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Context

Introduction
Main limitation of solid oxide cells: )

Early detection,
mitigation and recovery

 Durability insufficient for large-scale deployment

« Critical conditions cause premature failure or
irreversible degradation

Voltage

Solution:

» Early detection & identification of critical cond.

« Mitigation and recovery
* No irreversible degradation

= = = Intrinsic degrad.

Late detection, stabilization,
irreversible loss

No detection/mitigation,
premature failure
> Time

Fig.1: Voltage evolution and possible degradation pathways under failure.

\

Experimental investigation of fuel and steam starvation:

«  Polarization curves (jV)

«  Total Harmonic Distortion (THD)
2D, steady-state simulation model with MATLAB

Electrochemical Impedance Spectroscopy (EIS) and Distribution of Relaxation Times (DRT)
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Electrochemical Impedance Spectroscopy (EIS)
Small-signal

voltage
perturbation
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Fig.2: EIS method from “Fuel Cell Fundamentals” (O’Hayre et al., 2016). Fig.3: Schematical representation of an impedance spectrum as Nyquist plot.
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Fig.4: Schematical representation of a DRT spectrum.

% Well established but still a laboratory tool (sophisticated to implement in a commercial context)

WORKSHOP "FROM BASIC TO APPLIED RESEARCH TOWARD DURABLE AND RELIABLE FUEL CELLS"




i AN VA
o *
55 o rights reserved. Unauthorized use or reproduction without authors consent is prohibited. Material presented at the Workshop jointly organized by H2020 Projects AD ASTRA and RUBY on 5th July 2022 — Lucerne (CH)
h
i Partnership N Rl '

Introduction Vi
A ¢« _ +Yn

>
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ydrogen ol 8 ’ e(\c,\) o0 )
& q g5 M e L Yi
= ol - A n=2
E > THD = ——— Eq. (1)
3 7
>
Time
Y, amplitude of fundamental frequency

Anode/' ,5\ Cathode

Electrolyte

(= frequency of excitation signal)

Input current signal ———» Fuelcell —— Output voltage response Y, ...Y, amplitudes of higher harmonics

Fig.5: Schematic voltage response to a sinusoidal current signal in time and frequency domain from
“Total harmonic distortion analysis of oxygen reduction reaction in proton exchange membrane fuel cells” (Mao and Krewer, 2013).

= Quantifies the non-linearity (no sinusoidal response) = At const. operation, THD index dependent on:

= Deconvolution of response into harmonics (via Fourier transform) - 1 frequency of excitation signal
= Hypothesis: Identification of critical conditions via frequency- * Jac Uac amplitude of excitation signal
* n number of harmonics used

specific distortion (compared to healthy, linear state)
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Single Cell Setup and Test Rig

Furnace: ~ 750 °C

Airin
EXp. method | N T ,

| @ 60mm . I
|
I
|
|
Metallic flange I I
I
Alumina felt ‘ _1 ‘ Gold mesh
‘ Oxygen electrode
Glass seal r‘-
a . Electrolyte
Mica gasket Fuel electrode
. Ni foam
Metallic flange
(insulated) (insulated)

B~._ Ceramic

I
WE evaporator tube

""""""" Texhaust j . b -
Fuel gge Fuel center é IV/EIS Leads g
Fig.6: Schematic representation of the single cell setup. Fig.7: Photo of the experimental test rig.
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Modelin g Fitted to experimental data

\
Nernst: but considering parasitic Iosse Piin
_ ( = “)ZeFTIact
AG(T,p°)  RT ( (P?m)”“”) RT Eq. (4
, OCV = — ——In(]](*
Modeling z,F z,F A\ PP Eq. (3) o
J
jV Model: U(]) = 0OCV — Hact — Hohm — Necone  Eq. (2) @
p AN £q. (6)
0 Fuel Segment cross-sections
© i ‘kk Change in electrochemical potential:
. \\ Fuel,, B RT Cij£0 Vst,i
- l ) Heone = Z(_’_F In (I,—I (Ci,j=0) ) Eq. (7)
: ' S \_
//’l: Ai i
o /’ out — Correction factor C for #conc
/ -
Segmentation:
Fig.8: Air. Coaxial cylinders with equal active area
Computational domain based on the experimental setup. m
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Fuel Starvation (SO FC)

100

100
1.2 E.1: Hg/Ng
80 | 80
25 1.1
g 60| 60 2
Exp. results < |z > 10 H, |
B 40 140 2 g
~ 5]
i 3 ,
20 {20 E 0.9
0 -‘"I o | i i O
0 200 400 600 800
Current density in mA cm ™2
—e— E.1: const. voltage 0.8V

—e— E.2: const. composition Hy /Ny =30/70
—e+— E.3: const. current 318 mA cm 2

Fig.9: FU with current density and composition (150 Nml min‘', 12.57 cm?).

_ JAcen o @) = For U:U > 80%] significant voltage drop ( 1 Ngone )

Fuel Utilization:  FU :
zeFnip,

WORKSHOP "FROM BASIC TO APPLIED RESEARCH TOWARD DURABLE AND RELIABLE FUEL CELLS" 8




AN VA

3 " 9 STHA rights reserved. Unauthorized use or reproduction without authors consent is prohibited. Material presented at the Workshop jointly organized by H2020 Projects AD ASTRA and RUBY on 5th July 2022 — Lucerne (CH)
i *
i '._b_.lnvPartnershlp N R l '

Fuel Starvation (SOFC)

E.3) E.1) E.2)
) f E.3) Current 318 mA cm2 E.3) Current 318 mA cm?2
No FU FU FU —— ' , ' T - -
% % % 0.4l Nyquist i) | o | Nyquist ii)
—— 1 50 37 37 5 03¢ 1.5
o
— 2 65 43 43 S 0.2 | )/0.97 Qcm?
Exp. results 3 75 52 . =
—— 4 80 65 65 X 0.1 0.5t
90% FU
6 87 82 82 — 0f
— 7 Coo ) s < L A ' A 1 05 ' - - -
—— 38 93 88 38 0.2 0.4 0.6 0.8 1 0 1 2 3 4
— 9 J J Z' in Qcm? Z' in Q cm?
H,/N,=  20.7/79.3 8/92 30/70 _E1) Voltage 0.8V , E:2) Hi/N, =30/70 .
3l Nyquist 2.9 Qcm? | 1+ Nyquist 0.84 QOcm?2
R.mm @nd high-frequency semicircle # f(FU) 9l T ,
90% FU 0.5+t
R0l and low-frequency semicircle 11 as FU 1 1l ] 90% FU
» For same FU, impedance 1 for diluted fuel and low j than 0t / | 0 - m—
for H, rich fuel and high j | . . J - : . :
0 2 4 6 0 0.5 1 1.5 2
Z' in Q cm? Z' in Q2 cm?

Fig.11: Nyquist plots of experiments on fuel starvation.
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Fuel Starvation (SOFC)

E.3)
No FU : :
% » Bode: Low-frequency peak 1 and shifts to lower frequencies as FU 1
—_—1 50
—— 2 65 = DRT: Gas conversion peak P2 1 and shifts from 10! to 10° as FU 1
Exp. results i gg
—— 5 84 = THD: THD 1 the | the frequency and 1 FU, forf <2 Hz
3 Sg THD above 1% threshold (healthy state) for FU > 80%
— S 93 max THD 9.3% at 87mHz for 93% FU
R— 2 Hz
FU , , . . ' FU ‘ — ' FU
1l E.3) Bode — gggz o i i ihE E.3) DRT — 2252 g E3)THD |—— Z‘QZE
g 75 % S 75 %
o —e—30% o 6 ——380%
=i 1 — 84 % ot —— 849
. ! 87% A Al 87 %
N ——90% E — 90 %
I 0.5 —— 93%

ps P6 1%

10t 10 10t 102 10° 10  10° 1071 10 10' 102 103 10*  10°
fin Hz fin Hz

Fig.12: Bode, DRT, and THD plot of experiment 3 on fuel starvation.
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Steam Starvation (SOE)

90 -~ - - r . - T T L B T
1.4 _ H,0/H, |
. 1.3+ 80,20 | -
170 I ——— 70/30]
k= 1.2+ 60/40 | -
50 &= z : —50/50
Exp. results g = Llr ——— 40/60 |
‘,‘ o @ 7 30/70| 1
| 302 £ 1.0 b ———20/80|
\ ‘I"L > i 1
\ 0.9+ -
| ‘ - N '\\ ‘I‘. 10 L
800  -600  -400  -200 0 0.8 T
Current density in mA cm 2 0T i ]
’ PR NI A RS R PR R R RS S
| —e— Coust. voltage 1.35 V| -800 -600 -400 -200 0 200 400 600 800
Current density in mA cm 2
Fig.13: SC with current density and composition (150 Nl min”, 12.57 cr). Fig.14: jV curves of steam(starvation. Dots indicate operating points of EIS/THD measurements.
. JAcel 0 T .
Steam Conversion: SC = ——— Eq. (9) = For| SC > 67% | significant voltage rise ( T N¢one )

zeFﬁHZO
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Steam Starvation (SOE)

a) Nyquist i) | 4| a) Nyquist i) = Nyquist:

“Pseudo-inductive” loop;
For SC = 71% (H, < 30%)

Exp. results OF immense fluctuations in
09 raw data
o : - DRT:
¢) THD P2 and P3 1 and shift to
80 | — lower freq. as SC 1
b) DRT H,O/H, — SC
~ O P2 | L 60 80/20 — 52 % _
g = 70/30 = 56%| " THD:
< o 40 o Threshold = 5%,
- 2 40/60 — i THD 11 between 0.1-1Hz
27 P3 ] 20 , 30/70 — 71% as SC 1 '
P4 PS5 20/80 — 76 % ;
0 4\ /J a\§t‘%\i¢: 5% 0 e S o]
fin Hz, f in Hz for 76% SC

Fig.15: EIS, DRT, and THD results of steam starvation at 1.35V, Amp = 50mV.
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THD — Number of Harmonics

a) FU = 50% b) FU = 75 %
]

- 300

E ) 100
Exp. results : ‘
b 2 The increase in THD
B
R 10 at low frequencies (< 2 Hz)
N
= .
i - due to fuel starvation
d) FU = 90 % S
- '7—" . stems almost exclusively
(]
E '/ from the 2"d harmonic.
= !
: All others are negligible.
A 0.1
s
= 0.05
2 3 4 5
Ny
—e— THDy, ;- —e— THDy,; 19  —— THDy.10-100

Fig.16: Evolution of THD index with harmonics used, normalized to highest THD(n = 5).
Operating points from E1.3 (const. current 318 mA cm? and Amp = 5%).
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Model results

Model Validation

a) H,/N, = 30/70 — 750°C

=
b

o
Nl

Voltage in V
e
oo

e
3

0 100 200 300 400 500 600
Current density in mA cm™2

b) H,/N, = 30/70 — 700°C

=
b

BN 7act fu
- TNact oz
Tohm
B Neone, fu
- Tleonc,ox

—— Experiment

Voltage in V

o o o
-1 0 ©

0 100 200 300 400 500 600
Current density in mA ¢m 2

c) O,/N, = 8/92 — 300 Nml min-t

=
— V]
T

Voltage in V
—

© o ©
-~ co el
T T T

Voltage in V

o o ©
-1 [020] Ne]

0 100 200 300 400 500 600
Current density in mA cm™2

d) O,/N, =21/79 — 114 Nml min-"*

0 100 200 300 400 500 600
Current density in mA cm™2

Fig.17: Simulation versus measurements a) fuel starvation, b) temperature, ¢) and d) air starvation, €) and f) humid fuel.

o
©

Voltage in V
o
(0]

o
-
T

Voltage in V

e) H,0/H, = 30/70

0 200 400 600
Current density in mA cm™2

f) H,O/H, = 70/30

-600 -400 -200 0

Current density in mA cm™2
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Simulation

1.48

Model results 0.75 V . o046

438.5 mA cm2 = 85% FU 438.5 mA cm2=85% FU
d) Local current density ) Local overpotentials f) Evolution of Species
1,700 - ' - 7 - , - - - 100 — : : : :
g + 48% 1.2°F A Fuel
2 o - - Iy
= > 1.1 1 = 80 —o—H,
g 500 | e
; cell average g 1 g N
z o 377 mv g
Z 400} =09 g Air
3] 3 - —o—0s
as
‘E 300 | S 08 215 mV ;; 0
]
£ 200 — 54% 0.7} ¥~ 15.6% O,
1 2 3 4 5 1 2 3 4 5 4.3% H
Segment ' :
Segment, Segment g

Fig.18: Simulation for H,/N, = 30/70, 150 Nml min-! fuel flow rate, O,/N, = 21/79, 300 Nml min-* air flow rate, 750°C cell temperature, outward fuel flow.
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Conclusion

= Experimental
 Extensive characterization of reactants starvation in SOFC and SOE modes

» Tools: Polarization curve, EIS & DRT, and THD (each having advantages & N
drawbacks) 5 EFCF Presentation
Y Gerald Hammers chmig

= MOdellng On F”day 10:15

« 2D steady-state model — Large local disparities during critical conditions

= |mpact
* Understanding of critical conditions and how to detect them (novelty THD)

* Improve State-of-Health monitoring — Prevent degradation — Increase lifetime
* Use model to propose safe operating points free of local extremes

= Qutlook
» Accelerated Stress Tests « Stacks & systems
* Other failure modes * Transient model
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Comparison of Tools

I\ EIS & DRT THD
In-depth characterization
BACKUP _ Sl [P EHEEC e P . . Severity of monitored criticalities
Information No identification of individual Deconvolution of processes by time charact. o L
o o Limited to certain criticalities
SLIDE processes |dentification of criticalities and causes
Time Fast (< 3min) Slow (.> 15m!n) Fast (1.-2m|n) |
to obtain sufficient spectrum to monitor relevant frequencies
o In steady-state mode OK In steady-state mode OK
System Availability Interrupted . . . .
In dynamic mode not possible In dynamic mode not possible
Main Purpose Characterization Characterization Monitoring
Application Commercial Laboratory Emerging Commercial
Reliability / Reprod. Very Good Good Fairly Good
Equip. Requirements Low High High(er)
Usability Simple Sophisticated Sophisticated
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Working Principle

a) SOFC mode > 2e b) SOE mode < 2e

H>

B AC KU P Fuel Electrode Fuel Electrode
(porous, anode) ‘ . {porous, cathode) ‘ ’

S LI D E Electrolyte T 02" O Electrolyte * 02~ :‘:i

Oxygen Electrode
(porous, cathode)

202

HzO HZO

Oxygen Electrode
(porous, anode)

-< >

Fig.3: Schematic representation of the working principle of a SOC in a) SOFC mode and b) SOE mode.

= Temperature: 600 - 1000°C = Dense, ceramic electrolyte: YSZ

= Reactions: at triple-phase-boundary (TPB) = Porous electrodes

= Fuel flexibility: H,, NH;, CO, CH, ... « Fuel side: Ni-YSZ

= Reversibility:  fuel cell < electrolyzer mode * Airside: LSM, LSM-YSZ, LSCF, LSCF-GDC
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Causes for Failure and Degradation

BACKUP
SLIDE

Experimental investigation of fuel-, air-, steam starvation: A
« Polarization curves (jV)
» Electrochemical Impedance Spectroscopy (EIS) and Distribution of Relaxation Times (DRT)
« Total Harmonic Distortion (THD)

2D, steady-state simulation model with MATLAB )
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Polarization Curve (jV)

Voltage in V

exothermic endothermic A exothermic

ANH(T
Epn = — Tzé) Eq. (1)
BACKUP ‘
: 0 Vst,i
SLIDE - po_ AG(TP) RT (o (pi)™
: N zoF zoF H po
: . Eq. (2)
I 1
| | I
: : : Ueenn = OCV — Hact — Mohm — Mconc Eg. (3)
1 | I
I I I ,
. . . Ldu
| ! | : ASRyocat () = 7 Eq. (4)
1 I 1 : =i
Hconc : Hohm : Nact : Hohm : Heone
-« ' . t . : >
SOE mode: j <0 | SOFC mode: j > 0
Current density in A cm 2
Fig.2: Typical current-voltage (jV) characteristic known as polarization curve. (STP: 25°C, 1.01325 bar)

(Note: Same temperature but different gas composition in each mode, therefore different Nernst voltage.)
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Electrochemical Impedance Spectroscopy (EIS)

: A
Small-signal Rior
0
voltage Probe pseudolinear R
perturbation |\ portion of jv curve ~ pol R
g Rohm
S C
BACKUP 3 8 .
3 N decreasing f
g |
SLIDE 3
O
L' j Current density (§) mHz
- Yields small-
 signal current >
' response 7" in Qcm?
Fig.5: EIS method from “Fuel Cell Fundamentals” (O’Hayre et al., 2016). Fig.6: Schematical representation of an impedance spectrum as Nyquist plot.
U(t U sin(wt + Ueilwt+e) . .
Impedance: Z(w)= - (t) = — ( 9) = —5 = 7¢'? = Z(cos¢ +ising) eq (1)
j(t) jsin(wt) jeiwt DRT Spectrum ﬂ
(o]
g
)
DRT (Distribution of Relaxation Times): R, R, R, Cj
Rohm o=
S (i) S HE T
Zprr (w) = Ropm + d(InT) | )
—c0 1 +iwT C, C, c £
n in Hz
Eq. (2)

Fig.7: Schematical representation of a DRT spectrum.
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Test Rig

@NTP (0 °C / 1.01325 bar) @NTP (0 °C / 1.01325 bar)

>

MFC-H2

% Dry fuel in
’6‘ MFC-N2

H2 N2 02 N2

D—Q Waler in center

BACKUP
SLIDE

DCV-fuel-in

i

Texhaust
Water in edge
i ]
1
Y \i !
N '
. . '
‘Water container ~ Peristaltic pump !
'
e —plg |
' '
! . - Evaporator tubes g . '
! FCV-exhaust-edge ineide fuel foed FCV-exhaust-center !
' '
bmmmmmmmmmmmmmmee | e e | e e ——————— i

Heating cord
\ and insulation \ al
LabVIEW for process control J J = | DC Power control
Keysight for DAQ

o -

=750 °C ; . '
il CE power Furnace - S = IR 4 % ‘ N\'s_\.' ‘

IV / EIS Leads ""‘

Electrolyte
*
Zahner Zennium WE power (insulated) Oxygen Electrode (WE)

and power potentiostat
for online monitoring W sense (insulaled)

Fig.8: Process flow diagram of the experimental test rig. Syntheticairin Fig.9: Photos of the experimental test rig.

WORKSHOP "FROM BASIC TO APPLIED RESEARCH TOWARD DURABLE AND RELIABLE FUEL CELLS" 23




ot . AN VA

ol Hvd " rights reserved. Unauthorized use or reproduction without authors consent is prohibited. Material presented at the Workshop jointly organized by H2020 Projects AD ASTRA and RUBY on 5th July 2022 — Lucerne (CH)
ean Hydrogen

Partnership . = | q L)

Test Rig Modifications

@NTP (0 °C / 1.01325 bar) @NTP (0 °C / 1.01325 bar)

>

MFC-H2

% Dry fuel in
’6\ MFC-N2

BACKUP o[ o[
D—Q Waler in center
SLIDE

i

N
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Center inlet DC Power Control
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LabVIEW for process control
Keysight for DAQ
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CE power
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Electrolyte
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Zahner Zennium WE power (insulated) Oxygen Electrode (WE)
'
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and power potentiostat
for online monitoring W sense (insulaled)

Fig.8: Process flow diagram of the experimental test rig. Sytheticaiin Fig.9: Photos of the experimental test rig.
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Design of Experiments

Tab.1: List of experiments. Tab.2: Default experiment parameter values.

No  Name Default:
BACKUP |. Failure mode — 1 Fuel Starvation .
1.1  Constant Voltage .
SLIDE 1.2 Constant Composition « 150 Nml min‘t fuel flow rate
1.3 Constant Current 300 Nml min air flow rate
THD Settings — 2 THD Sensitivity *  H,/N,/H,0 fuel composition
2.1  Signal Amplitude *  O,/N, = 21/79 air composition
2.2 Number of Harmonics * 4 mVstjVsweep rate
Operating —> 3 Temperature « EIS galvanostatic in SOFC mode
conditions « EIS potentiostatic in SOE mode
4 Elaoneabion * 50mHz lower frequency limit
Il. Failure mode — 5 Air Starvation « 100kHz upper frequency limit
51  Varying Air Composition « 12 steps per decade
5.2  Varying Air Flow Rate . 12 measure periods
lll. Failure mode — 6 Steam Starvation  THD of first five harmonics
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M d I .

rzl'n Ar Tolut
[« >|
Oodl, fu — kO N ——— C;,fu(r)' Vsu(r) E—
B A C K U P v C?,fu_ Fuel GDL
z g
) Z Tifur € 6,(8)s Pru(D)
fu fu .f
S L I D E 1 T TPB I Fuel Electrode
L—»r Ot | ‘ j Electrolyte A
TPB
Oox 1 lgﬂx { Jioxs Con(g)' Pox(T) Oxygen Electrode
5 ox '
sbex| 4 O,N, SN N (0 VE° A (2 R—
Air GDL
~
Fig.10: Computational domain based on the experimental setup. Fig.11: Schematic illustration of a segment cross-section.
= Segmentation: = Species balance in the GDL.: = Species balance in the Electrodes:
. . Dusty Gas Model (DGM)
* Coaxial cylinders 19 J;
T . 1
- Radial discretization such that L, reiv) = S Eq. (16) chgfi —cJ; L act  Bgct ap
i = - - 57 Ea.(17)
all have same active area ; ct ij D¢ 9l  uD% o
jF#i
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Soluti Al ith

—
Input J Vm: Xiins T, pcellr]mmf]maxrk Ngeg { Y5k l
—
) Fortoon: 3= - e @
\ 4
( , , ,
Constants ] Geometrical and material properties,
B A C K U P L physical constants, fitted parameters - /
Initialize segments: 7 = Wy Jk
d next ji
S L | D E Check J Input, Utilization ; < Stop >
— If Error @ Change jyy, 1 While Loop Until: n—1 vy
) v . \Aj = E]”’“ — jk| < 1lmAcm™? If Error
Inlet J jleakr x?,in/ Ucenter
\
. — Model Output —
§ y Uk (1)
. SEGMENT VOLTAGE
Thermodynamics Etn, En, OCV g
— 1. Molar flux J;
_ v For Loop: 2. GDL outlet Vout, €} .y
Geometry ' Asgg, rn’in, r?’l,OHt 3.GDL average C;‘
- - 4. TPB conditions pTpB, cf,TPB
Change jn,k While Loop Until:

5. Overpotentials Ngct » Mohm s Meone

Fig.12: Flow chart of solution algorithm of the 2D steady-state MATLAB model. U=|Unr—Uip| <1 m

\7

6. Voltage U, i (Jn.k )

)

The same voltage in every segment is the boundary condition to compute the 2D domain
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BACKUP
SLIDE

THD - Excitation Signal Amplitude

a) FU = 84% b) FU = 90 %
' I Amp = 1.25% I Amp = 1.25%
Amp = 2.50% 15+ Amp = 2.50%
Amp = 5.00% Amp = 5.00% i = 4A
& Amp = 12.50 % & Amp = 12.50 % e 318 mA cm?2
RS = 10+
- - | = 50, 100,
T T AC
= — 5 | 200, 500 mA
| 5 , 0 | . ‘
107! 10° 10! 102 107! 109 10! 102
fin Hz fin Hz

Fig.15: THD plot for different excitation signal amplitudes. Two operating points from E1.3 (const. current at 318 mA cm-2).

= |f amplitude small — signal to noise ratio low and THD output corrupted by noise

= |f amplitude high — non-linear operation per se, high distortion not necessarily
from critical condition but due to measurement setting

= Recommendation —  approximately 5%
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Temperature
a) jV curves

BACKUP
SLIDE

Voltage in V

H,/N, — T 7
— ——100/0 — 750°C] 1
———100/0 — 700°C | -
— — = 60/40 — 750°C | |
——— 60/40 — 700°C
— — —30/70 — 750°C
———30/70 — 700°C| T

" Nohm T and Rohm T if T l
= high-frequency semicircle 1 if T |

= |ow-frequency semicircle # f(T)

» Charge transfer peaks P5and P6 1if T |

= (Gas conversion peak P2 # f(T)

FU =74 S~ T~
0.7 | "Ry | l T = THD pattern similar
100 200 300 400 500 600 700 800 900
Current density in mA cm 2
b) Nyquist | c? Bodel i d) DRT T = 750°C €) ,THD T = 700°C
0.6 FU =65% FU =65%
04} gplh {182 FU = 74% ’ FU = 74%
=04 5 FU = 82% FU = 82%
5 S 0.3} i: FU=86%| X% FU = 86 %
G c CL:) 0.6 - g 2
;E 20 5 0.2 £ 04 =
N N
Lol \ o1 < pe | 1
: 0.2 P3 Py P5 . ‘ A i
-0.2 1 i 1 0 1 i 1 i L i 0 " 0{ L d d-':, ] A
0.5 1 1.5 0t 10 10! 10> 100 10*  10° 0t 10° 10t 102 10* 10* 10° 1071 10° 10 10?
Z" in Qcm? fin Hz fin Hz fin Hz
Fig.17: Comparison of 750 and 700°C cell temperature. jV curves of three compositions from E1.3 and EIS/THD measurements for four operating points from E1.2.
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Flow Direction

125 C T T T T T T ] T T T T T T T T T T T T T T T T
a) r k 12 d) jV curves H,/N, — Flow
s 1.2 . — — —100/0 — out| ]
E —106mV on average 1.1 100/0 — in
Z L5t - N — — —60/40 — out | |
8 1.1 210_ —— 60/40 — in
BACKUP f Uoc, out | = outward — — —30/70 — out
1.051 . . “”"I”‘ . | | 2 . ———30/70 —in | |
SLIDE 0 6 9 12 1 18 21 § '
() 760 [ T T T T T ]
o ' b) T, out 0.8+ =
"~ TH8 b T, in e ~_ =~
oh} ~ ~ -
5 - 90% I~ ~~
% 0.7 FU =9 \ =~ =~
= " 1 L L 1 | 1 L 1 L | 1 | |
;5* 0 100 200 300 400 500 600 700 800 900
3 Current density in mA cm 2
3 25
’ N | FU — Flow
e) Nyquist .
. X 2t 34% —
= OCV |andTfininward flow = . 0% — in
in i g 5 15 44% — in
" Neonc 771 In inward flow = e % — in
2 40} i &= 50% — in
= EIS, DRT, THD results of 2 N 0.5 48% FU —in 52% — in
S 20t . ‘ 90 % — out
. ]
48% inward = 90% outward £ o | | | . . O 90% FU-out
0 6 9 12 1: 18 21 05

Fig.16: Comparison of outward and inward fuel flow direction.

Time in minutes

Z' in Qcm?
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Alr Starvation

100 T i T T T T T i T T T : B
P '—l‘ 1.2 E.2: Alf E.1: 02/N2
08 1400 1 [Nml min~!] 50/50
= 80 -
xe B 300 — 21/79
= 200
an) 5 1.1 —— 14/86
g 21 300 z, 60 »2 — 143 — 10/90
o = =]
BACKUP E - - - 114 — 8/92
£ 1y 200 & IS = L0F 100 — 7/93
SLIDE S : go —
Pl e B = 0.9
— . r -
7 100 >~ §
1L , L —0
0 200 400 600 800 i
Current density in mA cm >
—e— E.1: var. air comp. at 300 Nml min~! i
—e— E.2: var. air flow rate at Oy /Ny =21/79 . A T T
800 900 1000 1100
Fig.11: OU with current density, composition and air flow rate
(12.57 cm?, 150 Nml min'' fuel flow rate, 100% H,).
arvation. The dots indicate operating points of EIS and THD measurements.
o Utilization:  OU = LAl cq iz = For[ 0U > 80% | significant voltage d
xygen Utilization: Slell g or 0| significant voltage drop ( 1 Neonc )

N 226Fﬂ02
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| Nyquist: 3rd semicircle at low frequencies for OU > 75%;
E.1) Nyquist Same behavior found in planar cells (Suboti¢ et al, 2020,

On the origin of degradation in fuel cells and its fast identification by applying unconventional online-monitoring tools)

0.6

=
S 04
BACKUP g = DRT: New peak P1 for OU > 75% (oxygen electrode diffusion)
N 0.2
SLIDE | = THD: Peaks at 500mHz, 750mHz, and 50Hz, but < 2.3% low
ol — also visible in fuel starvation but overshadowed
0 02 04 08 08 1 — setup-specific noise (e.g. furnace heating)
Z' in Qcm?
|| | I
. 2.5 | y 0,/N, — OU
I E.1) DRT E.1) THD 50/50 — 21%
0 2y 21/79 — 44 %
oy 14/86 — 60 %
s S 10/90 — 75%
o 8/92 — 83%
— 7/93 — 86 %
0.5 6/94 — 89 %
10 10" 10! 102 10° 10* 10° 102 109 10! 102
fin Hz fin Hz

Fig.13: EIS, DRT, and THD results of air starvation E.1 with varying composition (O,/N,) at constant air flow rate of 300 Nml min".

WORKSHOP "FROM BASIC TO APPLIED RESEARCH TOWARD DURABLE AND RELIABLE FUEL CELLS" 32




AN VA

rights reserved. Unauthorized use or reproduction without authors consent is prohibited. Material presented at the Workshop jointly organized by H2020 Projects AD ASTRA and RUBY on 5th July 2022 — Lucerne (CH)
artnershnp R l '

=PrL

Steam Starvation

H,0/H, 14 i - H,0/H, ||
2 10/90 60/0] | 130 80/20 | -
o 20/80 80,/20 —— 70/30| -
; 40/60 0/100 1.2+ 60,/40 | -
O ] > ——— 50/50/ 1
BACKUP 2 E Lir ——— 40/60 | 7
= & 30/70| |
g LA i 1 L“ | l‘nm“l (Il el b L 0L l-'u Anod n(\lu‘.anl} = 10- ——20/80| ]
3 ||1 il ”N'H [ 1 , RN A P Y e c
SLIDE : 09} |
ERY V -0 sl -
y
Fig.21: Monitoring of OCV as a function of H,0 content. oL ]
_ ! ! ! ! 1 I I 1 I ’ P B L A R P PR P B
0 2 4 6 8 10 12 14 16 18 20 -800 -600 -400 -200 0 200 400 600 800
Time in minutes Current density in mA cm 2
100 90 Fig.23: jV curves of steam stgyvation. Dots indicate operating points of EIS/THD measurements.
= OCV more stable 80 70 4
if H,O flow rate higher - &
= 50 & D .
O 40 g = For rSC > 67%:] significant voltage rise ( T Ngone )
@)
20 |30 =
0 | | 0 . . jAcell
_ -800 -600 -400 -200 0 Steam Conversion: SC = P Eq. (18)
Fig.22: Current density in mA cm 2 ZeFMH,0
SC with current density and composition
(150 Nl mirr”, 12.57 cr?). [—=— Const. voltage 135V
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Model Parameter Fitting

=  Ohmic resistance R, a | | b)

16

p—
(\]

[e] Data

= Parasitic losses j, .« 2 4l S 12|
BACKUP | 2 00 ERl
= Exchange current density jgfu, 70 ox g £
’ ’ ~ 0.4 o
SLIDE
. Z 02} :
= Correction factor for 2 3
. . — L L L .
concentration overpotential 1., G0 60 700 7m0 800 % 02 o1 06 08 1
Cell Temperature in °C N, mole fraction in fuel (zn, )
Relative reactant depletion: _ .
c)i) c) ii) c) iii)
Xi goy = Xi,TPB .
Laep \/Xiin a. (21) 1.3 4 9l
<
T1.2 53 =
Heone,fu = Yconc,fu CFuel j>0 Eq. (22) ) O &) 5
. 1.1 2
= Heonc,fu Csteam ] <0 Eq. (23) 3l
B C 300 < 0 1t | . . . 1t . . . . 1t | . : .
Heonc,ox = Heonc,ox © Air ﬂ ] = Eq. (24) 0 025 05 075 1 0 025 05 075 1 0 025 05 075 1
H, depletion (zm, dep) O, depletion (20, dep) H50 depletion (21,0 dep)

Fig.28: Fitting of a) ohmic resistance, b) parasitic losses, and ¢) correction factor for 1.
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