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Basic Concepts in Reliability Engineering QAT

Definition of Failure Event and Time-To-Failure
soft failure hard failure
gradual performance loss until (pre-defined) sudden loss of functionality — the device stops
critical level is reached. working.
example example
e voltage/ power degradation in fuel cells e light bulb burns out
17 failure event 1
(4)) ()
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5 tical limit S
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= ‘\ IS failure event
5 5 /
o o
0 0 ©
operation time operation time
(Meeker et al., Technometrics, 40, 1998)
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Lifetime and Degradation Assessment A\‘(IT
Overview of Life Testing Methods
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Durability Testing of Solid Oxide Cells
Research Center Julich ASC-Stacks (2007 ff)
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L. Blum et al., ECS Trans., 78 (1), p. 1791 (2017)
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Degradation Processes in Solid Oxide Fuel Cells AT

Karlsruher Institut fur Technologie

y ¢ iIn SOFC many potentially competing
1 degradation mechanisms are known:

» densification of electrodes

 formation of micropores
A. Weber et. al., Denki Kagaku 64, pp. 582-589 (1996).

 formation of chromium compounds on the cathode

 delamination of the cathode
M. J. Heneka et. al., Proc. 9" Int. Symp. on SOFC, pp. 534-543 (2005).

* Mn-interdiffusion

A. Weber, in J. Garche (Ed.), Encyclopedia of Electrochemical Power
Sources, Amsterdam: Elsevier, pp. 120-134 (2009).

* intrinsic electrolyte degradation
B. Butz et. al., Solid State lonics 177, pp. 3275-3284 (2006).

» Ni-agglomeration
A. C. Mller et. al., Proc. 3@ European SOFC Forum, pp. 353-362 (1998).

 carbon deposition

E. Ivers-Tiffée et. al., Handbook of Fuel Cells — Fundamentals,
Technology and Applications, pp. 933-956 (2009).

?,, = in addition, activation processes that improve the
*. performance take place
A. Weber et. al., Denki Kagaku 64, pp. 582-589 (1996).
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Degradation Processes in Solid Oxide Fuel Cells &("‘
Electrolyte

* intrinsic electrolyte degradation
B. Butz et. al., Solid State lonics 177, pp. 3275-3284 (2006).
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Long term stability of of ZrO2 — Me203 Oxide lon Conductors  CIT

FSZ:8YSZ
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RCS:
rate controlled sintering
constant shrinkage
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Electrical Conductivity of Fluorites ZrO2 — Me203 A\‘(IT
Impact of various dopants on the conductivity of ZrO2
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Quelle: R. Manner, EC. and C. for Special Applications, Vol. 3, DKG (1992), Siemens, IAM-ET, O. Yamamoto, Electrochimica Acta 45 (2000)
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[1] O. Yamamoto, Electrochimica Acta
45, p. 2423 (2000)

[2] R. Manner, Electroceramics and
Ceramics for Special Applications,
Vol. 3, DKG (1992)

[3] Siemens, unpublished data

[4] D. Herbstritt, The Electrochemical
Society, PV 2001-16, p. 349, (2001)
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Long term stability of of ZrO2 — Me203 Oxide lon Conductors  CIT
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Electron diffraction: Tetragonal Phase

[110], [111], [112], [013], [123]
«  Three variants of tetragonal phase:
c-axis along all cubic <100>-axes

 Double diffraction in thicker sample regions

— Clear identification of tetragonal phase
(no superstructures!)
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Electron diffraction

. Exists in 8YSZ and 10YSZ, not in 16YSZ

«  Decreasing volume fraction with increasing doping
concentration

— Dark field images with tetragonal intensity
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Quelle: LEM
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Degradation Processes in Solid Oxide Fuel Cells &(“‘
Cathode & Cathode/Electrolyte-Interface

=3

» densification of electrodes

 formation of micropores
A. Weber et. al., Denki Kagaku 64, pp. 582-589 (1996).

 delamination of the cathode
M. J. Heneka et. al., Proc. 9" Int. Symp. on SOFC, pp. 534-543 (2005).

* Mn-interdiffusion

A. Weber, in J. Garche (Ed.), Encyclopedia of Electrochemical Power
Sources, Amsterdam: Elsevier, pp. 120-134 (2009).

performance take place
A. Weber et. al., Denki Kagaku 64, pp. 582-589 (1996).
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Stability of Interfaces ﬂ("'

Karlsruher Institut fur Technologie

cathode: (La,Sr)(Mn,Fe,Co)O;, 5

electrons
oxygen
oxygen ions

sintering
Mn,Fe,Co
La

Zr

212042

Interlayer
La,Zr,O,
SrZrO,

electrolyte:
YSZ (Y,0, dot. ZrO,)
GDC (Gd,0, dot. CeO,)
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Startup Behavior of SOFC Single Cells and Stacks QAT
Formation and Degradation

(La,Sr)MnO; cell voltage
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SOFC: Formation and Long Term Test of a tubular Cell AT
Siemens-Westinghouse SWPC (1997)
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Fig. 1. Long term test of an early-technology PST cell.

S. C. Singhal, Recent Progress in Tubular Solid Oxide Fuel Cell Technology, Proc. 5th Int. Symposium on SOFC,
Ed. U. Stimming, S. C. Singhal, H. Tagawa, W. Lehnert, The Electrochemical Society, PV 97-40, 37-50, (1997)
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SOFC: Formation and Long Term Test of a 5-cell Stack A\‘(IT
Sulzer Hexis (1999)

Vgtart 1 0.60 V
Vimax : 0.65 V
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Time (h)
Figure 2: Negligible degradation of a five cell stack

R. Diethelm, M. Schmidt, Status of the Sulzer Hexis Product Development, Proc. 6th Int. Symp. on SOFC,
Ed. S. Singhal und M. Dokiya, The Electrochemical Society, PV 99-19, 60-67, (1999)
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SOFC: Formation and Long Term Test of a planar Cell A\‘
Ceramic Fuel Cells Ld. CFCL (1999) (IT

Vstart : 0.68 V

» Viax: Point of

Cell voltage, V

max. performance
» time 10 Vnay :
=~ 50 hours

Figure 2. Cell performance at 750 and 775°C tested in alumina assembly

K. Foger et al., Demonstration of Anode Supported Cell Technology in kW Class Stack, Proc. 6th Int. Symp. on SOFC,
Ed. S. Singhal und M. Dokiya, The Electrochemical Society, 95-100, PV 99-19, (1999)
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SOFC: Formation and Long Term Test of a 1 kW Stack AT
Mitsubishi Heavy Industries MHI (1999)

2500
. Test Condition
v : Thermai Cycle CurrentDensity | 200men? Petart - 700 W
2000 } Fue! Utilization 60%
Air Utilization 10% Pmax : 1250 W
900'C

E 1500 |-

» Pa: Point of
max. performance

» time to Pay :
~ 300 hours

Fig. 12 Endurance Test of 1kW Module with Co-Sintered Cell Stack

H. Mori et al., Pressurized 10 kW Class Module of SOFC, Proc. 6th Int. Symp. on SOFC,
Ed. S. Singhal und M. Dokiya, - The Electrochemical Society, PV 99-19, 52-59, (1999)
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Grenzflache Kathode-Elektrolyt vor und nach Aktivierung &("'
Mikrostruktur

unbelastete MEA nach Aktivierung

72-099-Ab082

e Bildung eines pordsen Bereichs im ULSM-Korn nahe der Grenzflache unter Belastung
e Reaktionsraum vergroBert = hohere elektrochemische Leistungsfahigkeit der Kathode
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Grenzflache Kathode-Elektrolyt vor und nach Aktivierung ﬂ("‘
Chemische Zusammensetzung

Betrieb

—| |~ ~ 100 nm

YSZ-Elektrolyt

La,Zr,0,-Zwischenschicht - Abbau der La,Zr,0,-Zwischenschicht
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Startup Behavior of SOFC Single Cells and Stacks QAT
Formation and Degradation

max. performance  degradation

— ++
— + +
— +
OoCV
cell voltage (optimized startup)
o ; ; cell voltage (non optimized startup)
S ' '
E : : current density
%
| " max. pérformance after 1 ... 3000 h time

a%5e.  Institut fiir Angewandte Materialien

N@)' Elektrochemische Technologien www.lam. klt.eCI uret

Quelle: IAM-ET Vorlesung BBS 07 - Langzeitstabilitaet.pptx, Folie: 21, 30.03.2021



Modeling of Degradation Phenomena ﬂ("‘
Chemical Potential Diagrams and Thermodynamic Equilibrium e

Calculations

MALT (MAterials oriented Little Thermodynamic database®*)
AGe, AH°, 8°, G at 298.15 K
temperature coefficients of heat capacities, transition temperatures, transition enthalpies

Calculation of Chemical Potential Diagrams Thermodynamic Equilibrium Calculations
(CHD) (GEM: Gibbs Energy Minimizer)

= CHD Win : MALT Direct < The kK/T - In{P/atm) - O - Mn - 2r - La system > P ][5
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* H. Yokokawa et al.,Thermochimica Acta 245, 45-55 (1994)
MALT for Windows, see http://www.kagaku.com/malt/index.html
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Modeling of Degradation Phenomena ‘("‘
Chemical Potential Diagram for the polarized LSM / 8YSZ - Inter ace

log p(O4(gs))
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Modeling of Degradation Phenomena QAT
Formation of insulating LZO-layers at the LSM/8YSZ Interface  « e

calculated amount of LZO impact of cathode overvoltage 1

1 mol La, g ,Sr,,MnO; + 1 mol 8YSZ

4 : .
o 005 | . . oxidant: air
% 010 massive low minor | +_"1 500 o
= 05 Lay 75510 .MNnOg 8%8 N *g‘ 3 La, 75Sr,.MnO,
S : O
& 040 e .2-
2 .050 3 S _
S .100 |
5 00 150 = N
= .200 '
-] 250 O ______________ [.---.i
600 400 200 0
cathode overvoltage n., (mV)
LZO likely LZO unlikely

M. J. Heneka, E. Ivers-Tiffée: Degradation of SOFC Single Cells Under Severe Current Cycles. In: S. C. Singhal, J. Mizusaki (Hrsg.),
Proc. 9th Int. Symp. on SOFC, PV 2005-07, The Electrochemical Society, 534-543 (2005)
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Cathode Degradation ﬂ("'
Growth of Secondary Phases at the Cathode/Electrolyte-Interface~=

Interface LSM/YSZ Interface LSCM/YSZ
(LSM: La, ¢Sr, ,MnO;, ;) (LSMC: La, ¢S, ,C0, sMng 505, 5)

= La,Zr,0,
- SrZrO,

electrolyte

\/

YSZ
electrolyte

Low Cathode Resistance High Cathode Resistance

after Formation Growth of Secondary Phases

a%5e.  Institut fiir Angewandte Materialien

'i.Q}' Elektrochemische Technologien WWW. i am. kit.ed‘d.\iét

Quelle: Siemens Vorlesung BBS 07 - Langzeitstabilitaet.pptx, Folie: 25, 30.03.2021



Startup Behavior of SOFC Single Cells and Stacks QAT
Formation and Degradation

I
I
OCV\ |
: cell voltage
I
I
D |
o | Degradation
S | (La,Sr)(Co,X)0;
|
|
I current density

time

%%, Institut fiir Angewandte Materialien WWW iam kit edu!-et
n ] [ ] »

. . .
@)’ Elektrochemische Technologien
Quelle: IAM-ET Vorlesung BBS 07 - Langzeitstabilitaet.pptx, Folie: 26, 30.03.2021



Cathode/Electrolyte Interface
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Cathode/Electrolyte Interface ﬂ("‘
Distribution of Secondary Phases

Cathode
L CF
G terlayer
DC

sIsz0
Dl ID

#) )0LICH

FORSCHUNGSZENTRUM . . .
FIB/SEM focused ion beam / scanning electron microscopy  EHT extra-high tension voltage

STEM/EDXS scanning transmission electron microscopy / energy dispersive x-ray spectroscopy
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“!’c Elektrochemische Technologien [2] J. Szasz, F. Wankmdiller, V. Wilde, H. Stérmer, D. Gerthsen, and E. Ivers-Tiffée, ECS Trans., vol. 68, no. 1, pp. 763—771, 2015. t_ea d,\et
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Cathode/Electrolyte Interface A\‘(IT
Impact of Processing Conditions

GDC sintering temperature
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Cathode/Electrolyte Interface A\‘(IT

Cathode Overpotential and Current Pathways = T
Continuous Intermittent Continuous Interdiffusion
®1200°C 1300°C m1400°C

—

£

//

—
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Degradation Processes in Solid Oxide Fuel Cells AT

Karlsruher Institut fur Technologie

1 In SOFC many potentially competing

‘1 degradation mechanisms are known:

e

s
»

» Ni-agglomeration
A. C. Mller et. al., Proc. 3@ European SOFC Forum, pp. 353-362 (1998).

 carbon deposition
E. Ivers-Tiffée et. al., Handbook of Fuel Cells — Fundamentals,
Technology and Applications, pp. 933-956 (2009).
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Extrinsic Degradation ﬂ("'
Cracking of an Anode Supported Electrolyte after Redox-Cycling:« =
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Impact of Redox Cycle on Length Change of Ni/YSZ Bulks:

Different Sintering Temperatures

T=950°C
18-E N, Al NZ:ENZ Air NZENZ Air N2
| O O
,_|1’6 ] dNio=0,5pm=2’5
X 14 ] dvsz 0,2um
= 1400°C
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S_—:j 0.8 - 1300°C
< 0,6 |
e))
0,2 - Vv
. 1200°C
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time [min]
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Impact of Redox Cycles on Microstructure of Ni/YSZ Bulks AT
Different Sintering Temperatures

d50: NIO=O,5Hm
d50: YSZ=O,2|,lm

length change
dli/ly = 0,4%

3 redox cycles

length change
di/ly =1,7%
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Degradation Tests for SOFC
Redox Stability (100 Redox-Cycles in 35 h)
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Redox Stability of Electrolyte Supported SOFC QAT

Karlsruher Institut fur Technologie

06 50x short cycle 50x long cycle
| 8- 74.038 Type A
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Operation on Hydrocarbons AT

Severe Degradation with higher Hydrocarbons CnHm
2.0 = === 1000
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= 05 : o ‘ = 400
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= ) - . B . = 200
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Operation on Hydrocarbons ﬂ(“'
Severe Degradation with higher Hydrocarbons CnHm

Flussrichtung'

Py
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Durability Testing of Solid Oxide Cells
Research Center Julich ASC-Stacks (2007 ff)
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2007 Operating time / year >80000h
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| | F1004-67 F1004-21
3 08 degradation
% APS-protective layer 0.3..0.6%/
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g S APS-protective layer § e
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Accelerated Testing

"conventional” life testing
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Accelerated Testing
Approach and Advantages

approach

e degradation is accelerated by means
of aggravated stress (current load,
temperature, etc.).

e life-stress relationship is modelled by
the use of failure data.

e extrapolation of life-stress model gives
a prediction for service life at nominal

stress.

advantages of ALT

e physical consequences of degradation
appear more clearly, mechanisms are
identified more easily.

e precious measurement time is saved,
lifetime is evaluated rapidly.

"‘:0‘ Institut fir Angewandte Materialien
@)’ Elektrochemische Technologien
Quelle: IAM-ET

log (lifetime)
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nominal stress aggravated stress
— - % ~

experimental results

log (stress level)

W. Nelson, Accelerated Life Testing, John Wiley & Sons (1990).
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Accelerated Life Testing &‘(IT

COmpeting DegradatiOn Processes in SOlid OXide CellS Karlsruher Institut far Technologie
BL- \ S Gl { =2 in SOC many potentially competing
' o TEediss | o "1 degradation mechanisms are known:

» densification of electrodes

 formation of micropores
A. Weber et. al., Denki Kagaku 64, pp. 582-589 (1996).

 formation of chromium compounds on the cathode

 delamination of the cathode
M. J. Heneka et. al., Proc. 9" Int. Symp. on SOFC, pp. 534-543 (2005).

* Mn-interdiffusion

A. Weber, in J. Garche (Ed.), Encyclopedia of Electrochemical Power
Sources, Amsterdam: Elsevier, pp. 120-134 (2009).

* intrinsic electrolyte degradation
B. Butz et. al., Solid State lonics 177, pp. 3275-3284 (2006).

» Ni-agglomeration
A. C. Mller et. al., Proc. 3@ European SOFC Forum, pp. 353-362 (1998).

 carbon deposition

E. Ivers-Tiffée et. al., Handbook of Fuel Cells — Fundamentals,
Technology and Applications, pp. 933-956 (2009).

?,, = in addition, activation processes that improve the
*. performance take place
A. Weber et. al., Denki Kagaku 64, pp. 582-589 (1996).

5. Institut fir Angewandte Materialien A. Weber.etal., ECS Trans., 68 (1), p. 1953 (2015)
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Accelerated Life Testing AT
Competing Degradation Processes

aging mechanism A nominal stress aggravated stress

@ experimental results P A ~
— |ife-stress model

= = extrapolation

aging mechanism B
— - (different life-stress dependency

aging mechanism B

¢ different dependency on stress level
e minor impact at aggravated stress

e lifetime limiting at nominal stress

S <

ALT approach will fail

log (lifetime)

log (stress level)

A. Weber.et al., ECS Trans., 68 (1), p. 1953 (2015)
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Degradation Testing

SKIAT

Deconvolution of Competing Degradation Processes

aging mechanism A

@ experimental results
- |ife-stress model
= = extrapolation

aging mechanism B
— - (different life-stress dependency

— deconvolute aging mechanisms

. formance, lifeti
averag =
» physicochemical processes acquired
via their electrochemical impedance

(additive quantities)
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Quelle: IAM-ET

EIS: electrochemical impedance spectroscopy

* sinusoidal electrical stimulation

" VVVVN W (current)

, °linear regime — small amplitude
time t

" E]'"?‘ /\/\/\/\_\/\/VVVV‘U—um » sinusoidal electrical response
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>

time t

« variation of the stimulation
frequency — processes in the cell
with a lower relaxation frequency
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Nyquist-diagram
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Loss mechanisms in SOFCs QAT
Processes contributing to the Area Specific Resistance (ASR) s

Transport in the gas phase: gas flow and diffusion
Transport in the solid phase: electronic and ionic current

Reactions: charge transfer, surface exchange, electrooxidation, surface catalysis

-— 9 | | =—o© electrical energy

related resistances

2 gas diffusion (cathode)

surface exchange and
29 02 bulk diffusion

ionic current (electrolyte)

electrooxidation and ionic
transport in the anode

| ——————

RN gas diffusion (anode)

_—m——

gas channel cathode electrolyte gas channel

Ny . .. s A. Leonide et al., J. Electrochem. Soc. 155, p. B36 (2008)
@s% Institut fir Angewandte Materialien . . W, .0
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Impedance.based Cell Model .I A\‘(IT
Deconvolution of electrochemical Processes

Electrochemical Impedance Spectroscopy EIS 535 fredeSurcies 5l equivalent circuit model

0.03
OoCcv @ meas. data R, R;a R,a R,c Ria
~ fuel: H, (60% H,0), 250sccm . —/\/_Tﬁ/\N—Ta/\/* G W —
g 0.02 oxidantz: air (21‘% 0,), 250sccm fit 5> 5> | ;>_
3 . 200° o9 te
C\:} temperature: 800°C | 95936 GQ % Q;p Qoa
0 2C { | 1A | | process physicochemical origin
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Z' | Q-cm? o
o _ _ © y(1) P.c gas diffusion (cathode)
Distribution of Relaxation Times DRT Z(w) = Rpy; f - dt
0.05 P, oxygen reduction reaction (cathode)
. —— meas. data
0.04 fit R, ionic (and electronic) conduction
2
S 0.03 - /\\ P. /P hydrogen electrooxidation coupled with
= \ 2A" 7 3A  gas diffusion and ionic transport
= 0.02 i\ °
- 0.01 . A PgAf\_ \ P.a gas diffusion (porous substrate)
- 3 o Il St ™~IN
. “.r:. .. L l, ,‘/ N |
/Z." :.'. Rl i, i - " P3A . )
05 T T T 3 4 5T o
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Model Application
ASRs of the Cell Components

10 . . .
—O- ohmic resistance (electrolyte + CGO-interlayer)

—Zx— gas diffusion in the porous cathode

-4 gas diffusion in the porous anode substrate

—®— surface exchange and O? bulk diffusion in the LSCF-cathode

- electrooxidation and ionic transport in the Ni/8YSZ-anode

active electrode area: 1 cm2

fuel: 40% H, + 60% H,0, 250 nccm
oxidant: air, 250 nccm
temperature: 550 ... 850 °C
OCV-conditions

ASR / Q-cm?
o

|
0.01 :
1
1
1

0.001 t
500 550 600 650 700 750 800 850 900

temperature / °C
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gas diffusion polarization

ohmic losses
- electrolyte +
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FZ Julich ASC

at 750 °C:

- anode substrate RRATE
charge transfer reaction
and ionic transport

oxygen reduction reaction
- cathode layer
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Applicability of the Model to different Cell Types AT
Cell Types analyzed in National and European Projects

ESC

H.C.StarckA\

J

SrTiO,-based ASC vps MSC l APS-MSC .

UNIVERSITY WEST

Ceram‘l' ec

ASC (reduced) EJ cofired MSC []T1] PVD MSC
W6 Forn v v e - J
C. Endler-Schuck et al., J. FC Sci dTh logy 8, p. 41001 (2011) =
4 C . Endler-Schuck et al., J. cience and Technology 8, p. PLANSEE
ASC S (before reductlon) Q. Ma et al., J. Power Sources 196, p. 7308 (2011)
P. Blennow et al., J. Power Sources 196, p. 7117 (2011) ‘
aS%0.  |nstitut flr Angewandte Materialien F. Han et al., J. Power Sources 218, p. 157 (2012) - = ~
<) ‘
S@5' Eloktrochemische Technologien T. Franco et al., Proc. 10 Eur. SOFC Forum, p. A0906 (2012) www.iam.kit.eqau'et

A. Kromp et al., Fuel Cells 13, p. 598 (2013) ) - )
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Applicability of the Model to different Cell Types

10
" Rac
" RoatRaa ]
o R1A [ n
« 11 °Rg s
10 5 =
G =
" Rac P 3
® Roa*tRaa - 2 . —°
o R 0.1 = i 2 i
LR, | SEPLAY : — ASC 2
L . | g : —
2 8 @
x o - 0.01 °
< 0.1 2 . 0.9 1 1.1 1.2 1.3
= ASC 1 1000K /T
°l - P ———
R e S quite similar processes in all cells
0.01
0.8 0.9 1 1.1 1.2 1.3 H 1 H
g, > gas diffusion in the pores
0 — . > electronic / ionic currents in solids
" Rac
® RoatRaa - o » a MIEC-cathode
1 o R1A a >
° Ry —— » a cermet anode
£ . o ] . . . g o
o4 o + polarization at insulating interlayers
o © []
2 - e i B 10 _
= o o o L] ° —0-Rq
0.01 . : ~“Recan E
L] n B - ASC 3 E +Rec‘cat ASC 4 11
| r t 1 H—ERgasu A
0.001 ! S
0.80 0.90 1.00 1.10 1.20 1.30 G
1000K/T 35,
< 04 /5;/‘
'y 0.9 1 1.1 12 13
1000K/ T

1%% Institut fir Angewandte Materialien
@)’ Elektrochemische Technologien

Quelle: IAM-ET

P. Blennow et al., J. Power Sources 196, p. 7117 (2011)
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T. Franco et al., Proc. 10" Eur. SOFC Forum, p. A0906 (2012)
A. Kromp et al., Fuel Cells 13, p. 598 (2013)
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Impedance based Cell Model |l

Physicochemical Performance Model — Power Density

Nernst equation

ohmicloss Ropm =

Uocv

T (E
—exp
Bohm

Butler-Volmer equation

J = JoEl [exp (“El
g a
Jo,an = Yan(pHZ,an) (pHZOan)beXp (_

o m
Jo,cat = 7cat(p02,cat) €Xp (_

nanact,El
RT

act,ohm

R-T

)

Eact,cat
RT

) - exp (-1 - am)

Eact,an

RT

)

neF nact,El

RT

Fick's law inserted + Nernst equation with D'/ = ., - D;

Cell voltage

Nconce,cat (]) +1 act,an (]) +1 act,cat (]))

model parameters p, = f(time, operating conditions)

1%% Institut fir Angewandte Materialien
@)’ Elektrochemische Technologien

Quelle: IAM-ET
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1.6 — simulation
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Modelling Il A
Single Cell Durability Model (IT

o
N
|

_ test matrix (varied parameters)
—* aging (1300 h) - temperature

- current density
- fuel composition

4‘\ A\\ﬁ\ - oxidant composition
0 | AV e ... === - ... to be extended

10 Hz 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz
frequency, f/ Hz test duration: 1300 h (> 4000 h)

DRT / ) -sec
(@]

time dependency of model parameters — +/t
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Single Cell Durability Model
Validation

measured and simulated cell degradation
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SOFC Stacks
Spatial Gradients — Localized Degradation
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Modelling IV

SKIAT

FEM Repeat Unit Model — space-resolved Performance
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Modelling V
Stack Durability Model
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Modelling V

Stack Durability Model
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