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Motivation

Why physical modeling of fuel cells?

» Better understanding of processes in the cell and their interaction
* Insights on experimentally inaccessible properties

« Simulation based prediction of cell performance and lifetime

» Optimization of cell performance and durability

Challenges:

« Complex system: coupling of processes on very different time and length
scales

» Details of the involved mechanisms often unknown and material dependent
« Heterogeneities within the cell require 2D and 3D cell models

i DLR
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Modeling Approach
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NEOPARD-FC/EL: Numerical Environment for the
Optimization of Performance And Reduction of
Degradation of Fuel Cells/ELectrolyzers

* Modeling framework to investigate fuel cell/electrolyzer performance and

degradation

« Developed at DLR since 2013 based on the open source software DuMuX 1

NEOPARD-FC features

Field of Application:

2D and 3D discretizations of the cells
Transport models for the cell components
Electrochemistry models

Specific fluid systems for the different
technologies

Transient simulations (e.g. impedances)

- PEMFC
e DMFC

e SOEC [1]: Flemisch et al., 2
Jag P>

011, Adv. Water Resour., 34(9).
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Open Questions

I.  What are the contributions to experimentally measured
impedance spectra?

lIl. What are possible explanations for inductive phenomena
observed at low frequencies!l?

[1]: Pivac & Barbir, 2015, J. Power Sources, 326, 112-119.
.- / e .'.:- A Ron 2 |i-' i o ,.-" p“_l £ \ ER i T T ‘ 5N
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1.0
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» Model validation under various = 06- .
operating conditions is important > Ny
for reI|_ab|I|ty S 4.
« Different RH
« Different pressure 0.0 0.5 1.0

* Different stoichiometry Current density / Alcm?

» Strong effect of RH on cell
performance (Tafel slope + -
transport) ~ 0.8 4
« High stoichiometry at 50% RH = | ——230H, 1.5bar, A=2
leads to lower performance S — S0H, 1.5bar, A=2
. > 0.6 —90H, 1.5bar, 1=2
—> drying out overcompensates = —50H. 1.5bar A4
higher oxygen patrtial pressure S 50H, 2.0bar, A=2
. . 0.4 ' ' LENIE A= SR PR | . ¥ LENE FaE S I AL |
* Model validation successful? 0.01 0.1 1

i DLR
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Model Validation
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Process ldentification from EIS Simulation

lonomer
0.10
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“g 0.05+ A [1,2] causes inductive
o ; N behavior (PEM and
= 0.00 ‘ CCL)
N . A
S | ’.':: all mechanisms
T "‘\',', - --- w/o RH-dependent » Same effect TOF O2 _

-0.05+ "=/ | ---- wioRH-dependent transport resistance in

O, transport resistance the CCL ionomer
-=-=-=- w/o RH-dependent _,,
-010 i L Ll I Uil JERBALL

10° 107 107 10’ 10° 10° 107

Frequency / Hz

[1]: D. K. Paul et al., JES, 161 (2014) F1395.
[2]: B. P. Setzler, F. Fuller JES, 162 (2015) F519.
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Process ldentification from EIS Simulation

Electrochemistry
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i DLR

Frequency / Hz

107

» HOR at ~10% Hz

» ORR at ~102 Hz:
« HOR and Diffusion
peaks are revealed

> PtOx-formation causes
inductive behavior at
~102 Hz
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Process ldentification from EIS Simulation
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Model validation revisited
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« Stronger concentration gradients inside
the cell (3D effects?) can explain the
deviation of model and experiment
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Summary

» The development of predictive fuel cell models is challenging:
« Complex interplay of many mechanisms on various time and length scales
« Strong gradients within the cell require the development of 2D and 3D
models
* Model validation has to be performed under various operating conditions,
ideally including the simulation of impedances to ensure model reliability

* Inductive phenomena, observed in EIS at low frequencies (~102 Hz) may be
caused by:
» Platinum oxide formation
* RH-dependent ionic conductivity of the ionomer
» Further RH-dependent mechanisms (O, transport resistance in the CCL)

i DLR
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"It can scarcely be denied that the supreme goal of all theory is to make
the irreducible basic elements as simple and as few as possible without
having to surrender the adequate representation of a single datum of

experience*
Albert Einstein

Thank you for your attention
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Process ldentification from EIS Simulation
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Process ldentification from EIS Simulation

Cathode transport analysis

0.020 : : 1000
——d,, .=75um -
e 150“ R?=0.99891
— coc = 150 um 8001  y=502823E-6 * x - 6.99041
: ——dp o = 300 um g
e ——dgp o =600 um T 600-
o ——d__, .=1200 um >
c 0.0104 — =
b © 400+
N 8
= 0.005- .\ - 200
-

— 1 * 1 * 1”1 &% 0% L T * T °

>
105 10° 100 10'  10°  10° 107 +° 4;9 49 49 +° +° S A\'.\Q *L\Q’ 49
SRS R RN R R S

1/d* / m™
» Increasing GDL thickness results in higher diffusion resistance
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> Frequency of the diffusion peak: f ~ 1/d? 2D
- in accordance with Einstein-Smoluchowski relation: f=—

7
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Process ldentification from EIS Simulation

Anode transport analysis
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» Increasing GDL thickness results in higher resistance due to
diffusion and convection

> Frequency of the convection peak: f ~ 1/d

i DLR




DLR.de ¢ Chart 18

Process ldentification from EIS Simulation

Transport analysis

IM(Z) / Q cm?

i DLR

Convection in the anode
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» Electroosmotic H,O flux
through the PEM causes
convective transport in the
anode
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Cathode catalyst utilization
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ORR reaction rate distribution i/ Alm?
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Two-phase transport model

« Multiphase Darcy approach + nonlinear complementarity function for robust
treatment of phase transitions(!
 Arbitrary number of phases - here: gas + liquid
 Arbitrary number of components

0" N
i-I-V ‘I’K—q é:K :¢meol,axgsa
@t a=1
YK,
LPK :Z pmolaxa Kvp + me apmol avxs
a=1 ,ua
» Knudsen diffusion in gas phase
-1
1) D oy 2 |8RT
pm g (S ¢)1 DK + Bk . Knudsen 3\ 2V k

Knudsen
[1]: Lauser et al., 2011, Adv. Water Resour., 34(8).
# / I A_ IR, T ) s ” =
DLR
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Transport in the Polymer Electrolyte Membrane

Weber-Newman modellll:

8_5 +V-¥=0

61-' T ks »1 G Gt et 2T |
.« H* Vapor equilibrated Liquid equilibrated

Y= s[— oV — On"Ffag" Vszoj

ACL CCL

+(1—S)(— oV — Gn‘::‘g'v V/UHZO]

e H,O:
_ S O-ndrag,l Ongrag,l
Y=9| - = VO - o +? Vit o HOR ORR

on on?
+(1—s)(— ‘I’:9 Vd)—(av + ;’39” JWHZOJ

« Gas species (O,, H,):

k= _kapk |
[1]: Weber, Newman, 2004, J. Electrochem. Soc., 151(2).
DLR J 4 . = 0 S ’ -;_'- - > N
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Electronic and lonic Charge Balance in the Electrodes

» Electron transport in the BPPs, GDLs, MPLs, CL:

. aCDL ((Delde B (Delyte)
ot

+v-( eﬁvq)e,de) q° =0

* Proton transport in the CLs:

- oCp, ((Delde ~ Dy )

- +v-(—a§;vq>e,yte)—qw =0

« Proton transport strongly depends on RH [1.2]

Ot =0 (aH 20)

i DLR

[1]: D. K. Paul et al., JES, 161 (2014) F1395.
[2] B P Setzler F FuIIerJES 162 (2015) F5109.
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lonomer film model

* Model for ORR reaction rate taking into account
* Oxygen transport through ionomer film
 Resistances at gas/ionomer and ionomer/Pt interfaces!!!

* Analytical solutions are possible for I, o« Cy, and Iy, oc 4/Cq,

O,

» Reaction rate for Iz, € 4/Co,

J4AN?F2C,, + R?K? — RK )
F =

2A4NF
k = ECSAi,c.2%| exp ankn —exp (d=a)nFr
RT RT
5ion
R= +Riy (aH 20)

é DOZ,ion
DLR
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Numerical Treatment of Phase Transitions

NCP-equations for phase transitions!!!
 If a phase is not present: « Equations 1-3 constitute a non-
N linear complementarity problem
Va:s, =O—>Zx§ <1 (1)
=1 « Solution is a non-linear

* Ifaphase is present complementarity function:
N
Va:Y xi=1-5,>0 (2 ®(a,b)=0
k=1

a>0Ab>0Aa-b=0

Va:S,[1-)>» x5 |=0 (3 N
> Va a( ZX(ZJ G) d)(a,b)=mi”{5a’1—ZX§}
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Model Coupling and Schroeder’s Paradox

Numerical Coupling: Physical Coupling:
 Dirichlet-Neumann » Macroscopic Approach:
 Local thermodynamic equilibrium

PEM [ CL

! | ! Apgn :Sgﬂ*g +5,4
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