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Abstract

We investigate failure incidents of a solid oxide fuel cell (SOFC) system during
start-up from ambient conditions as well as during operation around the
design point, using numerical simulation with a view to performance and
thermo-mechanical stresses. During start-up, which comprises heating and
load ramping phases, the system's trajectory moves through a relatively large
temperature range. The simulated failure scenarios include reversible opera-
tional discontinuities in terms of input parameters and irreversible hardware
failures. Furthermore, we also present results for a complete power cut. A
multiphysics modeling approach is used to couple thermal, electrochemical,
chemical, and thermo-mechanical phenomena by means of time-dependent
partial differential, algebraic, and integral equations. Simulations revealed that
the system can smooth out thermal discontinuities that are within a few
minutes, that is, within the range of its thermal inertia. However, during the
initial phase of the start-up procedure, thermo-mechanical stresses are rela-
tively high due to larger differences between the sintering (manufacturing)
and operation temperature, which makes the system more susceptible to fail-
ure. This work demonstrates that a multiphysics approach with control- and
reliability-relevant aspects leads to a realistic problem formulation and analysis
for practical applications.
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1 | INTRODUCTION

Fuel cells (FCs) represent a crucial building block for green energy solutions for power generation,™* also as part
of a larger system network,”> and for transportation.>® Various FC technologies have been developed,”"® where
solid oxide fuel cells (SOFCs) have certain advantages over other types of FC, such as the potential use of
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nonprecious metals. SOFCs have therefore been intensively studied.'*'® Nevertheless, issues remain to obtain a
sufficient lifetime for wide application. Important challenges include irreversible degradation of electrode, electro-
lyte, and sealing materials.'®>

Due to the complexity and mutual interaction of physical phenomena as well as strong dependence on operation
conditions, mathematical modeling is indispensable to gain insight about performance for realistic and critical scenar-
ios. In addition to an electrochemical perspective to assess thermodynamic performance,*?* a systems perspective
should also take into account thermo-mechanical aspects®® to analyze overall metrics that specify the system's life-
time, such as reliability.*”>*

Operation under relatively benign conditions in terms of transient gradients already leads to complex control
strategies, because of the number of physical variables that need to be controlled as well as material and opera-
tional constraints. For safe and economically feasible system start-up, further requirements need to be
addressed,*®*’ for example, the use of inert gas (so-called safety gas)*® to maintain proper conditions with respect
to chemical potential in the material and thus avoiding excessive stresses under rapid transients. However, com-
pared with studies that are concerned with design point and off-design/part-load performance, relatively few works
exist on detailed transient behavior on a system level. Even fewer studies directly investigate the start-up behavior
with all the aforementioned physical phenomena despite its critical importance,®* and in particular conducted
by the Jiilich team.*’** In this respect, we consider the multiphysics approach with time-dependent partial differ-
ential algebraic integral equations (PDAIEs) as the core element of a more general model-based systems engineer-
ing (SE) framework.

A second branch under the umbrella of this framework is reliability analysis. Here, stochastic (statistical and proba-
bilistic) methods are usually employed, for example, to define maintenance requirements,***® which directly links tech-
nical system operation with economics. However, the use of multiple terms to cover certain mechanisms for
malfunction, the introduction of several fitting parameters, or both, cannot sufficiently capture the complexity of the
internal system's physics.

Systems control is another branch within the model-based SE framework, where simplified models in the
frequency or time domain are commonly used, for example, based on proportional-integral-derivative controllers*’
or (nonlinear) model predictive control with state estimators.***° To obtain information about a system's transient
behavior subject to disturbances (open-loop) step responses are imposed. But the underlying models are in many
cases linearized or, in more general terms, reduced order representations of a high-fidelity or simplified physics-
based model.

In summary, the model-based SE framework we are using in this work balances the physics, reliability, and control
perspective to arrive at a more realistic understanding of failure-induced risks for the SOFC during start-up as well as
normal operation compared with a purely thermodynamic performance approach. A broader and more detailed
perspective is of critical importance for actual system operation.

To the best of our knowledge, this is the first study that investigates failures of an SOFC during start-up by means of
a thermo-mechanical system model in conjunction with practical issues, including the set of degrees of freedom (DOFs)
and the need for safety gas.

One separate note is necessary on system shutdown. We assume that for a normal shutdown in absence of
an emergency, the inverse of the start-up procedure can be applied, possibly with some adjustments with respect to the
durations of individual phases. In the following, we use only start-up but really mean to cover both, start-up and
normal shutdown. We also present results for a power cut as part of an emergency shutdown scenario.

2 | SYSTEM DESCRIPTION
2.1 | SOFC-based plant

In this work, one of the most basic SOFC-based plant designs is used, shown in the process flow diagram (PFD) in
Figure 1, also with the additional plant equipment that is required for start-up (in blue). Hydrogen is assumed as fuel,
which is perhaps the most benign fuel for this and related FC types. More complex fuels would require further auxiliary
equipment and add constraints. We generally reckon that some fundamental and pressing issues still need to be
resolved for such basic plant designs, which will also be present in more complex designs, such as level of heat integra-
tion and operational requirements including fuel.
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FIGURE 1 Basic solid oxide fuel cell (SOFC)-based system
design with auxiliary equipment for start-up/shutdown (in blue)

safety gas tank

blower safety gas tank hydrogen tank

control valve .
-— air

heater
heater

Y
9
pre-heaters combustor .
SOFC

exhaust

anode

electrolyte

—» electrical current

—  fluid ()
ui \\/
auxiliary start-up equipment DC/AC inverter Mmicro-grid

2.2 | Principal system operation

A simplified FC scheme comprises five components, namely, two gas channels and three ceramic or composite layers.
Operation also requires two metallic current collectors (interconnects) and sealants (not shown). The gas channels pro-
vide the fluid for reduction (cathode) and oxidation (anode), respectively. Between anode and cathode, there is an
oxygen-ion conducting solid electrolyte. Charge neutrality and movement of negative charges (electrons) are provided
through an outer electrical circuit. In this work, a tubular design of the SOFC is assumed.*® The principal mechanism
in an individual SOFC is shown in Figure 2.

In the electrochemical cell, oxygen ions are transported from the cathode across the electrolyte membrane to the
anode. The half-cell reactions on the cathode (oxygen reduction) and anode (fuel oxidation) are'*

0, +4e~ =207,
2H, +20°~ =2H,0+4e".

2.3 | Design and operational constraints

Table 1 summarises critical design and operation constraints of individual process system components of the
SOFC-based plant, shown in Figure 1. These determine the overall operation envelope for the SOFC. Even though
constraints may be soft, that is, they can be exceeded, doing so may result in major loss of performance, aggregation of
irreversibilities, and an associated increase of failure probabilities. The combustor is also critical because it is an active
component that provides heat to the system. During start-up of the plant, however, it may be necessary to use a

single cell
hydrogen === gas channel =g Water
.
’
cathode 0, +4¢ - 20%
OXygen (air) == gas channel =P 0xygen (-depleted air)

FIGURE 2 Principle of a solid oxide fuel cell (SOFC) with
hydrogen as fuel Overall cell reaction: 2H; + Oz «» 2H;0
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TABLE 1 Design and operation constraints

Constraint

Power density

Potential effect

Increasing currents lead to higher concentration polarization and
faster cell degradation

Limit

80%-90%">1">3

Max. impurities concentration Performance loss, degradation, failure 30%°'3
Max. leakage rate (interconnects) Performance loss, failure due to leakage 0.1%°1>3
Min. temperature Performance loss, and failure due to thermo-mechanical stresses 900 K>3
Max. temperature Performance loss and failure due to thermo-mechanical stresses 1300 K153

Max. difference in thermal expansion

and chemical interaction

Performance loss and failure due to thermo-mechanical stresses

10%-17%12

coefficients
Transient temperature gradients Thermo-mechanical stresses 20K/cm>**
Steady state temperature differences in Thermo-mechanical Stresses 150K°133
axial direction of stack
Min. FU Thermo-mechanical stresses 40%°153
Max. FU Fuel starvation, efficiency loss 90%°13
Max. total pressure difference between Mechanical stress 3 bar’?

fluid streams

secondary heat source in conjunction with auxiliary heaters to avoid potential fluctuations and rapid changes due to
small thermal inertia.>® In other words, the short residence time of the fluid may lead to flame instability because of
lean operating conditions and high thermal intensity. The preheaters may also add constraints, for example, with
respect to total pressure differences across the solid. In this work, we assume that setpoints of all manipulated
variables (MVs) can be achieved, no constraints of balance-of-plant system components are therefore considered.
Furthermore, purging of gas channels and other preparation tasks for actual system start-up are assumed to be
completed.

2.4 | Degrees of freedom

The set of controlled variables (CVs) and MVs for the SOFC system is shown in Table 2. The difference in the number
of these two variable types determines the DOF available in the system.’” Other options for some of the variables are
possible. The selection of pairs needs to take into account the measurability of the quantity and the response time. For
example, electrical parameters, such as current, will respond faster than those related to heat. In the presence of electro-
chemically active species at reaction sites (triple-phase-boundaries [TPB]), the SOFC can respond to load variations
within the time scale of electrochemistry (within milliseconds).*®

A physics-based system modeling approach shows a clear benefit regarding the identification of correct CV and MV,
because the numerical solution of the model requires a well-posed problem, in other words, an equal number of
equations and variables. Input parameters therefore represent the DOF. For example, values of spatially distributed

TABLE 2  Set of controlled and manipulated variables for the SOFC system in Figure 1

Controlled variable Manipulated variable

Electrical system power Electrical current
Mean solid temperature of SOFC stack(s)

FU of SOFC stack(s)

Blower capacity/mass flow of air

Fuel valve opening/fuel mass flow to stacks
Pressure gradient across solid of SOFC stack(s) Use of throttles (not shown in Figure 1)
Combustion outlet temperature Fuel valve opening/fuel mass flow to combustor
Air temperature to SOFC stack(s)

Chemical kinetics in SOFC stack(s)

Bypass ratio of air (not used here)

Fuel composition (not used here)

Abbreviations: FU, fuel utilization; SOFC, solid oxide fuel cell.
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system state variables can usually not (easily) be accessed through direct measurement. Nevertheless, overall system
state variables can be defined. A case in point is the mean solid temperature of the SOFC T (defined below), which is
an integral quantity. Such metrics that are based on detailed models provide a better description of system constraints
and operation compared with lumped-per-default quantities. The mathematical problem remains well-posed (for
numerical solution) irrespective whether MV or CV are specified as input parameters. In this respect, specifying the CV
corresponds to the case of perfect control without deviations in measurements of MV, controller actions for CV, or
other stochastic effects.

3 | MATHEMATICAL MODEL

In this section, the mathematical model is briefly presented. Further details about the electrochemical model can be
found in Stiller et al®® and Stiller.>® Notice that a complete description of the thermo-mechanical model, including
boundary conditions, is given in our previous work.™

3.1 | Energy and mass conservation

Heat, transfer for gas and solid, respectively, read®®°

ITgCp gy +v ITgCpgpy _ 2hc
’ =

at az r (TS - Tg)’ (2)
dT,
pSCp’SW = ASVZTS. (3)

The following boundary condition applies between fuel and the anode, including heat generation through the elec-
trochemical reaction®>’

dT; rAh
As—=—=h(Ts—T — 4
S or o(Ts=Ty) 2zrL’ “)
with the reaction rate™'
iA
=—. 5
F=or (5)
Mass conservation for the gases follows>®°
aC; dC;
e PRt PN 6
at Vg az i ( )
3.2 | Electrochemistry
The cell voltage is'"*!
Veen =Voc— ngcrzlt - ﬂ;it - ﬂitr)ln - ngﬁn ~Hohm- (7)

The open circuit voltage (OCV) is given by the Nernst equation'"®":
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RT  axi
Voc=E + —In o . (8)
Qred

The activation polarization losses on anode and cathode are given implicitly by the Butler-Volmer equation'>®":

np «F ; n:pB.F .
i = l'; {exp( i ];T”/act,z> —exp <_ lﬂr;{’_[’?act,l>:| . (9)

The concentration polarization losses describe interactions between the bulk gas phase to electrode surfaces as well
as between electrode surfaces and TPB'»®':

RT
Neon,i = _n'Fln(pi,g’pi,TPB)' (10)
1

The ohmic loss is'*5!

Mohm = iAR, (11)
with an ohmic resistance comprising temperature-dependent resistivity of electrodes and electrolyte and an essentially
constant resistivity for the interconnects.’®>’

3.3 | Thermo-mechanics
The displacement is used as the primary unknown variable. Deformations and displacements of the solid material are

relatively small resulting in a system of linear equations.®* The Navier equations for the electrodes and electrolyte mate-
rials in cylindrical coordinates are®>®*

2, W 92(19 duz\ _ 49T
”(V i r2)+(ﬂ+ﬂ)3r(r3r(mr)+ z =05

d (10 7 T (12)
u
VU + (A+p) = == =) =g
H uZ+( +:u)az(rar(rur)+ az) 0‘)Z
The displacements are related to the strains according to®*
_ duy
=
Ur
Eg=—),
r
_ duy (13)
Ez = az s
Py (L
ST o\dz o or )
The stress—strain relations are given by Hooke's law®*
ci=AMer+eg+eg) +2ﬂ8i—ﬂT,Withi:I",9,Z, (14)

Tor = Trg = 2UEz
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TABLE 3  Thermo-elastic input parameters

Component Material E (GPa) v(-)

Anode (reduced) Ni-3YSZ £(T)* 0.387%

Electrolyte 8YSZ £5(T)*’ 0.31%

Cathode LSM 41°% 0.28%°
63,64

Thermo-mechanical parameters are

__ E@p
M=)y
_ E(®)
n)= 2(1+0)
pla)= 22

a (10°°K™)
12.6
10.9%7
1267
(15)

The initial stress distribution during the sintering process, with a reference temperature of 1473 K,** is assumed to
be homogeneously distributed in the material. Further input parameters are given in Table 3. Solving the eigenvalue

problem leads to the following algebraic equation system to obtain the principal stresses®®.

oy +09+0;=0,+0,+03,
1 2 2\ _
5((0’,+69+61) —1;,) = 0162+ 6203 + 6301,

2
60907 —T,,09 = 010203.

3.4 | System variables

The total current from the SOFC stack is

with the DC power
P=VL
Fuel utilization (FU) is an important performance variable and is calculated according to"'

I
2Fn fuel .

Overall electrical system efficiency is®

P

Mol = 7
d M fuel LHVfuel

The mean solid temperature is

(16)

(17)

(19)

(20)
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Ts= %JLTS(z)dz. (21)

3.5 | Degradation and failure mechanisms

Potential degradation mechanisms for SOFC are complex and often mutually dependent. For example, the actual sys-
tem design (e.g., tubular or planar) determines to some extent which mechanisms are dominant.”” The materials being
used are other design criteria with a strong effect on performance and duarability.>® The feedstocks, in particular the
fuel and its purity, are further criteria. For instance, the use of carbon-containing fuels, such as natural gas or synthesis
gas produced from biomass or coal gasification, can lead to coke formation.”* Sulfur, even in relatively small amounts,
can promote sulfur poisoning.”*”® Moreover, evaporation of materials from balance-of-plant components may also
cause contamination.”” The complex reaction kinetics are temperature-dependent so that operation conditions strongly
affect degradation mechanisms.”®”®

We assume that the gas supplied to the SOFC is free of any potential contaminants and further employ safety gas to
control the electrochemical reactions and chemical potential, respectively. Further uncertainties would be introduced
because data are in many cases not available for the entire range of interest for start-up analyses, that is, covering a tem-
perature range from ambient to those required for operation.

The main cause for failure considered in this work are thermo-mechanically induced stresses, with a force-
term comprising temperature gradients and differences between the materials with respect to physical properties
such as thermal expansion coefficients (Table 3). However, we emphasize that degradation mechanisms may pro-
mote or initiate failures, for example, due to material imperfections that are caused during manufacturing or sys-
tem assembly. These effects are characterized by a high degree of stochasticity.

3.6 | Model implementation and numerical solution

The model was implemented in gPROMS,*® which is essentially an advanced equation system solver for complex
dynamic large-scale problems. In addition to well-posedness, as discussed above, the solvers require a problem formula-
tion of index one. The index determines the smallest number of times the PDAIE must be differentiated to determine
continuous functions of the state variables and certain space derivatives of their components.*** The higher the index
the more difficult it is to solve the equation system. Individual equations may be reformulated in case models have a
too high index for the numerical solvers.®

We use finite difference schemes for the discretization of the PDE, with 40 discretization elements in axial direction,
10 discretization elements in radial direction for the cathode, and five for the anode and electrolyte (the cathode is the
thickest part of the assembly). The total number of equations is about 19k equations, 18k algebraic, and 1k differential
equations. A finer discretization scheme or the use of finite elements methods would have come at the expense of
substantially higher computational cost without an associated benefit in terms of principal insights for the SE
framework employed in this work. For all simulations, steady state is defined as initial condition. The numerical
solution of strongly coupled time-dependent PDAIE system models covering a wide range of values for the state
variables, especially in conjunction with discontinuities in time, is relatively demanding for the solvers. We therefore
use various techniques to simulate the model from the off-mode at ambient conditions to full load in one continuous
run. These techniques include nondimensionalizations and schedules with logical task constructions for initialization
values.

Thermodynamic properties are called from the physical property package Multiflash.** Thermo-mechanical proper-
ties are taken from literature, as shown in Table 3, together with empirical functions for continuous parameter-
dependency.
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FIGURE 3 Simulation results for validation case © 100 0 5
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4 | RESULTS AND DISCUSSION
4.1 | Verification and validation

We calculate the overall steady state deviation of energy and mass conservation between the SOFC's inlet and outlets
due to the numerical solution, based on

Zk Z.:in,k

AC =1- 5
Zk gout,k

Z::E-',n"l. (22)

For the energy balance check, this takes also into account the supplied heat through the feed gas as well as electro-
chemical reactions. The deviation with respect to energy is about 0.1% and for mass about 0.001%, which is considered
as sufficient.

Figure 3 shows the first and second principal stress distributions of the electrolyte. The electrolyte is used for valida-
tion because from the three material layers (electrodes and electrolyte), it is where the highest stresses occur and thus
most susceptible to failure. The thermo-mechanical properties for Young's modulus, Poisson ratio, and thermal expan-
sion coefficient are for this case taken from Nakajo et al** and are also shown in Figure 3, for all following simulations
input parameters are as specified in Table 3. Not all required input parameters are given in Nakajo et al*® and therefore
based on our educated guesses (we also use a different length of the SOFC). However, comparison of Figure 3 with
Nakajo et al**" shows a stress distribution of comparable slope and magnitude.

4.2 | Start-up procedure

The start-up procedure consists of two phases. In the first or heating phase, respectively, the system's temperature is
increased by auxiliary heaters, as shown in Figure 4 (see also Figure 1). No electrical power is produced during initial
heating. In the second phase, the chemical composition of the two feedgas streams are adjusted, as shown in Figure 5,
along with power ramp-up (Figure 4) until the defined design point is reached. In addition to potentially challenging
control during the second phase of the start-up procedure, the use of safety gas also represents an additional economic
factor. In general, frequent start-up/shutdown cycles should be avoided for economic reasons.

Figures 6 to 8 show the stress distributions in axial direction (z-coordinate) for the electrode-, anode-, and cathode
material, respectively (z-coordinate). The profiles correspond to three distinctive times during the start-up of the system:
(i) off-mode in which the system is at ambient temperature of 300 K, (ii) power ramp-up where oxygen is supplied to
the cathode and hydrogen to the anode, respectively, together with increasing power extraction, and (iii) steady state at
the design point. Steady state is reached in less than 15 h. The stresses reduce with the progressing start-up procedure
because the force term in the equation set describing thermo-mechanics decreases, or more specifically the difference
between sintering temperature (manufacturing) and operation temperature. From the two electrode and the solid

“Bottom of Figure 4.
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electrolyte materials, the largest stresses occur in the latter one, because the value for Young's modulus is higher com-
pared with those of the electrodes. On the other hand, its thermal expansion coefficient is lower (Table 3) and also
directly affects the magnitude of the force terms for thermo-mechanical stresses.

4.3 | Thermodynamic steady state performance

Figure 9 shows the solid temperature and current density in axial direction of the SOFC under normal operation condi-
tions after more than 15 h from initiating the start-up procedure (Figures 4 and 5) without failures. The voltage is
0.55 V. The current density is a function of temperature but also of fuel and oxidant utilization through the electro-
chemical reactions and therefore varies in axial direction.

44 | Irreversible hardware failure during start-up

As an example of a hardware failure is the scenario in which 5% of cells in the stack fail with a corresponding total of
60 cells. An alternative interpretation of this failure incident is the loss of one or more individual modules the SOFC
stack is made of. The failure is initiated after 10 h after completion of the heating phase and at the beginning of
the power ramp-up phase (Figure 4). The heat distribution in the system remains relatively unaffected by this failure
incident in terms of thermo-mechanical stresses, because the thermal inertia are large in comparison with changes
in electrical state variables. The effect of this failure incident on FU, which is one of the CVs (Table 2), is shown in
Figure 10. The start-up procedures with and without loss of cells are compared. If no controller actions are taken, there
will remain an offset in FU. The control strategy must thus be flexible enough to adjust to new setpoints of the
controllers. These setpoints need to be within the valid regime of the operation envelope and within the range of
constraints, respectively (Table 1). Given the strong interdependence between thermal and electrical phenomena, new
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setpoints may result in suboptimal performance, operation conditions that favor malfunction, or both. For electrical
parameters such as FU, response should be fast because these proceed essentially instantaneously.

4.5 | Reversible discontinuities during operation

During the heating phase, safety gas is fed to the SOFC system (Figure 5), no electrochemical reactions take place and
therefore no electrical power is being produced. Technically, the SOFC stack acts as a heat exchanger, in case the tem-
perature of the feedstreams differ from one another. We simulate a reversible failure scenario in which an interruption
in the safety gas supply to the anode continues for 5 min, more specifically the molar flowrate drops from 1.15 to
0.15 mol/s. The thermal inertia of the stack are large enough to smooth out this disturbance with respect to heat distri-
bution in the system (numerical results are not shown because of the small effects). Such failure incidents are of practi-
cal importance in actual systems and can have different causes, for example, due to the gas tanks in the supply system
(Figure 1) or erratic controller behavior. A drop in fuel supply to the anode from 1.1 to 0,95 mol/s for 1 min has again
minor effects on the heat distribution (not shown) and thermo-mechanical stress distribution. The system may there-
fore recover from this incident. However, the FU increases instantaneously to more than 0.91, as shown in Figure 11,
which can lead to fuel starvation (Table 1). Fuel starvation may also initiate other irreversible degradation and failure
mechanisms. Control systems usually have response times shorter than 1 min, but depending on the variables being
monitored such incidents could remain undetected.

4.6 | Power cut

SOFCs are power supply devices, and the customer may demand an immediate power cut from the load. To study the
effect of this incident, no changes of the other MVs are imposed (flowrate of air and fuel). The transient system
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response to this incident gives information about the thermal inertia present in the SOFC. Balance-of-plant system com-
ponents (Figure 1) may add to the overall system thermal inertia. Heat distribution and temperature gradients may
therefore be smoothed through forced convection, as long as recycling of fluid or generally supply under these condi-
tions continuous in the system. Here, we consider the case without recycling, which corresponds to the case where all
other CVs (Table 2) are kept at the current setpoint. Electrical power enters the energy balance through the electro-
chemical reaction rate (Section 3.1) so that any changes in power output directly affects the heat distribution in the sys-
tem. Figure 12 shows the temperature-related constraints from Table 1, that is, the maximum temperature difference in
the stack and the maximum temperature gradient. Both remain within the specified limits. The mean solid temperature
is also shown in Figure 12. A new steady state after the power cut is reached after about 20 min. Figure 13 shows the
displacements in radial and axial direction for the electrodes and electrolyte.

Figure 14 shows that stresses (maximum of absolute) in the materials increase as response to a complete electrical
power cut. A new steady state for stress distributions is established based on the heat distribution, as shown in
Figure 12.

5 | CONCLUSION

The susceptibility of an SOFC system to operational as well as hardware failure incidents during start-up was inves-
tigated, that is, discontinuities in fuel supply, which represents an MV, and a hardware failure in which a certain of
cells in the stack fail. Both failures have an effect on the system's operation. While incidents of the former case may
be fixed under operation, hardware failures will usually be permanent (replacements disregarded). In case of hard-
ware failures, it is then the extent of expected immediate as well as long-term effects to either continue with the
start-up procedure or to abort it. Simulations revealed that the system is able to smooth thermal effects, which occur
within a few minutes, in other words which are within the range of thermal inertia. However, during the heating
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FIGURE 10

Fuel utilization during start-up with and without

loss of cells during load increase phase

FIGURE 11

Interruption in fuel supply (input disturbance) and

fuel utilization (FU) (system's response)

FIGURE 12

Response to power cut of temperature-related
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phase, thermo-mechanical stresses are high, and the system is therefore generally more susceptible to failures. In
fact, any changes leading to a stronger force term, such as temperature differences between the actual operation
and reference temperature (zero stress temperature during manufacturing) will negatively affect the survival proba-
bility of the materials. However, elevated sintering temperatures during processing can improve connectivity and
ionic conduction. On the other hand, too excessive sintering temperatures may again lead to detrimental effects, pri-
marily due to a decrease in the TPB and specific surface area of the electrodes.®® Hence, system optimization should
consider both, complex dependencies of material properties and operational conditions. Electrical discontinuities
have an immediate and strongly detrimental effect on the system's stress distribution. Manipulated system variables
as well as critical state variables therefore need to be monitored for a safe start-up procedure in which the system is
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exposed to large thermo-mechanical stresses, even in the absence of failures. The number of constraints that need
to be respected for safe system start-up as well as interdependence of CVs and MVs in conjunction with elevated
stresses lead to relatively strict conditions.

We applied a model-based SE framework in which a combined physics, reliability, and control perspective allowed
us to gain a deeper understanding of the system's behavior during start-up under realistic conditions, including poten-
tial failure incidents. It was shown that each perspective adds critical insights to make correct assumptions for practical
application, such as the identification of material and operational constraints and the available DOFs in the system. For
the simulated abrupt electrical power cut, for example, one may be tempted to assume that this incident is not severe
for the system in terms of durability when using a thermodynamic model, even when considering temperature-related
constraints (as shown in Table 1), while in fact relatively large stresses occur in the materials.

The multiphysics modeling approach with time-dependent PDAIE as core element is well established in the
physical science and high-fidelity modeling within SE. But its integration into a bigger framework for reliability
analyses, also considering system control, is just at the beginning of being explored and used. Even though
electrochemical systems such as SOFC are highly interesting for this methodology due to the number and complexity of
physical phenomena that need to be considered, it is applicable to essentially any complex technical system.
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SYMBOLS
A area (m?)
a activity (-), constant for degradation rate (-)
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C gas concentration (mol/m?)

¢, heat capacity [J/(mol K)]

E Young's modulus (Pa), energy (W)

E° Gibbs potential (V)

F Faraday constant (C/mol)

FU fuel utilization (-)

h. heat transfer coefficient [W/(m? K)]

i current density (A/m?)

L length (m)

LHV lower heating value (J/mol)

n mole flow (mol/s)

p partial pressure (Pa)

P power (W)

R universal gas constant [J/(mol K)], ohmic resistance (£2)

r radius, spatial distribution variable in radial direction (m)

¥ reaction rate (mol/s)

t time (s, h)

u displacement (m)

v fluid velocity (m/s)

V voltage (V)

T temperature (K)

T mean temperature (K)

T temperature difference between operation temperature and sintering temperature (K)
z number of electrons exchanged in global reaction (-), spatial distribution variable in axial direction (m)
a thermal expansion coefficient (1/K)

S constant for Butler-Volmer equation (-), thermo-mechanical coefficient (Pa/K)
A thermal conductivity [W/(K m)], first Lamé coefficient (Pa)
n overpotential (-), efficiency (-)

p density (kg/m?)

e strain (-)

u second Lamé coefficient (Pa)

v Poisson ratio (-)

o stress (Pa)

7 shear stress (Pa)

SUBSCRIPTS

act activation polarization loss
con concentration polarization loss
g gaseous

i chemical species

ohm ohmic loss

r spatial r-direction

s solid material

TPB triple-phase-boundary

z spatial z-direction

0 spatial @-direction

SUPERSCRIPTS
an anode

ca cathode

el electrolyte
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ABBREVIATIONS

CV controlled variable
DOF degrees of freedom
FC fuel cell

FU fuel utilization [-]

MV manipulated variable
PDALIE partial differential algebraic integral equation(s)
PFD process flow diagram
SE systems engineering
SOFC solid oxide fuel cell
TPB triple-phase-boundary
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