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e Fuel cell introduction

e Simulation detail

* FC applications
— 2D MEA model (HT-PBI)

— Multi-scale simulations (conceptual)
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*Bipolar plate (graphite): ~10000 um

electron conduction
*Gas channel : ~1000 um
gas transport
Catalyst layer o *GDL (Carbon cloth/paper): ~250 pm

Catalyst layer electron conduction and gas/water transport

*CL (Pt, Carbon, Nafion): ~10 pm

electron conduction, gas/water transport

proton conduction and chemical reaction

*Membrane (Nafion): ~100 um

Over all: H,+0,—H,0 proton conduction and water transport
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* Conservation of species: * Bulter-Volmer equation
_ _ .. C a, ;F ~ _ac'jF
V( Deﬁ,OZVCOZ) Sos J _JO(Cref) {exp( T ] exp( T H
VI-D 4 ,VC,, )=S
( ez HZ) " * Agglomerate model is used
V(D VCon ) = Sun

* Conservation of charge:

of \
'V\O' v%ond) S,

eff -
- V(GP V(Delectrolyte ): Sp ‘
* Conservation of energy: | =

-k VT)=S,
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' DOULCC LCLI11S
Source AGDL ACL PEM CCL CGDL
Terms
Si, mol/(m’s) J. 14F 0
Sy, mol/(m’s) 0 — ). /2F
Swvm01/<m3s) _S|/MH20 _SI/MHZO_Sﬂ _SllMHZO SI/I\/IHZO
3
S mol/(m?s) Sa g—\'\/ﬁv(ﬁeq —4) ! a I,;)\;AV (g =)
S, (kg/m’s) S) S) S;:MM S)
Se (A /m3) 0 _ja _jc 0
Sp (A/mS) ja O jC
2 2 2 ] _E
S (W/m) LU s,y il L sian e [
G:ﬁ ) O et ’ O-p +L+S,AhIg




m VYV VoYW a YWeak = YW A d= N 4= de
Lﬂ% Tlaubp P ters

D, =D, =1.055x10"*(T /333)*"(101325/ P)
DC,, =0.2982x10~* (T /333)"™ 101325/ P)

D2, = 0.2652x107(T /333)*7(101325/ P)
D, =3.1x10"" exp(-2768/T))

0O2,nafion

D} 20 nation = 3-1x107" 2(e>*** —1)e™***D 0 < 1 < 3

ngzo o =417x10° 1(161e" +D)e*'D) 3< 1 <17
Hggf'on =1.33x10° exp(— 666/T)
1

o = (0.5144 - 0.326) exp(1268( s ) AL

1 1
° =0.18791exp(1268 A<1
: p(1268(z = —=))
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pod Kinetic parameters

= (Dsolid—(pelectroltye — @y

. . _EaCt 1 1 | = ref aan
ref _ i ref a = k =— Cex _
Joa = loa|aask (S1V), exp_ R (343 T)_ 7 4AFCH lo p{ RT }
i e SV expl Eo (22| S, = Ky AP AP0
© ' i R 343 T |
. - ref I:)H2 |: ank ank i| 8(1—3))( MHZO
= exp(——) —exp(——— S, =K_ AP Ll AP >0
Ja Jo,a(Pl:ezf p( RT ) p( RT I cond
POZ
Jo =—4F H(I)\lgf 7

¢ = ra:,ig \/kn /[Dce)f;,eff (1- gCL)J

£ = [3pcoth(3¢) - 1]/(34°)
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v'COMSOL geometry tools
vImport from CAD files

v
{ Parameters input }— Constant

Model geometry

v'Subdomain expresses

v'Direct (UMFPACK)
v'Stationary/parametrics
v Adaptive mesh refinement

Solve equations

v'COMSOL postprocessing tools

Post processing v'Export according to your own need

WJT
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* Convergence

— Mainly due to coupled equations (8) and lots of
variable dependent parameters.

v Appropriate value of initial value

v'Using RESTART to solve equations step by step
* Mesh

— Finer or coarser mesh are both possible to solve the
problem (adaptive method can be used)

Great improvement form ver.2.3 = ver.4.2 !!!
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Models used in COMSOL

* Chemical Engineering Module
— Mass Transport =2 Convection and Diffusion (4)
— Energy Transport = Convection and Conduction(1)

e AC/DC Module
— Conductive Media DC (2)

* COMSOL Multiphysics Module
— PDE, Coetticient Form(1)
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\WVTha+t xx70
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 Flexible mesh generation (User friendly interface |
S ’ _-7
P -7 7= - - TS~ ~o
' : : Couple different .
User friendly interface , P , ‘
variables at will ’
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Examples solved by COMSOL

- Proton exchange membrane fuel cell
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Cathode GDL: 200pm
Cathode CL: 20pm
Electrolyte: 50pum Anode CL

Anode CL: 10pm
Anode GDL 200pum

Anode GDL

Cathode GDL

Cathode CL
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INCREASE REDUCE

CL performance CL cost
v'Pt loading
v'PBI content
v'Pt/C wt%
v'Support material
v'CL thickness
v’ Alternative catalyst material

N
CL with different PB/I wt% compositions )
Perfgrmance can be increased!
0 Cost can be reduced




Non-uniform composition of PBI content

CGDL

CCL (multi-layer)
MEM
ACL (single layer)

AGDL

MEA structure
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JH R B R 2e-bm 2.05e-5m 2.3e-5m 2.35e-bm
PBI& % B 1le-8m 2.4e-8m 5.5e-8m 6e-8m
L 0.439 0.436 0.404 0.382
Pt/C#8 f# ~ 0.510 0.459 0.386 0.267
PBIfE 4 » & 0.0506 0.104 0.209 0.3507
ol 1.3 1.6 2.8 4.5
Pt loading 0.5mg/cm? 0.5mg/cm? 0.5mg/cm? 0.5mg/cm?

Optimizing PBI content in single CL design
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(a) cathode 5wit% 0333mg/cm2 2e-5/2 m le-8m
30wt% 0.167mg/cm? 2.35e-5/2m 3e-8m

(b) cathode 10Wt% 0.333mg/cm? 2.05e-5/2m 2e-8m
30wt% 0.167mg/cm? 2.35e-5/2m 3e-8m

(c) cathode 5wt% 0.167mg/cm? 2e-5/3m 1e-8m
1 Nn 0/ N 1072 N NEA E/DA 20-8m
1UVVWL70 V.10 /7 I1T1Y/Clni £.U0C-I/olll ey PR
20wt% 0.166mg/cm? 2.3e-5/3m 2.2e-8m

Optimizing PBI content distribution in multi-CL design
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Experimental validation
- single layer

1 —— exp PBI 5wt%
| ——  exp PBI 10wt%
i exp PBIl 20wt%
s exp PBI 30wt%
sim PBI 5wt%
sim PBI 10wt%
sim PBI 20wt%
sim PBI 30wt%

0.8

ST 06

S 5 wt% of PBI
8 .

Q04 is the best

0.2

0 s NS N N N NS N NS NS R |
0 0.2 04 06 0.8 1 12 14 16 1.8 2

current density(Afcm?)

Good match with experimental data
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0.004
0.0035 |-
i Max; 5.874¢7
0.003 :— Swi% x10’
0.0025 | 55
£ - 5
T,0.002 |-
N . 15
0.0015 | 10Wt%

i 4
0.001 — <
0.0005 — 3
S S BRI SR 20wt% 23
%0 10 20 30 40 ’
PBlwt% 2
Min; 1.547¢7
5PB|
Rdiff = PBI 30wi%
aratio X D02 a _ 6 mPt (1_ 9)
° ° ° Y ° ratio
Resistivity of gas diffusion Po e Lo

Effective Pt reaction area
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1
- ——— PBI 5wt% 160°C B
s — — — PBIl 5wt% 180°C ——l—— PBI 5wt% ;porosity 0.2
| ————— PBI 5wt% 200°C —=—— PBI 5wt% ;porosity 0.4
08 08 ——&@— PBI 5wt% ;porosity 0.6
> 06 S 06
I [T
- =]
c c
8 2
8_ 0.4 8_ 0.4
0.2 il 02
0 _| oo e s b b s b 0 T T T
0] 02 04 06 08 1 12 14 16 1.8 2 0 05 1 15 )

current density{A/cm?)

Temperature effect

current density(Alcm?)

Porosity effect




ConASOL
MNAALULTIPHYSICS

A
&_j 2 b AU SS Y 7e N 2 3\
_ I metric stuay (£/ 2)

1 1§
i i —&— PBI 5wt%: delta_PBI 1e-8
® u electron 1.8; proton 1.8 r'S ——~=—— PBI 5wt%: delta_PBI 1e-8*10
i A electron 1.8; proton 2.0 i —<—— PBI 5wt%: delta_PBI 1e-8/10
electron 2.0; proton 1.8
08 o P 08
- @
Sos @& >06
s | [
E | N g
- [}
-+ =
Q04 . | Q04
- e
02} o 02}
I I I I | I I I ! | ! ! ! L | L L L L | i | | | | | | | | | | | | | | | | | | | ]
00 05 1 1.5 2 00 05 1 1.5 2

current density(Afcm?) ' current density (A/cm?) '

Totuorsity effect Thickness effect
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channel rib

Max: 242.65

u=02v WI"

240

238

1236

20wt%

10wt% 30wt%

(1234
(1232

230
228
226

Min: 224.234
[mol/m 3]

d
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channel

Max: 434.57
K]

434.4

434.2

1434

5wt% 20wt% F1433.8

433.6

433.4

433.2
Min: 433.15

10wt% 30wt%
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Experimental validation
- multi-layer

[ | exp PBI 5
sim PBI 5 _-10-20 wt%

A epPBI530wt% v (Good match with
08 sim PBI 5,-30, wt%

v exp PBI 10 _-30 wt% 1
cim B 10°30" Wt experimental data

-10-20, wt%

o

=

sim PBI 5wt%

Sosf v' Higher PBI content is required
g | for sub-layer close to membrane
*§ 04l - For increasing proton conductivity

: v" Lower PBI content is required

02 for sub-layer close to GDL
. - For increasing gas diffusivity
D_||||||||||||||||||||||||||||||||||||||||||||||||||

0 02 04 06 08 1 12 14 16 18 2
current density(A/cm®)
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0.001

0.0008

0.0006

0.0004

0.0002

PBI 5,-10-20,wt%
PBI 5,-30, wt%
PBI 10,-30, wt%

1t:atalyst sublayei
Resistivity of
gas diffusion

1E+08

8E+07

B6E+07

4E+07

2E+07

PBI 5,-10-20, wt%
PBI 5,-30, wt%
PBI 10,-30 wt%

-
—
—
—

2
catalyst sublayer

Effective
Pt reaction area

proton conductivity (S/m)

16

.
[N}

o
[

o
o~

PBI 5,-10-20, wt%
PBI 5,-30,wt%
PBI 10,-30, wt%

1 2
catalyst sublayer

Proton conductivity

Different effect for different physical properties

for different regions is observed
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Max: 242,65
242

240

5-10-20wt% 238

236

234

232

5-30wt% 230

228
226

224
Min; 223.574
[11101/1113]

10-30wt%

Oxygen distribution

Max: 434.033
434

5-10-20wt%o

5-30wt%% 433.3

10-30wt%o

Temperature distribution
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sim PBI 5wt%
— — —  simPBI 39-5-7mwt%

————— sim PBI 5,-10-20, wt%
0.8 [

v' A new triple-layer CL design

208 is proposed (3-5-7wt%) and is

£ shown to have better performance
2 . .

8 04 than single layer design

0.2

0 b b b b b b b b bl
0 02 04 06 038 1 12 14 16 1.8 2

current density(Alcm?)
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Examples solved by COMSOL

- Conceptual multi-scale simulation
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* From fundamental point of view...

— All macroscopic transport properties (eg. ditfusivity)
are ensemble average of microscopic transport
phenomena

— Traditional correlations is inadequate to describe
what really happen

* Challenges...

— No real couple multi-scale simulation package can be
found

— Alternative way to do this is necessary
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Field distribution Transport properties

Semi-empirical relation derived
base on atomistic scale stmulation

Take advantage of COMSOL’s very flexible and user friendly
interface/functions!
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Do, naon = 5:438x10° 1 — 2.4589x10° (m?s )
Dy 0 nation = 2-8814x107 1 +3.4678x107° (m*s ™)

Estimated by molecular dynamics simulations

1.2

. 1 !

CMD correlation
Conventional correlation

=
oo

Voltage (V)
=
[m

= .
=
LI T 1 1 T

simulation |
> 0.2p

i 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
00 0.2 04 06 08 1 , 1.2 14 16
Current density (A/cm”)
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CMD Conventional

O, diffusivity inside Nafion

CMD Conventional

H,0 diffusivity inside Nafion

v' Similar performance but different internal distribution

v' Different optimization design will be proposed !!!




Thanks for your attention!




