) 

𝜖𝑛𝑎𝑓 =
𝑟𝑛𝑎𝑓𝜖𝑛𝑎𝑓

𝑑𝑟𝑦

1 + 𝜖𝑛𝑎𝑓
𝑑𝑟𝑦

(𝑟𝑛𝑎𝑓 − 1)
 

 

2.2.2.6 Ionic transport 

• Protonic conduction inside the membrane and the catalyst layers. 
• Domains: CL_a, CL_c, MB 
• Working variable: 𝛷 
• Equations 

Domains CL_a, CL_c: 

𝐶𝑑𝑙

∂Φ

∂t
+ ∇ ∙ 𝐈𝑖 = 𝑖𝑒 + 𝐶𝑑𝑙

𝜕Ψ

𝜕𝑡
 

Domain MB: 
∇ ∙ 𝐈𝑖 = 0 

with 

𝐈𝑖 = −𝛋𝑒𝑓𝑓 ∙ 𝛁Φ 

 

where [9], [18] and [21]: 

𝛋𝑒𝑓𝑓 =
(1 − 𝜖 )𝜖𝑖𝑜𝑛𝑜𝑚𝑒𝑟

𝛕𝑖𝑜𝑛𝑜𝑚𝑒𝑟
2 𝜅 

 

Heat production is associated with ohmic losses (Joule effect): 

𝑄𝑖
𝑗𝑜𝑢𝑙𝑒

= −𝐈𝑖 ∙ 𝛁Φ 

 

 

The ionic conductivity is given by [9], [18] and [21]: 

𝜅 = 𝑘1(𝜆 − 𝑘3)
𝑘2𝑒

𝑘𝑇(
1
𝑇0

−
1
𝑇
)
 

 

• Boundary conditions 

𝐈𝑖 ∙ 𝐧 = 0 
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2.2.2.7 Electrical transport 

• Electric conduction inside all the solid materials except the membrane. 
• Domains : BP_a, BP_c, GDL_a, GDL_c, MPL_a, MPL_c, CL_a, CL_c 
• Working variable: 𝛹 
• Equations 

Domains CL_a, CL_c: 

𝐶𝑑𝑙

∂Ψ

∂t
+ ∇ ∙ 𝐈𝑒 = −𝑖𝑒 + 𝐶𝑑𝑙

𝜕Φ

𝜕𝑡
 

Other domains: 
∇ ∙ 𝐈𝑒 = 0 

With 

𝐈𝑒 = −𝛔𝑒𝑓𝑓 ∙ 𝛁Ψ 

 

Heat production is associated with ohmic losses (Joule effect): 

 

𝑄𝑒
𝑗𝑜𝑢𝑙𝑒

= −𝐈𝑒 ∙ 𝛁Ψ 

 

 

• Boundary conditions 

i_BP_a:  
Ψ = 0 

i_BP_c:  
𝐈𝑒 ∙ 𝐧 = 𝐼0 

i_MB_CL_a and i_MB_CL_c and everywhere else:  
𝐈𝑒 ∙ 𝐧 = 0 

Note: the boundary conditions between "internal" domains are not expressed because they are implicitly 

taken into account in the COMSOL calculation but they correspond to conditions of continuity of the flow 

and the value. 
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2.2.2.8 Thermal heat transfer 

• Heat equation based on the Fourier’s law. The heat is generated inside the catalyst layer where 
the electrochemical reaction takes place. The heat is release to the cooling circuit through the 
MPL, the GDL and the channels. Only the conduction and the balance on the solid parts are 
taken into account in the current implementation. 

• Domains: all 
• Working variable : 𝑇 
• Equations 

𝜖 (𝜌𝑐𝑝 + ∑ 𝑐𝑖𝐶𝑝𝑖)
𝜕𝑇

𝜕𝑡
+ ∇ ∙ (−𝛌 ∙ 𝛁𝑇) = 𝑄𝑐𝑜𝑛𝑣 + 𝑄𝑟𝑒𝑎𝑐 + 𝑄𝑝𝑒𝑟𝑚 + 𝑄𝐻2𝑂

𝑑 + 𝑄𝑒
𝑗𝑜𝑢𝑙𝑒

+ 𝑄𝑖
𝑗𝑜𝑢𝑙𝑒

+ 𝑄𝑐𝑜𝑛𝑑/𝑒𝑣𝑎𝑝 

where 𝑄𝑐𝑜𝑛𝑣 is the heat transport related to convection of the species : 

𝑄𝑐𝑜𝑛𝑣 = −∑𝛁𝐻𝑖(𝑇) ∙ 𝐍𝑖 

 

• Boundary conditions: 

i_BP_MEA : 
𝑇 = 𝑇0 

Elsewhere: 
−𝛌 ∙ 𝛁𝑇 = 0 

 

2.2.2.9 Electrochemistry 

• Calculation of the potential and current density inside the catalyst layer where the 
electrochemical reactions takes place. Calculation of the Nernst ([24], [25] and [26]) potential 
(Erev). Calculation of the current density ir as function of the overpotential using the Butler-
Volmer equation. The over-potential  is function of the electrical and ionic potentials and the 
reversible potential. The exchange current density i0 involved in the Butler-Volmer relation is 
function of the species activities aj and the kinetic rates k. See also memo LMP-PS01 and LMP-
PS02. 

• Domains : CL_a, CL_c 
• Working variable: none ("closure" relationships only) 
• Equations: 

Butler-Volmer formulation “Direct kinetics” formulation 

𝐸𝑟𝑒𝑣 = −
∆𝐺°

𝑛𝐹
+

𝑅𝑇

𝑛𝐹
log(∏𝑎

𝑗

𝜈𝑗

𝑗

) 

𝑖𝑟 = 𝑖0𝛾𝑃𝑡 [exp (
𝛼𝑛𝐹

𝑅𝑇
𝜂) − exp (−

(1 − 𝛼)𝑛𝐹

𝑅𝑇
𝜂)] 

𝜂 = (Ψ − Φ) − 𝐸𝑟𝑒𝑣  

𝑖0 = 𝑖0
∘ (∏ 𝑎

𝑗

𝛾𝑗

𝜈𝑗>0

)

1−𝛼

(∏ 𝑎
𝑗

−𝛾𝑗

𝜈𝑗<0

)

𝛼

 

 

𝑖0
∘ = 𝑛𝐹(𝑘𝑜𝑥

° )1−𝛼(𝑘𝑟𝑒𝑑
° )

𝛼
 

 

𝑣𝑜𝑥 = 𝑘𝑜𝑥  exp (
𝛼𝑛𝐹

𝑅𝑇
𝐸) 

𝑣𝑟𝑒𝑑 = 𝑘𝑟𝑒𝑑  exp (−
(1 − 𝛼)𝑛𝐹

𝑅𝑇
𝐸) 

𝐸 = Ψ − Φ 

𝑘𝑜𝑥 = 𝑘𝑜𝑥
° ∏ 𝑎

𝑗

𝛾𝑗

𝜈𝑗>0

 

𝑘𝑟𝑒𝑑 = 𝑘𝑟𝑒𝑑
° ∏ 𝑎

𝑗

−𝛾𝑗

𝜈𝑗<0

 

𝑖𝑟 = 𝑛𝐹(𝑣𝑜𝑥 − 𝑣𝑟𝑒𝑑) 
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Note: 

The difference between the two methods lies in their mathematical formulations. 

The "classical" formulation of Butler-Volmer has an analytical interest as it highlights overpotential and 

equilibrium potential (Nernst). 

The direct formulation is valuable because it remains applicable when there is no equilibrium (for example, 

when there is no more O2 or H2). It is slightly more numerically robust (and not more difficult to implement). 

However, when the reaction orders are changed (and are no longer equal to the stoichiometric coefficients 

of the reaction), the models are no longer entirely equivalent. 

 

By default, the reaction order 𝛾𝑗 is considered equal to the stoichiometric coefficient 𝜈𝑗 of the reaction. This 

is thermodynamically consistent and supposedly true for an elementary reaction. Now, as HOR and 

especially ORR, are far from elementary electrochemical reaction, the reaction order (for the reactant and 

products) is usually fitted on experimental results. 

𝑘𝑜𝑥
° = 𝑘° 𝑇 exp (−

Δ𝐺𝑜𝑥
∗

𝑅𝑇
) 𝑘𝑟𝑒𝑑

° = 𝑘° 𝑇 exp (−
Δ𝐺𝑟𝑒𝑑

∗

𝑅𝑇
) 

𝑘° =
𝑘𝐵

𝑠0 𝑁𝐴ℎ
 

where is 𝑘𝐵 the Boltzmann constant, 𝑠0 the average atomic surface of the platinum, 𝑁𝐴 the Avogadro 

number and ℎ the Planck constant. The Gibbs activation energies are decomposed as: 

 

Δ𝐺𝑜𝑥
∗ = Δ𝐻𝑜𝑥

∗ − 𝑇Δ𝑆𝑜𝑥
∗  

Δ𝐺𝑟𝑒𝑑
∗ = ΔG° + Δ𝐺𝑜𝑥

∗  

 

where ΔG° = Δ𝐻° − 𝑇Δ𝑆° is the reaction free enthalpy at reference pressure 𝑃𝑟𝑒𝑓, but actual temperature. 

The reactions enthalpy and entropy Δ𝐻° and Δ𝑆°  are computed from the thermodynamical data [27] for 

the involved species. 

 

 

Heat production: 

𝑄𝑟𝑒𝑎𝑐 = ((Ψ − Φ) +
Δ𝐻°

𝑛𝐹
) 𝑖𝑒 
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For each electrode, these equations lead to: 
 
Domain: CL_a 

𝑖𝑒 = 𝑖𝑟 

𝑖0 = 𝑖0
∘𝑎𝐻2

(1−𝛼𝑎)𝛾𝐻2𝑎
𝐻+

𝛼𝑎𝛾
𝐻+

 

𝑆𝐻2
= −

𝑖𝑟
2𝐹

 

𝑆𝑁2
= 0 

𝑆𝐻2𝑂 = 0 

 
Domain: CL_c 

𝑖𝑒 = 𝑖𝑟 + 𝑖𝑝 

𝑖0 = 𝑖0
∘𝑎𝑂2

𝛼𝑐𝛾𝑂2𝑎
𝐻+

𝛼𝑐𝛾𝐻+
𝑎𝐻2𝑂

(1−𝛼𝑐)𝛾𝐻2𝑂
 

𝑆𝑂2
=

𝑖𝑟
4𝐹

 

𝑆𝑁2
= 0 

𝑆𝐻2𝑂 = −
𝑖𝑟
2𝐹

 

𝑖𝑝 =
𝐼𝑝

𝑒𝐶𝐿𝑐

 

With 𝐼𝑝 taken at the interface i_MB_CL_c: 

𝐼𝑝 = 2𝐹𝐍𝐻2
𝑎 ∙ 𝐧 

(where 𝐧 is the membrane/catalyst layer interface normal vector) 

 
A heat source is caused by the permeation current: 

𝑄𝑝𝑒𝑟𝑚 = − 
∆𝐻𝑎

° + ∆𝐻𝑐
°

𝑛𝐹
 𝐼𝑝 

 
 
The electrochemical equations can also be written in “direct” form (without introducing the reversible 
potential and the exchange current density) as described in [10] and [11]. 
 
Note: The density of active sites is assumed to be homogeneous throughout the volume of the catalyst 
layer. The model does not take into account any specific structure or organisation of the Pt nanoparticles 
within the CL and therefore of the catalytic sites. The distribution of catalyst sites is assumed to be 
homogeneous throughout the thickness of the CL. Heterogeneities in distribution could occur at the 
nanometre scale and differences in structure at the atomic scale. The heterogeneity in the distribution at 
the nanometre scale will affect the local transport limitations. The structure of the catalytic site should 
primarily change its activity. This implies that all the electrochemical and transport parameters estimated 
by fitting the experimental data to the model are averaged values. 
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3 Adaptation to high temperature and PBI membrane 

There are several steps involved in adapting PEM models to HT: 

ensuring the validity of the various correlations and laws used: gas diffusion coefficients, fluid 
viscosities, material properties; 
replacing the properties of the electrolytes used at low temperatures with those of PBI membranes 
and phosphoric acid. 

The properties required for the simulation are taken from the bibliography (see section 7). 

3.1.1 PBI membrane ionic conductivity 

The conductivity of PBI membranes was measured by Q.F. Li, H.C. Rudbeck, A. Chromik, J.O. Jensen, C. 

Pan, T. Steenberg, M. Calverley, N.J. Bjerrum, J. Kerres, “Properties, degradation and high temperature 

fuel cell test of different types of PBI and PBI blend membranes”, Journal of Membrane Science, Volume 

347, Issues 1-2, 2010, Pages 260-270. 

This conductivity is modelled by a law of the form : 

𝜎 =  𝑘1(𝑅𝐻 − 𝑘3)
𝑘2exp (𝑘𝑇 (

1

303.15
−

1

𝑇
)) 

which has been calibrated on the experimental points (see section 4). 

3.1.2 Phosphoric acid properties in CL 

The modifications concern the properties of the PA in the active layers: composition and conductivity as a 

function of RH and oxygen diffusion coefficient through a PA film. 

Two articles were used: 

that of Melchior et al. [28], which proposes a formalism for PA very similar to that used for ionomer in 
PEMFCs. The authors introduce the concept of water content (λ), which makes it possible to establish 
a link between RH (or water activity) and the ionic conductivity of phosphoric acid. 
That of Scharifker [29], who measured the solubility and diffusion of oxygen in PA. 
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3.1.2.1 Water content of PA in CL 

The sorption isotherm for phosphoric acid is as illustrated in Figure 11 (equilibrium water content as a 

function of water activity), according to Melchior [28]: 

 

Figure 11: Water content as a function of water activity 

The water concentration (in mol/m3) is defined as a function of the water content loading λ by: 

𝐶𝐻2𝑂 = 
1

𝑀𝐻2𝑂

𝜌𝑙𝑖𝑞
+

1
λ𝐻3𝑃𝑂4

𝑀𝐻3𝑃𝑂4

𝜌𝐻3𝑃𝑂4

 

With: 

λ𝐻3𝑃𝑂4 = 
λ𝑃2𝑂5 − 3

2
 

λ𝑃2𝑂5 =  λ = [𝐻2𝑂]/[𝑃2𝑂5] 

Mass fractions are defined by: 

w𝐻3𝑃𝑂4 =
1

1 + λ𝐻3𝑃𝑂4  
𝑀𝐻2𝑂

𝑀𝐻3𝑃𝑂4

 

𝑤𝑃2𝑂5 =
1

1 + λ𝑃2𝑂5  
𝑀𝐻2𝑂

𝑀𝑃2𝑂5
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3.1.2.2 PA ionic conductivity in CL 

The proton conductivity of the PA is estimated from the water content according to the curve (see Figure 

12), according to Melchior [28]: 

 

Figure 12 : PA ionic conductivity as a function of water content 

 

3.1.2.3 Diffusion and solubility of oxygen in PA 

Oxygen diffusion through the PA film is calculated according to Scharifker [29]: 

𝐷𝑂2
= 𝑘1𝑒

−
𝑘2
𝑇  

The coefficients were determined according to [29]: 

k1 = 1.37 E-6 m²/s 

k2 = 2605 K 

The solubility (Henry) is expressed as: 

𝐻𝑂2
= 𝑘1𝑒

𝑘2(
1
𝑇
−

1
298.15

)
 

With 

k1 = 5.052 E-7 mol/m3/Pa 

k2 = 1077 K 
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3.1.2.4 Phosphoric acid adsorption in CL 

The adsorption of PA in CL is taken into account with the help of θH3PO4, which is the ratio of the surface of 

PA adsorption sites to the Pt surface.  

The surface coverage θH3PO4 is used as a factor to modify (decrease) the specific surface area of Pt 

(Platinum rugosity) which represents the surface of Pt available for ORR divided by the electrode volume. 

Let’s consider  

𝛾𝑃𝑇: specific surface area in m2/m3 

and 

𝜃𝐻3𝑃𝑂4: surface coverage of PA 

 

Then after adsoption: 

𝛾𝑃𝑇
𝑎𝑑 = 𝛾𝑃𝑇  . (1 − 𝜃𝐻3𝑃𝑂4)  

The surface coverage θH3PO4 is described experimentally according to the article [30] of P. Zelenay et al. 

According to the article, the evolution of PA adsorption depends on temperature and potential. The values 

of the article [30] are used to create a map of θH3PO4 as a function of temperature and potential.  

The Figure 13 is based on data from this article: 

 

Figure 13 : Surface coverage θH3PO4 as a function of T and potential 

The figure shows an extremum of θH3PO4 for a potential of approximately 0.8 V and a decrease of Θ with 

increasing temperature. 
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3.1.2.5 Other properties 

The diffusion coefficient of water in the PA (in m²/s) and the electro-osmosis coefficient were also updated: 

𝐷𝐻2𝑂 = 4.66 . 10−10 λ − 8.66 . 10−10  

𝑎𝑒𝑜 = −0.037(λ − 3)(λ − 12.1) , if λ > 3 

The thickness of the PA film covering the catalyst needs to be estimated. This can be done from the volume 

fraction of acid in the acid + carbon phase and the specific surface area of carbon. 

𝑒𝐻3𝑃𝑂4 = 
(1 − 𝜖)𝜖𝐻3𝑃𝑂4

𝛾𝑐𝑎𝑟𝑏𝑜𝑛

 

The acid fraction is recalculated from the initial dry fraction and water content so as to fill the pores without 

modifying the solid phase (carbon): 

𝜖𝐻3𝑃𝑂4 = 
𝑟𝐻3𝑃𝑂4 𝜖𝐻3𝑃𝑂4

𝑑𝑟𝑦

1 + (𝑟𝐻3𝑃𝑂4 − 1) 𝜖𝐻3𝑃𝑂4
𝑑𝑟𝑦  

where 𝑟𝐻3𝑃𝑂4is the PA swelling ratio as a function of water content: 

𝑟𝐻3𝑃𝑂4 = 1 +
2

3
λ𝐻3𝑃𝑂4 

The pore radius of the CL is also recalculated, assuming that as the acid swells with water, it invades the 

pores uniformly: 

𝑅𝑝 = 𝑅𝑝
𝑑𝑟𝑦

(
𝜖

𝜖𝑑𝑟𝑦
)
1/3

 

where the porosity 𝜖 of the CL is calculated according to : 

𝜖 = 1 − (1 − 𝜖𝑑𝑟𝑦)(𝑟𝐻3𝑃𝑂4 + 𝜖𝐻3𝑃𝑂4
𝑑𝑟𝑦 (1 − 𝑟𝐻3𝑃𝑂4)) 
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4 Calibration of the model parameters 

4.1 Calibration methodology 

Calibrations are carried out using experimental data on differential cells: A6334-SAMP5562. 

These experimental data are made by CEA with ADVENT PBI membrane based MEA. 

The operating conditions below are applied as a function of: 

Temperature, 
Relative humidity, 
Pressure, 
H2 and O2 fractions. 

The following table resumes the OC. 

Table 2: Experimental design for differential cell testing 

OC T(°C) RH (%) P (bar) XX_H2 XX_O2 

1 160 0 1 1 0.21 

2 160 0 1 0.2 0.21 

3 160 0 2.5 1 0.21 

4 180 0 2.5 1 0.21 

5 180 0 1 1 0.21 

6 180 0 1 0.2 0.21 

7 180 2 1 1 0.1 

8 180 2 2.5 1 0.1 

9 180 2 1 0.2 0.1 

10 160 3 1 0.2 0.1 

11 160 3 1 1 0.1 

12 160 3 2.5 1 0.1 

13 160 0 1 1 0.21 

14 120 5 1 1 0.15 

15 160 0 1 1 0.21 

16 160 3 1.18 1 0.21 

17 160 5 1.3 1 0.21 

18 160 10 1.46 1 0.21 

 

The EuROPIUM model is generally calibrated using differential cell tests. This makes it possible to avoid 

‘inlet/outlet’ heterogeneities depending on the direction of gas flow and to work with MEA models in cross-

section perpendicular to the channels. The high stoichiometry ratios inherent in differential cell operation 

mean that there is very little variation in gas composition (hydrogen fraction, oxygen, relative humidity) 

between the cell inlet and outlet. Similarly, because the active surface area is small compared with the 

thickness of the bipolar and clamping plates, cooling and temperature can be considered to be 

homogeneous.  

Consequently, the current density is uniform over the cell surface and the boundary conditions are known 

at the channel level. 

In principle, a calibration procedure involves the following steps. These steps may be modified according 

to the input data in our possession and any simulation difficulties encountered. 
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4.1.1 Step 0 

Before embarking on calibration, it is helpful to specify as completely as possible everything that is known 

or supposed to be known: GDL properties (some data is sometimes supplied by the manufacturer), 

thickness of components (membrane, active layer), sorption isotherm if available, etc. 

4.1.2 Step 1 

If reliable high-frequency resistance measurements are available, we can begin by calibrating the proton 

resistance of the membrane. This calibration assumes that the other purely ohmic losses (contact 

resistances and GDL+MPL electrical resistances) are known, as well as the thickness and sorption isotherm 

of the membrane. The principle is to adjust the coef_kappa_* parameters that determine the membrane 

conductivity as a function of its water loading. 

Note: Calibration to the high-frequency resistances is carried out by a transient numerical simulation of the 

model using a high-frequency signal as input. The advantage of this compared with a more analytical 

method is that it reproduces the experiment numerically as faithfully as possible and integrates conductivity 

heterogeneities in the thickness or plane of the different materials. 

4.1.3 Step 2 

To reduce the number of parameters to be calibrated, polarisation curves are generally only used at low 

current densities (typically up to a maximum of 0.1 to 0.3A/cm²). This eliminates gas transport parameters, 

which have no effect on the start of the polarisation curve. It is also recommended that you do not 

necessarily use all the curves available, but try to separate the effects and associated parameters. For 

example, an initial calibration can be carried out using only the curves at a given temperature and relative 

humidity to focus on the influence of the hydrogen and oxygen fractions. This approach limits the time 

needed to obtain an initial calibration of certain model parameters and reduces the risk of the optimisation 

algorithm getting blocked in a local minimum. It is also easier to analyse the results and compare them with 

experiments on a reduced number of curves. 

4.1.4 Step 3 

The next step is to take more polarisation curves into account. For example, use the curves at 2 temperature 

levels and for several gas hydration levels. This stage is always carried out at low current density to try to 

decouple the phenomena as far as possible, by separating the calibration of the electrochemical and 

electrical parameters from the calibration of the parameters affecting the transport of the reactants. 

4.1.5 Step 4 

The next step is to calibrate the transport parameters: mainly the tortuosity of the porous media (GDL, MPL, 

CL), but we generally also come back to the diffusion of gases through the ionomer. For this step, the entire 

polarisation curve must be used, as in principle it is the points at low potential (high current) that are 

sensitive to transport (the so-called ‘diffusion limit’). The calibration is therefore carried out by scanning the 

polarisation curves in potential and comparing the currents (calculated and experimental) rather than the 

other way round, as the achievable current density depends on the experimental conditions for each curve. 

4.1.6 Notes 

Note 1: The model is calibrated on the polarisation curves using a quasi-stationary simulation (with a current 

or voltage sweep). The transient or hysteresis effects observed experimentally and (suspected of being) 

linked to temperature, water loading of the ionomer, oxide formation or other phenomena are therefore not 

taken into account. A decision has to be made on the basis of the experimental results whether to take into 

account the ‘forward’ curve (increase in current), the ‘return’ curve (decrease in current) or an average of 

the two, as the differences are sometimes significant. 
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Note 2: The calibrations in the following paragraphs (4.2 and 4.3) do not show the various stages previously 

described, but summarise the calibrations obtained at the time of publication of this deliverable. 

Note 3: These calibrations are open to improvement and do not represent final results. They will be 

improved in the course of the studies. 

4.2 Calibration of ECP and transport parameters 

The table below summarises the parameters taken into account for these calibrations The values are 

coming from the fitting of the experimental data with the model. 

Table 3: List of calibration parameters coming from fitting of the experimental data with the model – EC and transport 

Parameter name Value example Description 

dHox0_a  1.103 [J/mol] Enthalpy of formation of the activated 
complex (in the oxidation direction) _ anode 

dSox0_a  -273.623[J/(mol*K)] Entropy of formation of the activated complex 
(in the oxidation direction) _ anode 

dHox0_c  1.383e+05 [J/mol] Enthalpy of formation of the activated 
complex (in the oxidation direction) _ cathode 

dSox0_c  -61.239[J/(mol*K)] Entropy of formation of the activated complex 
(in the oxidation direction) _ cathode 

alpha_a  0.517 Anode charge transfer coefficient 

alpha_c  0.001 Cathode charge transfer coefficient 

gamma_H2  1.367 Order of reaction relative to hydrogen 

gamma_O2  -1.954 Order of reaction relative to oxygen 

gamma_H2O  -0.261 Order of reaction relative to water 

coef_Hh_naf_A  8 e-4[mol/m3/Pa]  
Henry law coefficients for H2 coef_Hh_naf_B  0 

coef_Hh_naf_T  1920[K] 

coef_Ho_naf_A  2 e-5[mol/m3/Pa]  
Henry law coefficients for O2 coef_Ho_naf_B  0.002 

coef_Ho_naf_T  1464[K] 

coef_Dh_naf_A  9.6e-13[m2/s]  
Diffusion coefficients for H2 coef_Dh_naf_B  -0.003 

coef_Dh_naf_T  3241[K] 

coef_Do_naf_A  9.783 e-11[m2/s]  
Diffusion coefficients for O2 coef_Do_naf_B  0.006 

coef_Do_naf_T  4238[K] 

tor_CL 1.791 CL tortuosity 

tor_naf_CL 0.550 Ionomer tortuosity in CL 

tor_GDL 2.270 GDL tortuosity 

 

In the model, the OCV depends on the hydrogen permeation current and the cathodic reaction kinetics. 

The parameters likely to affect it are: dHox0_c, dSox0_c, alpha_c, gamma_O2, gamma_H2O, and 

coef_Dh_naf_*_MB. 

In the last part of the polarisation curve, typically when the cell voltage falls below 0.5V or less, transport 

phenomena become predominant. This part of the curve will therefore be affected by the diffusion of the 

reactants through the porous media (GDL, MPL, CL) and through the ionomer of the active layer. The 

parameters to be considered are the tortuosities and the coefficients determining the absorption and 

transport of reactants through the ionomer: coef_H*_naf_*, coef_D*_naf_*. 
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Because of the large number of points and curves, it is difficult to identify a simulated curve that is far from 

the corresponding experimental results. This is why we use a representation that compares the simulated 

voltage and the experimental voltage for a fixed current density (it is also possible to fix the voltage and 

compare the current densities). Each point corresponds to a manipulation. The aim is to have a cloud of 

points as close as possible to the X=Y line. 

The results below correspond to the voltages for the following current densities: 0.05A/cm² (Figure 14), 

0.5A/cm² (Figure 15) and 1 A/cm² (Figure 16). 

 

Figure 14 : Experimental voltage vs. measured voltage @ 0.05 A/cm² 

The simulation results are relatively close to the experimental results, and we are almost within the order 

of magnitude of the reproducibility of the tests (especially if we take into account the hysteresis generally 

observed experimentally). The larger deviations at very low current density can be explained by the fact 

that the polarization curves are very steep in this zone: a small deviation in current very quickly leads to a 

large deviation in voltage. 
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Figure 15: Experimental voltage vs. measured voltage @ 0.5 A/cm² 

In most cases, the simulated results are close to the measured results. 

 

Figure 16 : Experimental voltage vs. measured voltage @ 1 A/cm² 

There are fewer points at 1A/cm² because not all conditions allow this current density to be achieved. For 

the points reached, there is good agreement between the manipulator and the model, with the exception of 

point 13, which presents the same OC as point 1 (consequently, the simulations results are identical).  
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4.3 Calibration of membrane ionic conductivity parameters 

The table below summarises the parameters taken into account for these calibrations: 

Table 4: List of calibration parameters – membrane ionic conductivity 

Parameter name Value example Description 

coef_kappa_ld1_MB  508[S/m]  
Coefficients for calculating ionic conductivity 

 
coef_kappa_ld2_MB  0.8 

coef_kappa_ld3_MB  -6 

coef_kappa_T_MB  5000[K] 

 

The effects are cumulative, so the calibration of the linear part of the polarisation curve also depends on 

the parameters influencing the start of the curve. However, we can hope to better adjust this part of the 

curve without affecting the start of the curve too much by adjusting the conductivity of the membrane. 

The main parameters are the coef_kappa_*_MB, which calculates the membrane conductivity as a function 

of temperature and water loading (see section 3.1.1). 

The results below are given for all the experimental results in the differential cell. 

 

Figure 17 : Measured ohmic resistance vs simulated ohmic resistance 

It can be seen that the results deviate from the X=Y line, which reflects the algorithm's difficulty in finding a 

set of parameters that allow the experimental results to coincide with the numerical results for all the 

operating conditions. 

For the extreme case (OC n°2), we note a difference of around 0.01 ohm.cm², i.e. a voltage difference of 

around 10 mV at 1 A/cm². This difference for the extreme case remains reasonable. 
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5 Presentation of first results 

The results presented in this paragraph are based on the simulation of OC n°4, which gives the best 

performance of all OCs. 

It represents a case at the highest temperature (180°C), pressure (2.5 bar), H2 and O2 fractions (1 and 

0.21) and the lowest RH (nearly zero). 

The results of the other conditions can also be used for the purposes of the project. 

5.1 I-V curve 

The following figure shows the simulated polarisation curve for OC n°4 and compares it with the 

experimental results. 

 

Figure 18 : I-V curve for OC n°4 – Comparison between experiments and simulation 

 

It can be seen that the simulated linear part (ohmic loss) is perfectly comparable with the experimental 

results. 

There is a very slight difference in the first part of the polarisation curve (activation losses). 

At very high current densities (approximately 2 A/cm²), differences in diffusion limitations begin to appear. 

Note: the calibration used to obtain this curve is not specific to OC 4 but includes the compromises 

necessary for the other OCs. We can assume that these compromises do not allow us to obtain the most 

accurate parameters for tortuosity or oxygen diffusion coefficients, for examples. 
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5.2 Some results 

5.2.1 RH 

The following figure shows the evolution of relative humidity in the MEA as a function of potential. 

The results in the Figure 19 are centered on the membrane, with part of the MEA on the cathode side on 

the left and the anode side on the right. 

 

 

Figure 19 : Evolution of RH in the MEA 

 

The results show higher RHs at the cathode because of the production of water at the cathode. 

 

Note: 

In the following figures, the color codes of the legends correspond to the same potentials shown in the 

previous figure. The legends have been removed for clarity.  
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5.2.2 Water content 

The following figure shows the evolution of water content as a function of potential. 

 

Figure 20 : Evolution of water content λ in CL and MB 

The Figure 20 shows the evolution of the water content in the active layers (anode on the right and cathode 

on the left) and in the membrane (center). 

Note: The water content in the membrane is not comparable because its definition is different (in the 

membrane lambda = HR/100 and in the CL as per section 3.1.2.1). 
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5.2.3 CL effective conductivity 

The following figure shows the evolution of CL effective conductivity as a function of potential. 

 

Figure 21 : Evolution of CL effective conductivity 

It can be seen that the conductivity profiles at the cathode are relatively homogeneous due to an 

approximately constant water content (Figure 20), while at the anode the profiles decrease towards the 

GDL, following the same trend as the water content (Figure 20). 
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5.2.4 Electronic potential 

The Figure 22 and Figure 23 show the electronic potential on the cathode side and the anode side as a 

function of potential. 

Note: the scales are not identical. 

 

 

Figure 22 : Evolution of cathode electronic potential 
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Figure 23 : Evolution of anode electronic potential 

 

At the cathode, it can be seen that the Ohmic losses are mainly in the catalyst layer. At the anode, there 

are also losses at the GDL, but losses at the catalyst layer are not negligible. 

On both side the Ohmic losses are comparable: of 40 mV/A/cm².  
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5.2.5 Ionic potential 

The Figure 24 shows the evolution of ionic potential in CL cathode, membrane and CL anode. 

It emphasizes the ionic losses that occur on the CLs. 

The calibration parameters for the conductivity of the PBI membrane (see section 3.1.1) induce ionic losses 

close to zero at the membrane. This point will need to be confirmed during the later parts of the project and 

adapted to the new types of membranes explored within NIMPHEA.  

 

Figure 24 : Evolution of ionic potential in the MEA 
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5.2.6 Overpotential 

Figure 24 and Figure 25 show the evolution of the overpotential and the local current density at the cathode 

and anode. 

 

Figure 25 : Evolution of overpotential at the CL cathode and CL anode 

 

Figure 26 : Evolution of local current density at the CL cathode and anode 

It can be seen that the overpotential is higher at the cathode (where the ORR is located). 

Also, we can see that the local current density is not uniform throughout the thickness of the CLs. 
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5.3 PEIS simulation 

The Figure 24 and Figure 25 show the impedance spectrum for case CO n°4 with the previously calculated 

parameters. 

 

Figure 27 : Impedance spectrum - CO n°4 

 

Figure 28 : Partial enlargement of the high frequency region 

The simulated spectrum represents the measured spectrum reasonably well, especially in the high-

frequency region, thanks to the HFR calibration that was carried out in section 4.3. 
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6 Conclusion and perspectives 

The EuROPIUM models were adapted for this project. 

Specificities of PBI membranes and membranes containing phosphoric acid were added and a calibration 

procedure was set up in order to reproduce the available experimental results. 

The parameters obtained with the AME_1D models will be fed into the 2D models (rib-channel and channel) 

to enable more detailed simulations. 

These simulations will make it possible to analyse performance losses, by analysing, for example, ionic 

potential maps or exchange current density distribution, and so forth. 

Results at variable temperatures, RH, etc. should help to analyse the experimental results and better 

identify the causes of performance losses. 

Finally, the models will be used to predict performance at representative OC to help in cell design.   
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