' Partnership

Rl Co-funded by
L the European Union
-«
-

Next generation of improved High Temperature Membrane
Electrode Assembly for Aviation

Project funded by the Clean Hydrogen Partnership under the European Union Horizon
Europe framework programme for Research & Innovation

EC Grant Agreement number: 101101407
Type of action: HORIZON JU - Research and Innovation Actions
Work program topic addressed: HORIZON-JTI-CLEANH2-2022-03-08

Deliverable D4.4

Simulation of the electrochemical interface

Start date of project 01/01/2023 Duration 48 months

Lead beneficiary CEA

Due date of deliverable  31/12/2024 Aotual submission 30/01/2025

DATA Data sets, microdata etc.

DEC Websites, patents filing, press & media actions, videos, etc.

DEM Demonstrator, pilot, prototype, plan designs

DMP Data Management Plan

R Document, report excluding the periodic and final reports X

OTHER Software, technical diagram, etc.

PU Public X
SEN Sensitive

Funded by the European Union. Views and opinions expressed are however those of the author(s) only
and do not necessarily reflect those of the European Union or Clean Hydrogen Partnership. Neither the
European Union nor the granting authority can be held responsible for them.



NIMPHEA_D4.4 Simulation of the electrochemical interface \ i !
Table of Contents
1 EXECULIVE SUMMIAIY ...ttt sttt et e e st e s st et e e e nbne e e e anneneas 5
2 Presentation Of the MOGEIS ........cccuiiiiiiiii e 6
2.1 L0 @ ] U1 o] F= 1 o Ty o S 6
211 ChanNEl COAE ...t e e et e e e e eanee 6
212 Rib-channel code: 2D VEIrSION .........cueiiiiiiiie ittt 8
213 Rib-channel code: 1D VEISION ......coiiiiiiiiiiii ettt 11
2.2 Rib-channel and channel models eqUatioNS ..............uuuiiiiiiiiiiiiiii e 12
221 Geometry and dOMAINS ........coiiiiiiii ittt b e e sb e e s sbb e e e e sbneee e 12
222 Physics and eqUatioNS .........ocooiiiiii i 13
3  Adaptation to high temperature and PBl membrane ...........cocoooiiiiiiini e 27
3.1.1 PBIl membrane ionic CoNAUCHIVILY ........coooiiiie i, 27
3.1.2 Phosphoric acid properties in CL .........cooiiiiiiiiiie e 27
4  Calibration of the Model PAramMELErS ..........cccoiiiiiiiiiiii e e e e e e e e e e 32
4.1 Calibration MethodOIOgY ......ccocuiiiiiiii e 32
411 ] (=Y o JE TSR 33
41.2 5] (=] o J TP 33
41.3 ] (=] o 122 SRR 33
414 ] (<Y o JC RSP RR 33
4.1.5 S T o I PRSPPI 33
4.1.6 o =T O P PP UPPPTPPPPN 33
4.2 Calibration of ECP and transport parameters ............coooiiiiiiiiiiie e 34
4.3 Calibration of membrane ionic conductivity parameters ... 37
5  Presentation Of firSt reSUILS.........ooo i e e s 38
5.1 [-V CURVE L.ttt e et e e et e e e s et e e e et e e e e e e e e e e e e e 38
5.2 SOME FESUIES ...ttt e ettt e e b et e e e s bt e e e e sbb e e e e sbbeeeesbeeeeesnneeeeans 39
5.2.1 o SRR 39
5.2.2 WatEr CONTENT ... e e e e e e e e e e 40
523 CL effective CONAUCHIVILY ....ooiiiiieee e e 41
524 EleCtronic POENTIAL........ceii e 42
5.2.5 [ONIC POLENTIAL ... .t e e e e e 44
526 Overpotential ... 45
5.3 PEIS SIMUIGLION ...t e et e e et e e e nbee e e e nbeeeeeennee 46
6  Conclusion and PEISPECLIVES .......ccooieie i 47
A =11 o] [T o] £=T o] 1) V2SSO PP PPN OOPTRPPPPPPPR 48

© NIMPHEA Consortium Sensitive 2|Page



NIMPHEA_D4.4 Simulation of the electrochemical interface i

Table of Figures

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 VISIDIlity FEASONS. .........oiiiiiiiiiee e e e e e e e e e 7
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) ..., 7
Figure 3: Example of simulation result obtained with the Cellule_2D model for the local relative humidity. 7
Figure 4: Location of the 2D rib-channel modelled domain (area inside the red dashed line). .................... 8
Figure 5: 2D rib-channel modelled dOmMain ...........c..ueiiiiiiiiiii e 9
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)................. 9
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 ................ 10
Figure 8: 1D-rib-channel code: simulated dOMain ...............uuuiiiiiiiiiiiii ... 11
Figure 9: Geometry for the 2D channel MOdEL. .............ooooiiiiiiiiii e 12
Figure 10: Geometry for the 2D rib-channel model ... 12
Figure 11: Water content as a function of water activity ...........cccociiiiin 28
Figure 12 : PA ionic conductivity as a function of water content..............c.ccccooiii i, 29
Figure 13 : Surface coverage Bnspo4 as a function of T and potential .............cccooiiiiiiii 30
Figure 14 : Experimental voltage vs. measured voltage @ 0.05 A/CMZ........ccciiiiiiiie i 35
Figure 15: Experimental voltage vs. measured voltage @ 0.5 A/CM>........oooiiiiiiiiiiiieeee e 36
Figure 16 : Experimental voltage vs. measured voltage @ 1 A/CM2........oooiiiiiiiiiiiiieeeee e 36
Figure 17 : Measured ohmic resistance vs simulated ohmic resistance ...........cccccociiiiiniiin e 37
Figure 18 : I-V curve for OC n°4 — Comparison between experiments and simulation .............................. 38
Figure 19 : Evolution of RH INthe MEA ... e 39
Figure 20 : Evolution of water content A in CL and MB.........c..oiiiiiiiiii e 40
Figure 21 : Evolution of CL effective CONAUCIVILY .........ccuueiiiiiiiiii e 41
Figure 22 : Evolution of cathode electronic potential ... 42
Figure 23 : Evolution of anode electronic potential.............c..eeiiiii i 43
Figure 24 : Evolution of ionic potential in the MEA ... e 44
Figure 25 : Evolution of overpotential at the CL cathode and CL anode .............cccceveeiiiiiiiiiiieie e 45
Figure 26 : Evolution of local current density at the CL cathode and anode ............cccccooininn 45
Figure 27 : Impedance Spectrum - CO N4 ... ... e e e e e 46
Figure 28 : Partial enlargement of the high frequency region ... 46

Table of Tables

Table 1: Definitions of geometry and domains @CrONYMS ........ccuuiiiiiiiiieiiiiiie et 13
Table 2: Experimental design for differential cell testing ... 32
Table 3: List of calibration parameters — EC and transport ..., 34
Table 4: List of calibration parameters — membrane ionic cONAUCHIVItY ...........occoeiiiiiiiiiiie e 37

© NIMPHEA Consortium Sensitive 3|Page



NIMPHEA_D4.4 Simulation of the electrochemical interface i
Glossary

CL Catalyst Layer

EC/ECP Electrochemical / Electrochemical Parameters

GDE Gas Diffusion Electrode

GDL Gas Diffusion Layer

HOR Hydrogen Oxidation Reaction

HT High Temperature

IPM lon Pair™ Membrane

MB Membrane

MEA Membrane Electrode Assembly

MPL Micro Porous Layer

ocC Operating Conditions

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 Consortium Sensitive 4|Page



NIMPHEA_D4.4 Simulation of the electrochemical interface i

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 MFEASs.
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

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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Bipolar plate
2D cathode flow \EA GDL
2D anode flow RIB

|
Simulation plan

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.

— Chann_el _
Gas Diffusion Layer
Cathode |_—" + Micro Porous Layer
é |__—Catalyst Layer
i Membrane

DY
K K _ Anode

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)

1.0(50)=6000 Surface: (1) HR

.. Inlet QOutlet

Moist air !

% <Moist hydrogen |

2t Qutlet Inlet "

L L L L " " s L L
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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.

lonic transport in the MPL and the membrane.

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.

Bipolar plate
/ (mechanical support)

Channel
(gas flow)

Cathode side

Air )
+—_ _ Rib
(current collector)

} MEA

(Membrane-Electrodes Assembly)
‘\\ \
Heat and current H, \
productidn \
Anode side

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

Compression

Modeling zone

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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02 y N21 Hzo
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Gas Diffusion Layer
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Micro-Porous Layer
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2 ~v—.ﬁ H*

)

Catalyst Layer
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b Jho ] e

Anode
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D ~ electrolyte (Nafion)
282 \H2 \
Membrane
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Electrochemical reactions
H, 2 2H* + 2e” + heat
% 0, + 2H* + 2e- > H,0 + heat

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.

ohaos

i

|
T Rib
= Channel (not in the domain)
[ Gas Diffusion Layer
4"‘7”” + Micro Porous Layer
,—T—\— Catalyst Layer
! Membrane

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:

HR 20000 -
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) 16000 . =
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8 8000 |-
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2000
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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)
[91,/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.

lonic transport in the catalyst layer and the membrane.

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

Micro Micro
Porous Porous
Gas Diffusion Layer Layer =~ Membrane Layer Gas Diffusion Layer

A \ A J
[ | | (‘L] [ Y \
I < Y [
Boun_d_ary Catalyst Boundary
conditions Layer conditions

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.

%107 o

1.5
0.5]
o
1]
-1.5
=27
-2.5

-0.001 0 0.001  0.002 0003 0,004 0.005 0.006 0.007

Figure 9: Geometry for the 2D channel model.

i CH_MEA
Homogeneous
porous

medium

o
porous medium ||

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

* a related to anode
*c related to cathode
*eal* ec anode/cathode inlet
* sal* sc anode/cathode outlet
i interface

BP Bipolar plate

CH Channel

MB Membrane

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

- Fguations 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 ¢

- Working variables : UV p

- Equations :

o Momentum balance is written as :
du 2
oy (E +u- Vu) + M5, = —Vp+ V- <yg (VU + (V0)) = S0, (V- U)l)
o  Molar balance is written as :
dc,

a_i- +V- ((,'UU) = Scond

with:

u= (l;) the mass average fluid velocity
used in the left hand side terms of the momentum equation

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

S.ona the vapor condensation rate

The two average velocities are related knowing the diffusion fluxes for the different species:
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The total gases concentration depends on pressure and temperature:

T RT
The total gases pressure is derived from the relative pressure used in the calculation:
=p+ P
Gases density and average molar mass depend on the composition:

=c,M

- g
Mg:z Mi
i

The viscosity of the gas mixture also depends on composition:
P
g — 2 X Py

Where:

e  Boundary conditions at the boundaries listed below:

CH_ea, CH_ec: (inlet of the channels)

The gases volume velocity is imposed:
C

—U+u,22=0
-V =0
CH_sa, CH_sc: (outlet of the channels)
The pressure is imposed:
au
g tp U U av
- (6U+6V) =(2ﬂga+p)'n"+/‘9<a+$)'ny
Hg dy ox
av  ou
Wg(&*@) v au L
—n v —ug(a+$) nx+(,ug@+p) ny
_ZMg @ + p
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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+U{" =0
—U + Vg(}l)l, =0

2.2.2.2 Gas diffusion in channels: Stefan-Maxwell

e  Fguations 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].
e Domains: CH a, CH ¢
e Working variables: cy, Cyqp
e  Fquations:
dc i

E +V- (Nld + CiU) = Svmzd

For i = {X,, vap}

With:
X, = H, in the domain CH_a

X, = 0, in the domain CH_c

Diffusion flux N¢ are calculated by solving the following equations:

ZX,-N;’ — X;N{
C”VXI' = —D -
ij

J#i

And

ZN;’=0
i

fori,j = {X;, N, vap}

Note: this system of equations can be put in the form cVX = —A - N, with (for 3 species)

X X XN X d
D12 + D13 D24 D3q Ny VX1
A=| _X% X X _ X% | N=|[N{|and cVX=|VX,|.
D12 D21 D23 D3, N4 0
1 1 1 n

The system can then be inverted in the form N = A™1 - cVX.
By coupling with the balance equation we obtain:

dc
FrAAA (—=A71 - cVX +cU) = Seona
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With
= - (CXz + Cvap)
= hcond (Cvap > )(Cvap - )
_ Pu(D)
where P, (T) is the vapor saturation pressure and the vapor to liquid water condensation rate. A
heat production can be associated:
= L,(T)

The binary diffusion coefficients are taken from Transport Phenomena:

2.46 107612334

Hp,Ny —
6.43-1073T1823
Oz,Nz =5
2.16- 107572334
DHz,vap =5
426107572334
DOZ,vap =
4.45-1076T2334
Nyvap = 5
e  Boundary conditions:
CH_ea, CH_ec:
- + XXz,O = 0
- + Xvap,O =0
with
i CH_MEA:
( + Ci ) - =0
© NIMPHEA Consortium Sensitive
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2.2.2.3 Gas diffusion in porous media: Young and Todd

FEquations 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 : cx, cy, Cyap

Equations
ea;’éz = —V-Ny, - 5§,
€ a;IZZ =—V-Ny, — 53,
a;# =-V-N,, + 51(-}20 — Scona + Sevap

where the flux N; are the solutions obtained from:

and

C € X;N; X;N;
By F
T (Da)ji  (Da)yj

Jj#i

fori = {Xz, Uap}, ] = {XZJNZJUap}

€ 1/2
SV = —AAZML. N;
i

for i = {X;, N,, vap}

Note: this last equation is equivalent to Darcy one when D) ~co where the velocity is u, defined hereafter.
Note: in the cases that interest us, this system of equations of the form Vc = A- N can be inverted in the

form N = A™1 - Vc if necessary to reveal a "multi-species diffusion tensor" A™2.

X, =H,inGDL _a, MPL_a,CL_a
X, =0,inGDL ¢, MPL ¢, CL ¢

1 L1
(Da)ij Dy Df
1_1 1
Ay Ac Ay
Dk =& 8Rl
‘ 3 |nM;
3 /mRT\ 72
AFW(—Z )
14
iy

AC = 1/2
C‘UTZKKr‘g(S) Zi XiMi
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Relative permeability [16]:
Krg(s) =(1- 5)3

Note: the parameters ¢, 7, K, R, 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):

()

e  Boundary conditions
i_ CH_MEA:

—ci+cf =0

where cf# is the value of ¢; in the domains CH_a and CH_c.
Elsewhere:
‘n=20

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

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

CL_a, MB for H,
CL_cfor 0,
CL_a, MB, CL_cfor N,

o Working variables : ay, ao, ay,
e FEquations :

aai
(1 - E)Eionomer ot =-V: ( ) + +
= —Dies (i Va
— Teinionomer
(1-¢)
D?,eff = TZ—Dia

ionomer

Correction due to porosity and tortuosity is written as proposed by Epstein [18]. It can be noted that N, 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 = {H,, 0y, N,}
S¢ = vehi(CS1 =€)

¢/t = P[Hl.”“f (“naf” here, in accordance with the definition of i;)

€ =a,Cl"
_eq Pi
('li = —
Pref
Pi = CiRT

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

S€E
Cwater =
Yc
_ (1 - G)Eimmme'r
Cionomer =
Yc

where y,; and y. are the developed surfaces of platinum and carbon in the catalyst layer (m#m?3cL).

The global kinetic h; is defined as:

water
h; = il
[ [ ionomer [ water
i i
pwater + hionomer
i i
hmedia — 1
t 1 Cmedi
+ media

int,media media
k! D]

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

Hredie =kl exp(ki ay,o) exp <k¥ (? B 298.15))

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

e | 11
I = ke exp (ki apy0 ) exp <_lent (7~ 298.15)>

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

predia = kP exp(kPay,o) exp <_k? (T B 298.15))

For the Nafion [1], [17], [19] and [20]:
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Ko Kut Kbo Kot
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 kn1=0, Kp1=0, kinto=1, kint1=0, kintr=0 (kinto=1 is a very high value, so that interfacial
kinetic is not a limiting phenomena).

e  Boundary conditions
-n = 0 for all external interfaces
-n = 0 for all external interfaces
n = 0 for all external interfaces, except ati_MB_CL_c where C;, =0

2.2.2.5 Water in the ionomer

e  Motion of water inside the membrane due to diffusion and electro-osmosis.
e Domains:CL_a MB, CL c
e  Working variables: ay, o
e  FEquations
Molar species balance:

0ay,0
at

0Cs03-
at

(1 - E)EionomerC503_ =-V: ( ) - + - (1 - E)Eionomer

=Ng F Dw,eff(CSO3_ Vag,o + VC503—)

=i (aHZO)a =1 (aHZO)

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

11
Dy Dy Dy
Do =" (141 Jexp <_kT (T N 298.15))

(1 —€ )Eionomer

2
Tionomer

Dw,eff = DW

Electro-osmosis [9]:

ng = k§ + ki1 + k$r?

For Nafion : kd=1, k#=0.028, k$=0.0026

In the domains CL_a, CL_c [1], [11], [21] and [23] :
= hHZOVCLCsoz— ( - fxl( ))

The overall absorption/desorption kinetic is given by:
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Mo =D,
kint +

The interfacial absorption/desorption kinetic is given by:

k%nt
kint — k(i)nt exp (_ )
RT

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

filay,0) = 0.043 + 17.81a,,, — 39.85a,,,% + 36a,,,°

Concentration, activity and partial pressure are defined:
CHZO = ACs03-

aeq — Pvap
120 Psat (T)

Brap = CpapRT

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):

Qll-ile = _ngoLv(T)

e  Boundary conditions:
NHzO '‘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:

dry _ _dry
Vpor = € |4

dry — 4y _ pdry
Vionomer - Eionomer(l € )V

Vepe = (1 — engr) (1 — €¥™)V
Taking into account the swelling, we have:
Voor = €V

d
Vionomer = rnaf En£¥ (1 - Ed‘ry)V
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where 7,,,; = 1+ A%% is the swelling ratio of the ionomer
lig
As V,,, =V = (Vuur + Vepe) , the wet porosity and volume fraction of ionomer in the solid phase can be

extracted:

e=1-— (1 — Edry) (1 + Eg:}](rnaf - 1))
Tnafez:li‘/
1+ €dry(rnaf - 1)

naf

Ena/' =

2.2.2.6 lonic transport

e  Protonic conduction inside the membrane and the catalyst layers.
e Domains: CL_a, CL_c, MB

o Working variable: @

e  FEquations

Domains CL_a, CL_c:

C +V-I,=i,+C ov
5t i = le al’5¢
Domain MB:
V' Ii = 0
with
Ii = _KEff - Vq)

where [9], [18] and [21]:
(1 —€ )Eionome‘r
i - Jrionomer .

Kerf = 2
ionomer

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

Qi{'()z(lt? — _Ii, VD

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

1 1
K =l — ky)ee @)

e  Boundary conditions

© NIMPHEA Consortium Sensitive 22|Page



NIMPHEA_D4.4 Simulation of the electrochemical interface

2.2.2.7 Electrical transport

e Electric conduction inside all the solid materials except the membrane.
Domains : BP a, BP ¢, GDL_a, GDL_c, MPL a, MPL c, CL_a, CL_c

Working variable: ¥
Equations

Domains CL_a, CL_c:

av

) d
Cdlg‘l'V'le = _lé’,+CdlE

Other domains:
V-l,=0

With
IE,’ = _Geff " Vl‘p

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

joule
2= -1

R A

e Boundary conditions
i BP_a:

i BP_c:

i_MB_CL_a andi_MB_CL_c and everywhere else:
I[,-rn=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

pcp +ch i

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

Equatmns

l joul
+ v ( —A- VT) - anv + Q7 eac + Qperm + QHZO + Qmu : + Qi]ou ‘ + Qcond/evap

where 0., is the heat transport related to convection of the species :

i BP_MEA :

Elsewhere:

=Y VH@) N,

QCOTL‘U =

Boundary conditions:

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 nj is function of the electrical and ionic potentials and the
reversible potential. The exchange current density io 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-
PSO2.

Domains : CL_a, CL_c

Working variable: none (“closure” relationships only)

Equations:

Butler-Volmer formulation

“Direct kinetics” formulation

AG° RT k ank E

A Vpy = exp

—1 | | g or T o ( RT )
nF + nF 08 ) %
j (1 —a)nF
anF (1 —a)nF Vrea = Krea €Xp _TE
Ly = LoVpt |€XP (ﬁ 77) —exp| — RT n
77=(lp_cb) Erev =¥Y-o
1-a a ° Yj

i = nF g ) (kyeg)"
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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 O: or Hy). 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 y; is considered equal to the stoichiometric coefficient v; 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.

AGgy

ko, = k°T exp (— 2

) kyoq = k°T exp (— %)

o — kB
YA

where is k; the Boltzmann constant, s, the average atomic surface of the platinum, N, the Avogadro
number and h the Planck constant. The Gibbs activation energies are decomposed as:

AG;, = AH}, — TAS,,

NG,y = AG® + AGy,

where AG® = AH® — TAS® is the reaction free enthalpy at reference pressure P,., but actual temperature.
The reactions enthalpy and entropy AH® and AS° are computed from the thermodynamical data [27] for
the involved species.

Heat production:

_ AH®
= ((w-q>)+ nF)
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For each electrode, these equations lead to:

Domain: CL_a

. (-avh, aavps
= ijay

Domain: CL_c

o _AcY0, AcYy+ (1—acvh,o0
0@, Ay,o0

With [, taken at the interface i_MB_CL_c:
= 2F ‘n

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

A heat source is caused by the permeation current:

AH, + AH,
_—[p
nF

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).

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 :

11
= j— k2 -
0 = ki(RH = kea)"exp (kr (303.15 T))

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

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 (A), which makes it possible to establish
a link between RH (or water activity) and the ionic conductivity of phosphoric acid.

That of Scharitker [29], who measured the solubility and diftusion 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]:

251 1

[H20]/[P205]

N
T
|

lambda
=
o

0.5 -

0 0.05 0.1
a_H20=RH/100

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 A by:

1
C =
H20 M0 + 1 Mpyspos
Piiq Au3po4 PH3PO4
With:
Apz05 — 3
Auzpos = f

Apzos = A= [HZO]/[PZOS]

Mass fractions are defined by:

1
Wh3pos = M
1+ Auzpoa Myron
1
Wp20s5 = —M
1+ Ap20s M;Izzo(;
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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]:

40 .
/ N
35 // .
301 / 1
/
/
= 251 l
a / ~—
S_ 201 d.." \\ i
o T S
kY, / B
15 i
10 |
'
|
.
5t |
!
0 "I L 1 1
0] 10 20 30
lambda=[H20]/[P205]

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]:
Do, = kie™ T

The coefficients were determined according to [29]:
k1 =1.37 E-6 m%s

k2 = 2605 K

The solubility (Henry) is expressed as:
1 1
Hy, = klek2(7_298.15)

2

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 Bnspos, which is the ratio of the surface of
PA adsorption sites to the Pt surface.

The surface coverage Bnspos 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
ypr: specific surface area in m2/m3
and

Ouspos: SUrface coverage of PA

Then after adsoption:

VPTad = ¥pr - (1 = Ouzpoa)

The surface coverage Buspos 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 Bnsros as a function of temperature and potential.
The Figure 13 is based on data from this article:

Theta as function of temperature and potential

1 109
0.8 108
107
0.6
3
15}
L=
F 04
0.2
0
100
150 0.1
1
Temperature (°C) 200 0.2 0.4 0

0 Potential (V)

Figure 13 : Surface coverage OHspo4 as a function of T and potential

The figure shows an extremum of Bnspo4 for a potential of approximately 0.8 V and a decrease of © with
increasing temperature.
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3.1.2.5 Other properties
The diffusion coefficient of water in the PA (in m?/s) and the electro-osmosis coefficient were also updated:
Dypp = 4.66.1071°1 — 8.66.1071°
Apo = —0.037(A = 3)(A —12.1) , if A > 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.

(1 — €)€nspoa

€H3pos =
Ycarbon

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):

dry
c _ TH3P04 €H3PO4
H3P04 = dary
1+ (TH3P04 - 1) 61-13p04.

where 13p04iS the PA swelling ratio as a function of water content:

Thzpoa = 1+ 57\1131304

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

1/3

RP = Rgry (Edery)

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

d
e=1-(1- Edry)(rH3P04 + €H§¥o4(1 — Thzpoa))
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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,

H> and O: fractions.

The following table resumes the OC.

Table 2: Experimental design for differential cell testing

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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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.

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.

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/cm?). 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.

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.

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.

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

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 ¢ 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_02 -1.954 Order of reaction relative to oxygen
gamma_H20 -0.261 Order of reaction relative to water
coef Hh naf A 8 e-4[mol/m?/Pal]
coef_Hh_naf B 0 Henry law coefficients for Hz
coef Hh naf T 1920[K]
coef Ho naf A 2 e-5[mol/m?/Pal]
coef Ho naf B 0.002 Henry law coefficients for Oz
coef Ho naf T 1464[K]
coef Dh_naf A 9.6e-13[m?/s]
coef_Dh_naf B -0.003 Diffusion coefficients for Hz
coef Dh_naf T 3241[K]
coef Do _naf A 9.783 e-11[m?/s]
coef Do naf B 0.006 Diffusion coefficients for O2
coef Do naf T 4238[K]
tor_ CL 1.791 CL tortuosity
tor_naf CL 0.550 lonomer 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_0O2, gamma_H20, 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/cm? (Figure 14),
0.5A/cm? (Figure 15) and 1 A/cm? (Figure 16).

dHox0_a=1.1025 dHox0_c=138365.4595 dSox0_a=-273.623 dSox0_c=+61.2392 alpha_a=0.5169 alpha_c=0.001 gamma_H2=1.367 gamma_02=-1.954 gamma_H20=-0.26081
coef_Dh_naf_A_MB=2.1616e-12 coef_Dh_naf_B_MB=-0.0024932 coef_Dh_naf_T_MB=4580.5838 coef_Do_naf A_MB=9.7825e-11 coef_Do_naf_B_MB=0.0061885
coef_Do_naf_T_MB=4238.3984 coef_Hh_naf_A_MB=0.00081302 coef_Hh_naf_B_MB=0 coef_Hh_naf T_MB=1920.9043 coef_Ho_naf_A_MB=2.4607e-05 coef_Ho_naf_B_MB=0.001807
coef_Ho_naf_T_MB=1463.8096 coef_Dh_naf_A_CL_a=9.558e-13 coef_Dh_naf_B_CL_a=-0.026766 coef_Dh_naf_T_CL_a=3241.3355 coef_Do_naf_A_CL_c=2.9075e-10
coef_Do_naf_B_CL_c=0.008025 coef_Do_naf_T_CL_c=1102.0547 coef_Hh_naf_A_CL_a=0.00063858 coef_Hh_naf_B_CL_a=4.1351e-05 coef_Hh_naf_T_CL_a=2785.2243
coef_Ho_naf_A_CL_c=3.3568e-07 coef Ho_naf_B_CL_c=0.0059256 coef_Ho_naf_T_CL_c=1726.534 tor_CL_a=1.3586 tor_CL_c=1.7913 tor_naf_CL_a=0.33958
tor_naf_CL_¢=0.55002 tor_GDL_c=2.27
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Figure 14 : Experimental voltage vs. measured voltage @ 0.05 A/cm?

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/cm?

In most cases, the simulated results are close to the measured results.
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Figure 16 : Experimental voltage vs. measured voltage @ 1 A/cm?

There are fewer points at 1A/cm? 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).

© NIMPHEA Consortium Sensitive 3b6|Page



NIMPHEA_D4.4 Simulation of the electrochemical interface

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

coef kappa_Id1_MB 508[S/m]
coef kappa_|d2_MB 0.8
coef kappa Id3_MB -6
coef kappa T_MB 5000[K]

Coefficients for calculating ionic conductivity

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.

coef_kappa_ld1_MB=507.7824 coef_kappa_ld2_MB=0.8 coef_kappa_Ild3_MB=-6.1252 coef_kappa_T_MB=4996.2847
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Figure 17 : Measured ohmic resistance vs simulated ohmic resistance

0.062

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.cm?, i.e. a voltage difference of

around 10 mV at 1 A/cm?. 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 O: 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.

1

*  Experimental data

——— Model

0.4

| (Alem?)

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/cm?), 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

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.
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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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The following figure shows the evolution of water content as a function of potential.
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Figure 20 : Evolution of water content A 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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The following figure shows the evolution of CL effective conductivity as a function of potential.

CL effective conductivité
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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.
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Figure 22 : Evolution of cathode electronic potential
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Anode eletronic potential o
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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/cm?2.
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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.
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Figure 24 : Evolution of ionic potential in the MEA
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Figure 24 and Figure 25 show the evolution of the overpotential and the local current density at the cathode
and anode.
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Figure 25 : Evolution of overpotential at the CL cathode and CL anode
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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.
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Figure 27 : Impedance spectrum - CO n°4
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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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