A mathematical model for prediction of long-term degradation effects in
solid oxide fuel cells

Authors:

Mina Naeini, Haoxiang Lai, James S. Cotton, Thomas A. Adams ||

Date Submitted: 2021-06-15

Keywords: sulfur poisoning, electrolyte degradation, anode degradation, pore size degradation, nickel coarsening, Solid Oxide Fuel Cells
Abstract:

A mathematical model of long-term solid oxide fuel cell (SOFC) degradation is proposed, based on a cross-cutting meta-study of
SOFC degradation research available in the open literature. This model is able to predict long-term SOFC performance under different
operating conditions, and it accounts for the main degradation mechanisms, including: Ni coarsening and oxidation; anode pore size
changes; degradation of anode and electrolyte conductivity; and sulfur poisoning. The results of the study indicate that SOFCs initially
degrade quickly, but that the degradation rate diminishes significantly after approximately 1200 hours of operation. Consequently, the
effects of different factors associated with degradation rate are investigated, including current density, temperature, and partial
pressure of H2 in fuel source. Sensitivity analyses show that current density and H2 partial pressure have the highest and the lowest
impact, respectively. In addition, the model has been developed to assess sulfur poisoning within pre-reformed hydrocarbon-fuel-based
SOFCs. While previous models have mostly focused on performance loss in H2-fueled SOFCs. H2S deactivates catalytic activity of the
SOFCs by reducing electrochemical activity and hydrocarbon conversion. Therefore, sulfur affects SOFCs that use different fuel
sources in different ways. As a result, the models developed for H2-fueled SOFCs cannot be used for hydrocarbon-fueled ones.

Record Type: Preprint

Submitted To: LAPSE (Living Archive for Process Systems Engineering)

Citation (overall record, always the latest version): LAPSE:2021.0525
Citation (this specific file, latest version): LAPSE:2021.0525-1
Citation (this specific file, this version): LAPSE:2021.0525-1v1

DOI of Published Version: https://doi.org/10.1021/acs.iecr.0c05302



A Mathematical Model for Prediction of Long-Term
Degradation Effects in Solid Oxide Fuel Cells

Mina Naeinit, Haoxiang Lait, James S. Cotton?, Thomas A. Adams 11*
!Department of Chemical Engineering, McMaster University
2Department of Mechanical Engineering, McMaster University

* Corresponding author: tadams@mcmaster.ca

Keywords

Solid oxide fuel cells, nickel coarsening, nickel oxidation, pore size degradation, anode

degradation, electrolyte degradation, sulfur poisoning.
Abstract

A mathematical model of long-term solid oxide fuel cell (SOFC) degradation is proposed, based
on a cross-cutting meta-study of SOFC degradation research available in the open literature. This
model is able to predict long-term SOFC performance under different operating conditions, and it
accounts for the main degradation mechanisms, including: Ni coarsening and oxidation; anode
pore size changes; degradation of anode and electrolyte conductivity; and sulfur poisoning. The
results of the study indicate that SOFCs initially degrade quickly, but that the degradation rate
diminishes significantly after approximately 1200 hours of operation. Consequently, the effects of
different factors associated with degradation rate are investigated, including current density,
temperature, and partial pressure of H. in fuel source. Sensitivity analyses show that current
density and H> partial pressure have the highest and the lowest impact, respectively. In addition,
the model has been developed to assess sulfur poisoning within pre-reformed hydrocarbon-fuel-
based SOFCs. While previous models have mostly focused on performance loss in Ho-fueled
SOFCs. H,S deactivates catalytic activity of the SOFCs by reducing electrochemical activity and
hydrocarbon conversion. Therefore, sulfur affects SOFCs that use different fuel sources in
different ways. As a result, the models developed for H>-fueled SOFCs cannot be used for

hydrocarbon-fueled ones.
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Nomenclature
A area, m?
Aope  area of active TPB region, m?

A]‘-’ volume-specific surface area of
reaction j, m*m

Gi stoichiometric coefficient of species i
cy stoichiometric coefficient of species in
forward reaction

¢’ stoichiometric coefficient of species in
backward reaction

Dp  pore diameter, m

Dw  width of a corrugation, m

Dysz  mean diameter of YSZ particles, m
Dni mean diameter of Ni particles, m

Ds atomic surface diffusion coefficient,
m? st

Dt effective diffusivity, m? s

binary diffusivity, m? s
Dr  Knudsen diffusivity, m? s

Eace  activation energy, KJ mol™

F Faraday’s constant, C mol™

/ current, A

i current density, A cm™

Io exchange current density, A cm™

ks Boltzmann constant, J K!
length, m

L’ reaction-region thickness, m

M; mean molar mass, kg mol™*

M  number of Ni particles

Greek Symbols

n overpotential loss, V

o electrical conductivity, Q' m*
@ porosity

T relaxation time, s

Ts surface tortuosity

7 electrode tortuosity

& volume fraction

Jit fitting parameter

A fitting parameter

Y surface energy, J m

Vi pre-exponential factor in electrode, A
m-2

n volume element, m®

Os thickness, m

a fraction of the reaction heat produced
in the anode

Vi diffusion volume of species i
7 overlap angle, 15°

pi density, kg m

Subscripts and Superscripts

0 initial condition

ac air channel

an anode

ca cathode

ch channel

ele electrolyte

fc fuel channel

ic interconnect

ohm ohmic




n equivalent electron per mole of act activation

reactant, equiv mol ! con  concentration

P pressure, Pa t channel shoulder
Pr  site occupation probability el electronic

R gas constant, J mol™* K! io ionic

Ri net rate of phase i formation, mol m= | ref reference

st X x direction
r average radius of particles, m y y direction
rd degradation rate, % / 1000 hours z z direction
$;;  rate of formation of phase i in reaction | pd product
j mol m2 s (for two-phase reactions) mol m? | re reactant

s (for three-phase reactions)
T temperature, K

t time, s

TPB triple phase boundary

AV, voltage drop due to sulfur poisoning,

Vv voltage, V
Vai  volume of Ni phase, m®
W weighting factor

Z, average initial coordination number

1. Introduction A solid oxide fuel cell (SOFC) is a power-generation unit that enables direct
conversion of chemical energy from a fuel source into electrical energy with high electrical
efficiency (60 %.nv). SOFC systems can be used at a wide variety of scales, such as in integrated
community energy systems (ICEs) to supply heat and power at scales on the order of ten thousand
people. Unlike other fuel cells that require H2, SOFCs can generate electricity using various types
of hydrocarbon-based fuels, including natural gas. The large amount of useful waste heat generated
at high operating temperatures means that the heat can be harvested to further increase the total

system level energy efficiency to 85%+v. For instance, this captured heat can be distributed via



hot water pipes to meet the community’s heat demands [1]. This is a key feature of SOFCs when
integrated in ICEs, as replacing typical gas boilers with SOFCs can significantly reduce a
community’s GHG emissions. However, the limited lifetime of SOFCs has prevented their large-
scale commercialization. In addition, it is critical to determine the proper cell size when
implementing SOFCs in an ICE, as this will ensure that the community’s energy needs are met.
Furthermore, the loss in performance over time makes it important to determine not only the
SOFC'’s initial performance capabilities, but also what its power output will be after long-term
operation, as this information is critical for sizing and operating decisions [2].

The key to increasing lifetime of the SOFCs is to understand the various physical, chemical, and
electrochemical reactions that take place by contaminants in the gas feed and operating conditions
of SOFCs [3,4]. Deterioration processes affect various characteristics of the cells, such as the
number and size of nickel particles, anode pore size and conductivity, the density of the triple
phase boundary (TPB), and electrolyte conductivity [4]. A good degradation model should enable
the rate and magnitude of irreversible performance loss to be measured at particular operating
conditions, and it should also enable the determination of the cell’s optimal operating conditions,
thus extending its lifetime. Once these specifications have been identified, it is then possible to
calculate which size of SOFC is ideal for an ICE under the given conditions. Although several
studies have explored SOFC degradation, a general model that accounts for degradation
mechanisms in the literature is still lacking. Due to several assumptions, the previously proposed
models underestimate the degradation rate, which leads to the unrealistic sizing of the system [3-
7]. Operating conditions such as temperature and current density significantly impact the long-
term performance of SOFCs [3]; hence, the development of a degradation model that can account
for effect of these parameters would allow system designers to change the design or the way it is
operated in order to increase the lifetime of the cells [3]. Although the SOFC’s high operating
temperature affects the electrochemical reactions and the chemical stability of its components, it
is not clear whether the SOFC’s lifespan would be enhanced if it were run at lower temperatures.
While some studies have found a positive correlation between degradation rate and temperature
[8-11], others have shown that the degradation rate actually increases at lower temperatures
[9,12,13]. Degradation mechanisms that occur due to interdiffusion, decomposition, corrosion of
materials, or agglomeration of particles are more severe at higher temperatures, while poisoning-

based processes such as sulfur poisoning are more prominent at lower temperatures [11]. Although
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poisoning and contamination are highly deteriorative, they can usually be avoided or controlled by
coating SOFC components or changing their microstructure, or by changing fuel composition or
the stoichiometry ratio [14-20]. Experiments studying the poisoning of SOFC components are
usually performed under accelerated contamination conditions or on symmetric cells rather than
full cells. Moreover, these experiments often focus on the isolated effects of contaminants, which
means that their results do not account for the complex interactions between deterioration reactions
across a full SOFC [12,13]. Other studies have found that the effects of other degradation
mechanisms can be decreased and controlled by varying operating parameters, though they cannot

be completely avoided [4].

A summary of degradation models found in the literature can be found in Table 1. From this
summary, it is clear that the effects of operating temperature on SOFC performance are not very
straightforward. For example, Nakajo et al.’s data-driven model and Parhizkar’s model show that
SOFCs have longer lifetimes when operated at lower temperatures [4,10]. The model developed
by Nakajo et al. accounts for deterioration processes such as Ni particle coarsening in the anode,
reduced electrolyte conductivity, and the corrosion of interconnect material [10]. Parhizkar et al.’s
model considers Ni coarsening and oxidation, and anode conductivity degradation [4]. In contrast,
Yoshizumi et al. found sulfur poisoning to be the main SOFC degradation mechanism, and

performance loss increased at lower temperatures due to sulfur contamination [21].



Table 1. Overview of different models for SOFC performance.

Common system degradation
mechanisms in conventional
SOFCs
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o > | =
EEEE:
2| |5 |5E|8%8|¢
c|S8|g |gojleq|2
bl E n @l »n S 8_
S| 2|o |58 :
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SIS IEg|8E8|8E| 5 correlation with
Ref. Notes Z| 2|05 | 0|0 2| ® |other phenomena considered temperature
Zaccaria et al. [3] | An algebraic equation for degradation rate is Negative
found by fitting to the experimental data. correlation
Parhizkar et al. [4] vl v Positivg
correlation
Larrain et al. [22] Interconnect degradation Positive
correlation
Nakajo et al. [23] Zirconate formation in the
v v LSM/YSZ cathode and anode re- Positive
oxidation. Cr poisoning. correlation
Aguiar etal. [7] | Provides an electrochemical model for SOFC
that only accounts for inevitable degradation
processes.
Wen et al. [24] Couples an electrochemical model with a
thermodynamic model, but only accounts for Negative
inevitable degradation mechanisms. correlation
Yang et al. [6] Develops an electrochemical model for SOFC
that only accounts for inevitable losses.
Ryan et al. [25] Constructs a damage model for SOFC Changes in TPB and anode
degradation using experimental plots and v v' |electrical conductivity due to sulfur | Negative
fitting methods. and antimony poisoning. correlation
Hansen [26] v Negative
correlation
Tucker et al. [27] | An algebraic equation for degradation rate is
found by fitting to the experimental data.




Nakajo et al. [10] Interconnect corrosion, and
v v Chromium contamination of Negative
cathode correlation
Yoshizumi et al. v Negative
[21] correlation
This Work Vv v v v | v Positive
correlation

As it can be seen in Table 1, some of the models developed for SOFC performance prediction only consider inevitable performance
drop, which is a part of overpotential caused by unavoidable physical, chemical, and electrochemical deteriorating processes.
Conventional thermodynamic equations for ohmic, activation, and concentration overpotentials account for inevitable performance
losses (Eqgs. 7-9, 32, 36, and 37 in the next section). However, system degradation processes can increase overpotential. Overpotential
caused by system degradation mechanisms can be avoided or controlled by system design and operation [4]. To yield a precise prediction
of long-term performance degradation in SOFCs, system losses should be added to the inevitable overpotentials. In other words, a
comprehensive degradation model should account for the overpotentials due to system degradation mechanisms (such as deterioration
of anode microstructure, degradation of anode and electrolyte conductivities, and contamination of the cells) in addition to the inevitable
overpotentials. Most of the system deterioration reactions that are common in the conventional SOFCs are listed in columns 3-8 of Table
1. All models for SOFC performance degradation take inevitable overpotentials into account. But these models usually ignore most

system losses for simplification.



1.1 System degradation mechanisms

Several models have been developed for system contamination and degradation mechanisms in
SOFCs. Models employed in the proposed comprehensive SOFCs performance models in this

work are discussed in the following subsections.
1.1.1 System degradation mechanisms in electrolyte

As modeled by Coors et al., yttria-stabilized zirconia (YSZ), which is the conventional electrolyte
material for SOFCs, shows deterioration in electrical conductivity with time [28]. This is a system
degradation mechanism that increases ohmic overpotential, however SOFC performance models

usually assume that the electrical conductivity of YSZ does not change with time [4,7,24].
1.1.2 System degradation mechanisms in anode

Degradation of anode microstructure that occurs in the form of Ni coarsening and oxidation, and
in the pore diameter is a common cause of performance loss in anode-supported SOFCs. The
number of nickel particles in the Ni-cermet anode decreases due to coarsening and oxidation. Gao
et al. have proposed a theoretical model for the coarsening of nickel particles under SOFC
operating conditions [29], while Neidhardt et al. have developed a model for the oxidation of nickel

particles due to the presence of oxygen and steam at high temperature [30].

In addition to these factors, it is also important for degradation models to consider other
consequences of nickel coarsening and oxidization, such as changes in pore size, degradation of
anode electrical conductivity, and changes in area of active regions. Hardjo et al. studied the
degradation of anode electrical conductivity as a result of a decrease in the number of nickel
particles and an increase in their size [31,32]. Although pore size is generally assumed to be
constant in degradation models, changes in pore diameter over time can affect SOFC performance
by altering the area of active regions, TPB density, and mass diffusivity at the anode [4,6,7,24].
The model by Divisek and Wilkenhoener was selected for calculation of anode pore size [33].
Then it was updated by the size of Ni particles after coarsening to measure the changes in the pore

size.

Different methods have been proposed for avoiding or decreasing the effects of degradation

mechanisms. For instance, it is possible to reduce or avoid some of the contaminating mechanisms



in SOFCs by changing or modifying its microstructure. In addition, selecting the proper carbon-
to-steam molar ratio makes it possible to largely avoid carbon deposits on Ni-based anodes in
hydrocarbon-fueled SOFCs [20]. Chromium poisoning of the cathodes also can be reduced
significantly by applying proper coatings on the interconnect and the cathode [16]. Conversely,
other studies have shown that the best approach to reducing sulfur poisoning is by controlling
operating conditions, such as temperature and current density [13,20,25,34,35]. SOFCs have a high
degree of fuel flexibility, which makes them suitable for use in ICEs, as they can be easily operated
using natural gas (NG). However, NG contains H>S, which can contaminate the SOFC’s anode.
This is problematic, as Aguilar et al. found sulfur contamination of the anode to be the main cause
of cell performance degradation, with overall cell resistance increasing alongside the H.S

concentration [36].

Various researchers have also modeled sulfur poisoning of Ho-fueled SOFCs [25,26]. For instance,
Ryan et al. developed a damage model to quantify SOFC performance loss due to sulfur
contamination, with results showing that performance deterioration is more severe at lower
temperatures and when the fuel contains higher concentrations of H»S [25]. Prior sulfur poisoning
models account for the impact of temperature on sulfur contamination in SOFC anodes that are
supplied with Hz. Other research has found that current density also affects sulfur poisoning in Ni-

YSZ anodes, as oxygen ion concentration changes with current density [35].

Unfortunately, the developed sulfur-poisoning models for Ho-fueled anodes cannot be used for
hydrocarbon-fueled SOFCs. This lack of transferability is due to the fact that H2S not only poisons
electrochemical reactions in the presence of hydrocarbons, but it also reduces catalytic reactions
such as internal methane reformation [25,35]. Studies have shown that sulfur contamination of the
SOFC anode can mostly be avoided by removing H2S from the fuel stream [21,35,37]. For
example, Yoshizumi et al. showed that injecting a desulfurized fuel into an anode that has
previously been poisoned by sulfur will cause sulfur desorption from the anode surface, reversing
the sulfur poisoning effects. [21]. However, recovering from the effects of sulfur contamination
requires sulfur removal and gas sweetening operations upstream which, depending on the scale of
the system and intended application, may not always be practical. This would come at additional
balance-of-plant costs, and more research is needed to examine the economic and practicality

trade-offs with the context of SOFC degradation for hydrocarbon systems.



The models listed in Table 1 and discussed above face two main issues: 1) they ignore some of the
main deteriorating mechanisms, and 2) an algebraic expression of degradation or voltage is
produced by fitting to experimental data points, making the expression case-specific rather than
generalizable. The objective of the present study is to develop a comprehensive model that
accounts for the dominant degradation processes that commonly happen in SOFCs, primarily via
theoretical equations. The proposed model accounts for the following degradation mechanisms: a)
Ni coarsening, b) Ni oxidation, c) changes in anode pore size, d) changes in anode electrical
conductivity, e) changes in electrolyte ionic conductivity, and f) sulfur poisoning. These are most
of the common deterioration processes in conventional SOFCs with Ni-YSZ anodes, YSZ
electrolytes, and Lai;—xSrxMnOs (LSM) cathodes. Although different models are developed for
each of these mechanisms in the literature, to the best of authors’ knowledge this is the first model
that takes all of these into account holistically and can be used for a broad range of applications.
In the previously proposed models, most of these mechanisms have been ignored for simplification

which results in underestimation of SOFCs degradation over long period of time.

The proposed model considers the common degradation effects to simulate the impact of operating
conditions on long-term performance of SOFCs, thus allowing it to provide realistic results
requiring minimal assumptions. The model applies to both hydrogen and hydrocarbon fuels,
because it is informed by data from current density impact studies by Hagen et al [35]. The results
of this research are important for the wide commercialization of SOFCs in ICEs, as the presented
model will allow system designers to select the optimal ICE system design and operational
parameters with the degradation rate integrated into the control and operation strategy. Not only
will this increase the SOFC’s lifetime, but it will also allow system designers to select the optimal

cell size for their specific energy system.
2. Modeling approach

An SOFC consists of a porous anode and cathode, dense electrolytes, and a metallic interconnect.
The cell works by reducing oxygen molecules at the cathode/electrolyte interface to form oxygen
ions which then migrate through the electrolytes to the anode. Once at the anode, the ions oxidize
the fuel source via an electrochemical reaction (Eq. 1), producing high-temperature steam and free

electrons.

H2+ 0% 5> H0 +2 ¢ 1)
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Dense YSZ, which is the electrolyte conventionally used in SOFCs, prevents direct fuel
combustion via the solid-state conduction of ions. YSZ has a selective diffusion property, which
allows the conduction of oxygen ions, but prevents the transport of gases molecules [38].
Moreover, YSZ’s low electrical conductivity ensures the transfer of free electrons through the
external circuit connecting the anode and the cathode, resulting in the generation of electricity
(Fig. 1). Electrochemical reactions occur at the triple phase boundary (TPB), which is the interface

between gas, the electrode, and the electrolyte.

To Load

CO, H2 ( *e- ) HZO, COQ,
CHy, and/ unspent
or others Anode H, + O™ — H,0 + 2e fyel
— > O™ +C0 — COp + 26 L

i Solid-State O™ Conductor 4

18 rs Spent

Ar B e < Air »

”
( FromLoad )

Fig. 1. Schematic of SOFC operation. Reprinted with permission from [39]. Copyright (2013) American
Chemical Society.

The maximum voltage of an SOFC is achieved in an open circuit condition and is known as open
circuit voltage (OCV). OCV can be calculated at different temperatures and partial gas pressures
via the Nernst Equation (Eq. 4) and the Gibbs free energy change from the SOFC reaction, as
shown in Eq. 2 [40].

Py 1/2
AG = AG® — RTIn (ﬂ) @

PHzO

In Eq. 2, AG” is the Gibbs free energy change of the water formation reaction (Eqg. 1) at standard

pressure (1 atm), and P;j is the partial pressure of gas species i in the fuel and air channels.
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Where E is the OCV at the SOFC’s operating condition, n is the moles of electrons involved in the
water formation reaction, (2 for Eq. 1), and F is the Faraday constant. The Nernst Equation is then
obtained by substituting Eq. 2 into Eq. 3:

_ o RT PHZ'Pozl/Z)
E=E +nFln(— @)

Ph,0
In this equation, E° is the SOFC’s OCV at standard pressure (1 atm).

In addition, the OCV for SOFCs that use other types of fuels can be calculated using the Nernst
equation with the Gibbs free energy change of the fuel’s oxidation reaction. Eq. 5 shows the
general form of OCV for fuel’s oxidation reaction:

E=E+3n (“—”pd> ©)

nF pd de

Where re and pd stand for reactants and products, respectively. B.. and P,4 are partial pressure
of reactants and products. While, c,. and c,, account for the stoichiometric coefficients of

reactants and products in the fuel’s oxidation reaction, respectively.

When current flows through the external circuit, voltage deviates from the OCV due to activation,
ohmic, and concentration overpotentials/polarizations (Eq. 6) [7,40]. Overpotentials partially
occur as a result of physical, chemical, and electrochemical reactions in the cell components; the
rest of the potential loss is caused by degradation mechanisms, which can be reduced or controlled

by varying the cell’s operating parameters [4]:

V(t) = E — (Zk nohm,k(t) + nact,an(t) + 77act,ca(t) + ncon,an(t) + 77con,ca(t)) (6)

where nqnm IS the ohmic losses from electronic and ionic resistances in or between cell
compartments (k = anode, cathode, electrolyte, and interconnect), Mactan and Maceca are the
activation overpotentials that are needed to overcome energy barriers of electrochemical reactions
in the anode and cathode respectively, and 1¢on an aNd 17¢on ca @re concentration overpotentials due
to the spatial gradient of gases concentration in the anode and cathode, respectively. Overpotentials

are caused due to inevitable losses and system degradation mechanisms. Conventional

12



thermodynamic equations for overpotentials only account for inevitable losses. To consider system
losses, relative models of degradation mechanism should be implemented into/added to

thermodynamic equations.

Fig. 2. Outline of the SOFC long-term performance model in the present study.

For some of the degradation mechanisms, different models have been presented in the literature.
In this work, in order to find the best model for each phenomenon, the models were validated
against experimental data. Those that showed the best agreement with experiments were used in

the current model and reported in the following sections.
2.1 Ohmic polarization

Ohmic overpotential is the result of ionic and electronic resistances within or between components.

Ohmic losses in different components can be calculated via Ohm’s Law [7,24].

L; L L
=] ic fc ac 7
MNohmic ( LyLyoic  (ngplelyoic  (+nepleL, oi ()
=] (—Ltele 8
Nohm,ele ( Ly Ly Oele () ) ( )
(Aopt,l(t)—L L ) L’opt,l Ll_L’opt,l
Nohm,l = I( o ) 9)

2 Aopt () Ly Ly (1= 9)0gle (6) Ly Ly (1-1.8¢)) 0y(t)

| = anode, cathode



Where [ is the working current (A), L is the thickness (m), ng, is the number of channels on
electrode, o is the conductivity of component [ (! m™), and Aope is the area of active TPB

regions, which can be expressed as:

Aope, (8) = (1 +2° Opt’l) Ly L, (10)

Dp,1
In Eq. 10 L'opt is the active TPB region thickness (m), and D,, is the average pore diameter (m). It
can be assumed that cathode has parallel pores with average diameters that do not change over
time, as cathodes are made from ceramic material that features high stability under oxidizing
conditions (Eg. 11) [24].

Dyca = Dwa Pca/ (1 — @Pca) (12)
D, ca Is width of a corrugation in the cathode structure and ¢, is the cathode porosity.

However, a more accurate model is required to capture the changes in the average diameter of
anode pores that take place over time due to the oxidation and coarsening of Ni particles. Eq. 12
can be used to calculate anode pore size, as it accounts for the volume fraction and size of nickel

particles that change over time [33].
Dy an(t) = Dysz eysz(t) + Dyi(t) eni(t) (12)
D; is the average diameter of phase j particles (m), and ¢; is the volume fraction of phase j [6].

2.1.1 Nickel coarsening and Nickel oxidation

The size and number of Ni particles, as well as the volume fraction of solid phases in the Ni-cermet
anode, change due to the agglomeration and oxidation of the Ni particles. Gao et al. developed a
theoretical model for Ni coarsening [29], which showed that Ni particles initially show a rapid
growth rate, but that this growth rate slows with time. The presence of YSZ in the anode
microstructure prevents the extreme growth of Ni particles; thus, Ni particles reach a maximum
radius in the composite microstructure [41]. This theoretical model has a fitting parameter (5) for
minor adjustments whose value has a small impact on the final results. The model was fitted to

Tanasini et al’s experimental data [42] and showed a good agreement with their data.

5 5
TNimax— TNi(®) —-5C

Nsl'max Ns1 =exp( = —t) (13)
TNi,max ™~ "Ni,0 TNi,max ~ "Ni,0
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TNimax and C are given as follows,

Eni (0 Zo (1+ 38%) + (1+ )3
rNi,max (t) = ( = £ (1+ ﬁ)ﬁ )1/3 rNi,O (14)

_ y 285 B N Eni(?)
¢ =D 2kgT (1-p2%) (1+B2)05 (1+p)3 0 &n® 4 N (15)
TNi,0 TYsz

where kg is the Boltzmann constant, ry; and rysz are Ni particle size and radius of YSZ particles
in the Ni-YSZ anode, ry;, is the initial radius of Ni particle, D; is the atomic surface diffusion
coefficient, 2 is the volume element, y is the surface energy , & is the thickness, Z( is the average
initial coordination number, and S is the fitting parameter which is adjusted such that model best
fits the experimental data using a minimize sum of square errors approach. f received the value

0.038 for the anode microstructure tested by Tanasini et al. [41] .

The number of Ni particles after agglomeration (Ny; ) can be calculated using the total volume of
Ni phase [42]:

ni(®) = Vnio (16)
4 3 4 3

NNi(t)g m 1y (t) = Nyiyo 3 T TNio (17)

Nyie () = G22)° Nyig (18)

Vnio and Ny; o are initial volume of Ni phase (m®) and initial number of Ni particles, respectively.

In addition, Ni can be oxidized with oxygen molecules (Eq. 19) or steam (Eg. 20) through a
thermochemical reaction [30].

Ni+ > 0, © NiO (19)
Ni + H,0 © NiO + H, (20)

In order to calculate number of remaining particles after oxidation, it is necessary to first calculate
the rate of NiO formation. The model developed by Neidhardt et al. can be used to achieve this
task [30,43].

Nyio(t) = [ Ryijo dt (21)
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Where Ry is the rate of NiO formation (mol m= s) and Ny is the number of NiO particles
formed during the oxidation of the anode. Eqs. 22-26 are used to calculate rate of NiO formation.
The found Eq. for NiO formation then will substitute for Ry;o in Eqg. 21 to quantify number of NiO

particles formed in the anode.

2o — g, (22)
p; and M; are the density and molar mass of species i, respectively.

R, = X;8:,;A] (23)
A}/ is the volume-specific surface area of reaction j (m?/m?).

AY = f Af exp (=50 eio) (24)
f =1 — |[tanh(10%y;0) — tanh(10° &y;)| (25)

Where $ij represents the rate of species i production in reaction j (mol m2 s), which can be

evaluated using Eq. 26.
Si =G (kf HjeRf ajcj - kr l_[jeRr ajcj) (26)

In this equation, kr and k, represent the forward and backward rate constants, with c¢; as the
stoichiometric coefficient of species i, and ¢’; and ¢”; as the stoichiometric coefficients of species

i in forward and backward reactions, respectively.

Eq. 27 shows the number particles remaining after coarsening and oxidation.

Nni(8) = Nyic (8) — Nnio(t) (27)
2.1.2 Electrical conductivity of anode

Microstructural changes in the anode due to Ni agglomeration and oxidation result in the
degradation of TPB density and electrical conductivity. The anode has a percolated network that
consists of YSZ and Ni phases. Percolation theory can be used to calculate the TPB density and
electrical conductivity of the percolated network [8,32,44]:

A(t) = KyNyi(t) x 4m i (¢) (28)

A(t) is the active surface area of the catalyst layer in the anode.
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Pr(t) _ A® (29)
Pr¢ AO

Pr and Pr. are site occupation probability and site occupation at the percolation threshold,

respectively.

The electrical conductivity of an anode drops rapidly during the first hours of operation, but levels
off later. Deterioration in anode conductivity is correlated to the coarsening of Ni particles [32,45].

Pr(t) — Pr¢ i)
oni(t) = fr Goan (G5O (30)

Ts

Where g, represents bulk conductivity, with 74 as surface tortuosity and f, as the ratio of the

resistance of a continuous film to the resistance of a sintered film (Ij_;"—':), which is a function of the

particles’ overlap angle (almost 0.575 at angle 15°) [32]. Among the few models that were
proposed for the anode electrical conductivity in the literature, we found this model to best agree
with the experimental data by Klemenso et al. [46] with an R? of 0.947. In addition, the calculated
site occupation probability in this work, showed an R? of 0.99 with the Klemenso et al.’s data [46].
See Appendix for validation information.

2.1.3 Electrolyte conductivity

Research has shown an exponential drop in the ionic conductivity of the YSZ electrolytes, which

has been modeled by Coors et al. as follows [28]:
o(t) = (0; — of) exp(=t/7) + 0 (31)

In Eq. 31, o; is the initial or maximum ionic conductivity of the electrolytes, while o5 represents

their final conductivity and t is the relaxation time.
2.2 Activation polarization

Activation polarization, which is defined as an overpotential above equilibrium, takes place in
order to overcome the activation energy barrier that limits the electrochemical reaction in the fuel
cell that generates current [47]. The following equation, which is obtained by solving the Butler-
Volmer equation, is used to quantify the activation overpotential of an SOFC [24]. The length of
the TPB regions plays an important role in activation overpotential, as less activation overpotential

is required to produce a specific current when larger active regions are available [6]. In following
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equation, the effect of TPB density on activation polarization is embedded in the exchange current

density, i,.
RT . 1 _1 (0
Nacty = o SIND ™ (G 2) (32)

Where o is the charge transfer coefficient and equals 0.5, and n is the number of electrons
transferred in the reaction and takes the value of 2 for the anodic reaction and 4 for the cathodic
reaction. The term iy, represents the exchange current density (A m), and can be calculated for

the cathode and anode using Eqs. 33 and 34, respectively [48].

£22025 exp(— ey (33)

loca = Vca(

p ac an
lg,an = yan( Hz)( HZO) xp(— - ) (34)
The working current density of the electrodes can be expressed as [24]:

L) = (35)

opt l(t)

Where y; is the pre-exponential factor (A m?), E,, is the activation energy of the electrode (kJ

mol?), and P, is the reference pressure, which is set to the atmospheric pressure.
2.3 Concentration polarization

Concentration overpotential takes place when the concentration of the gaseous reactants at reaction
sites is lower than the bulk concentration. In fact, a spatial concentration gradient is produced when
the rate of consumption of a reactant is higher than the rate of diffusion, which leads to fuel cell
voltage degradation. In open-circuit condition, the concentration of gaseous species in the pores
of the electrodes is the same as bulk concentration; however, spatial variation in concentration
evolves with current flow, with higher currents resulting in larger concentration gradients [7,49].
The following model is used to evaluate concentration overpotential in the electrodes of SOFCs.
The TPB is considered as the electrochemical active region in which fuel cell reactions take place.

H2 and H20 are on the anode side, and Oz and N are on the cathode side [7].

_ RT Po,
Ncon,ca = nF

(36)

Po,,tpB(Y)

18



__ RT, PH,oPB (t) PH, 37
ncon,an - F ( ) ( )
n Py, 1PB(t) PH,0

The partial pressures of gaseous species at the TPB is a function of effective diffusivity at the
electrode. Neglecting external diffusion, the partial pressures of gases at the TPB regions are given
by [7,24]:

RT Lan |

PHZ‘TPB (T) - PHZ a nF Ly L, Deff,an(t) (38)
RT Lan |

Py,0,mpB(T) = Phyo + FL, L Deran(® (39)

RT L¢g I

POZ,TPB(t) = Pyir — (Pair - POz) exp (n F Ly Ly Degrca(t) Pair) (40)
P P

Dettan(t) = (F2) Dit,0,1(8) + (22) Dy esr (D) (41)

Degca(t) = Do, ee(t) (42)

Where Dy, is the effective diffusivity of the electrode (m? s).

Depending on the mean size of the pores and the mean free path of the gas molecules, Knudsen or
binary diffusion can take place in porous structures. Binary diffusion occurs when gas molecules
diffuse through pores that are larger than the mean free path of gas particles, while Knudsen

diffusion occurs when the pores are smaller than the mean free path of the molecules [49].

The effective diffusion of gases in the porous electrodes of SOFCs is generally considered as a

combination of Knudsen (D;x) and binary diffusion (D;_;) to account for different porous

structures [6].

Dy, eif(t) = L2 (——+ ——)1 (43)

Tan Du,-H,0  DH,k(t)

an 1 1 _
Dy, 0,ee(t) = an + )7t (44)

Tan Du,-H,0  DH,0k(t)

1 1

Do, efe(t) = ea )7t (45)

Tca Do,-N, Do,k (t)
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Chapman et al. [50], Arnold [51], Gilliland [52], and Fuller et al. [53] have all developed different
empirical models for binary gas diffusion. However, Fuller et al.’s semi-empirical method provides

the best agreement with experimental results. Their model is expressed as follows [53]:

0.00143 T175

P MES ()} + BV}

T and P are the temperature and total pressure of the gas stream, respectively, while v; is the
diffusion volume of species i (vy, =6.12, vy, = 13.1, vo, = 16.3 and vy, = 18.5). M;; is defined
as,

1, 14
o] (47)

J

Where M; is the molecular weight of species i in kg/mol.

Knudsen diffusion can be calculated using following equation:
Dy () = 485 Dy ()G (48)

2.4 Sulfur Poisoning

Sulfur poisoning takes place when fuel containing H»S is supplied to the SOFC anode. This is
commonly added as an odorant to hydrocarbon-based fuels, such as natural gas. The sulfur in the
fuel is chemisorbed on the Ni-based anode at the SOFC’s operating conditions, resulting in the
deactivation of the anode’s catalytic behavior [20,34]. A study by Matsuzaki and Yasuda showed
that, at 750°C and an H>S concentration as low as 0.05 ppm, anode electrochemical performance

deteriorates dramatically [54].

The key to SOFCs’ fuel flexibility is their ability to convert hydrocarbons at high operating
temperatures. Sulfur poisoning affects hydrocarbon conversion and electrochemical reactions.
Prior findings have shown that, when the fuel stream contains 50 ppm H-S, a large amount of the
CHys supplied to the anode leaves the cell without being converted [55]. Different empirical models
have been developed using curve-fitting approaches in order to show how sulfur contamination
affects the performance of SOFCs. Alstrup applied a Temkin-like isotherm to explain sulfur
adsorption on the Ni catalyst [56]. While a model developed by Hansen et al. illustrates a linear

relationship between sulfur surface coverage and a drop in SOFC performance. This model was
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obtained by fitting the experimental data obtained by Zha et al. and Cheng et al. for SOFC power
loss with regards to surface coverage [26,57,58]. Ryan et al. used Zha et al.’s data to construct a
damage model that shows the effects of sulfur poisoning on performance loss over a range of

temperatures and H.S concentrations [25,57].

The complex nature of sulfur poisoning is not well understood, as it depends on several factors,
such as temperature, H2S concentration, current density, and steam-to-carbon ratio [34,35,57].
Without considering these factors, models are confined to the operating conditions reported by
Zha et al. for Hz-fueled SOFCs.

Studies have illustrated that impact of sulfur compounds on the catalytic activity of the Ni-based
anodes occurs very rapidly that the time dependency of it can be neglected comparing to the long
lifetime of the SOFCs [26]. In the present work, Hagen et al.’s experimental data is adapted to
enable the model to be capable of simulating changes in SOFC performance with respect to current
density at different H.S concentrations [35]. The experimental data used in this model was
obtained from a cell supplied with a fuel stream of 29% CHa, 58% H.O, and 13% H> mixed with
various amounts of H,S. This fuel mixture is a good representative of pre-reformed CHa-
containing fuel. Accumulated voltage drop versus H>S concentration plots were given at 4 different
current densities (0, 0.25, 0.5 and 1 A/cm?). Using the given information at 0, 0.5 and, 1 A/cm?,
performance loss was modeled as a function of H2S concentration and current density.

Thus, the following equations are suggested based on the cell’s behaviour over the studied range
of H2S concentrations and current densities:

AVy = Wy fi(i, Cu,s) + Wa f>(i, Ca,s) (49)
where AV, is the voltage drop due to sulfur poisoning (V), with i as the current density (A/cm?)

and Cy,s as the HzS concentration in the fuel source (ppm).

When the model was fitted to Zha et al.’s experimental data, the functions of coefficients A and B

were found to be;

fi(i, Cu,s) = In(Cy,s) (50)
f2(i, Cays) = Yimax(D(1 = A1(D) exp(=42(D) X Cu,s)) (51)
As shown in Figure 3, model replicates the shape of the experimental data by considering the

weighted sum of two different functions with logarithmic or asymptotic behaviour. Each function
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has a different weighting at different current densities. The weighting factors, W, and W,, and

other coefficients are given as follows:

W, = —0.039 i + 0.009 i + 0.030 (52)
W,=1- W, (53)
A, = 0.827 exp(0.411 0) (54)
A, = 0.064 exp(0.995 i) (55)

SOFC performance declines as H2S concentration increases until a monolayer of sulfur forms on
the Ni-cermet anode. At this point, the anode reaches a saturation point after which the addition of
more H2S no longer significantly inhibits SOFC performance [26]. The saturation point depends
on the current density, with higher current densities resulting in a greater loss in performance prior
to reaching it. Yy,.x in EQ. 51 corresponds to the maximum performance loss (V), which is obtained
under saturation conditions. Comparing the plots reported by Hagen et al. [35], it can be concluded
that saturated performance loss is exponentially correlated with current density. Eq. 55 had the
best agreement with the experimental data.

Ymax = 6.749 exp (1.559 1) (56)
The values of the coefficients were then calculated at 0.25 A/cm? to predict the accumulated
voltage loss of the same cell obtained by the model (Fig. 3). An R? of 0.976 demonstrates the
model’s ability to predict the decline in SOFC performance due to the sulfur contamination when

H>S enters the cell with a pre-reformed hydrocarbon-based fuel mixture.
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Fig. 3. Voltage drop due to sulfur poisoning versus H>S concentration at 0.25 A/cm?. The solid line shows

the results of the proposed empirical model, while the circles represent Hagen et al.’s experimental data
[35].

2.5 Degradation rate evaluation

Very different values have been reported for the degradation rate of conventional SOFCs in the
literature [3,8,59,60]. There are several causes as to why the values reported for SOFC degradation
rates are very different. Some possible reasons are that the components have microstructural
differences from study to study which could be due to component composition or structure, cell
design, testing condition, or fuel composition. However, one important cause of these differences
is inconsistent definitions of the degradation rate itself. Eqs. 57 and 58 that have been used by
Hagen et al. [59] and Gemmen et al. [60], respectively are two examples of degradation rate models

in the literature.

rd(t) = =% % 1000 (57)
Vi— Vi
T'd(t) = Vth—ttl) x 100 (58)

where rd is the degradation rate, with V; as initial voltage in the testing range and V; as voltage at
time t. These equations calculate rd over a long time period using backward finite differences with
large timesteps (at least several hundred hours). The timesteps used in these equations are
inconsistent. Eq. 58 defines degradation rate as voltage percentage change that happens over a
specific time range with respect to the initial voltage of that range, while Eq. 57 measures
degradation rate as absolute change in voltage from OCV and then normalized to 1000 hours. The
unit of rd in Eq. 57 is V/1000h whereas that of Eq. 58 is %/h. Therefore, not only the differences
in cell microstructure and experiment methodologies but inconsistent definitions make degradation
rate values incomparable. To solve this problem, instantaneous rd should be computed (Eq. 59)

instead of using different approximations of finite differences with inconsistent, large timesteps.

rd(t) = Vi X % (59)

The instantaneous rd is preferable for modeling because models are smooth and noiseless, and it

can be consistently and unambiguously applied everywhere. We note that this definition cannot be
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applied directly to experimental data due to the noise involved, but it can be approximated
numerically through a centred finite differences approach with a relatively short timestep (a few

hours), or though a local line fitting approach, depending on the noise.
2.6 Model Implementation

The model was implemented in MATLB. In order to calculate cell voltage at specific operating
conditions, ohmic, activation and concentration polarizations should be calculated and
implemented in Eq. 6. Egs. 10-31 were utilized to find the impacts of various phenomena on ohmic
losses in the cell components. These equations were then incorporated into Egs. 7-9 to quantify
ohmic polarization. In this section, ODE45 was used to compute the rate of nickel oxidation
reaction (Eq. 25). Then, Egs. 33-35 were substituted in Eq. 32 to calculated activation polarization
in the electrodes. In addition, Egs. 38-48 were implemented in Eqgs. 36 and 37 to evaluate anode

and cathode concentration polarization.

If the fuel contains H.S, voltage drop as a result of sulfur poisoning needs to be added to the losses
in Eq. 6.

3. Results and discussion
3.1 Validation

The model has been validated against some experimental data, which were not used in the

development of the model. See Appendix for validation information.
3.2 Sensitivity analysis

A sensitivity analysis was conducted in order to investigate how the degradation rate is affected
by the main control parameters, namely, temperature, current, and partial pressure of gases.

A conventional SOFC can operate within a temperature range of 600-900°C [61]. High operating
temperatures enable SOFCs to be electrochemically active when using hydrocarbons as fuel, which
eliminates the need for expensive platinum-based catalysts [62]. However, running SOFCs at
temperatures above 900°C requires the use of expensive sealants that have high mechanical and
chemical stability, as well as compatibility with the electrode materials. On the other hand,
traditional component materials lack sufficient electrochemical activity at temperatures lower than
600°C.
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In this study, current density is changed in the range of 0.2 to 1 A/cm? [63]. Although increasing
the current density enables the use of a smaller SOFC at start of operation, which lowers capital
costs, these smaller cells degrade faster, which increases maintenance costs and results in system

instability.

Moreover, in the present work, it is assumed that fuel is composed of hydrogen and steam. Partial
pressure of hydrogen in the fuel feed is varied from 70% to 90% of the fuel pressure.

The contour plots in Fig. 4-a, 4-d and 4-g show the sensitivity analysis results for degradation rate
in the first 1000 hours of operation at 70, 80 and 90 kPa Py, , respectively. As can be seen, current
density has the highest impact on the degradation rate, followed by temperature and hydrogen

partial pressure, respectively.

The results over the second 1000 hours of operation (Fig. 4-b, 4-e and 4-h) show that the effects
of the parameters were similar to the first 1000 hours. In other words, the degradation rate is the
most sensitive to current density, with the sensitivity increasing at higher temperatures. However,
degradation rate values are smaller over the second 1000 hours than the first 1000 hours, which is
due to the trend of reduced degradation over time. However, the changes in degradation rate
between the second and third 1000s hours of operation are not very significant. These results
demonstrate that the behavior of cells changes over time, and that cells generally become more

stable after approximately 1200 hours of operation.
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Fig. 4. Contour plots—Sensitivity analysis for degradation rate: a-c) at 70 kPa Py, for the first, second
and third 1000 hours of operation, respectively; d-f) at 80 kPa Py, for the first, second and third 1000
hours of operation; and g-i) at 90 kPa Py, for the first, second and third 1000 hours of operation,

respectively.

A histogram plot of the degradation rate for 6000 random samples (using Monte-Carlo random
combinations of temperature, hydrogen partial pressure, and current density using the same ranges
shown in Fig. 4) in different time ranges is shown in Fig. 5. As can be seen, the histograms for all
three time ranges exhibit right-skewed behaviour. This asymmetric distribution shows the lower
bound of the degradation rate, which is represented by the highest peak at the far left side of the
histogram. However, the histogram maintains its skewed behaviour as it moves to the right, as the
peaks and the entire range of degradation rates gradually become smaller with the passage of time.

In addition, the height of the peak increases significantly with time as the highest peak belongs to
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the third 1000 hours of operation and the smallest one belongs to the first 12000 hours of operation,

while the height of the tail decreases with time.

This trend is the result of the high degradation rates that occur at the beginning of SOFC operation;
the exception to this trend occurs when the SOFC is operated at a very low temperature and current
density using fuel that is high in Ho. This trend of decreased deterioration over time means that the
highest degradation rate also becomes less frequent after approximately 1000 hours of operation.
Moreover, the value of the lowest rate, also becomes smaller over longer periods of time. As can
be seen in the histogram plot, during the first 1000 hours cells might degrade up to 40 % / 1000 h
when they perform at very severe conditions, while after 1000 hours of operation, degradation

rates are always less than 20 % / 1000 h.
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Fig. 5. Histogram plots of degradation rate percentage per 1000 hours for the first 1000 hours of
operation; the second 1000 hours of operation; and the third 1000 hours of operation.

Since the focus of this work was to determine how an SOFC’s operating parameters affect its
performance, the sensitivity analysis is critical because it can provide specific information

necessary to determine optimal operating conditions.

3.3 Application of the model to predict long-term SOFC performance
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One key goal of this study was to predict the degradation rate of an SOFC over a long period of
operation under different operating conditions. In order to show the variation in cell voltage over
time, a simulation was run at 0.5 A/cm? and 750°C. The model input parameters, including

physical and chemical properties of the modeled SOFCs, are given in table 2.

Table 2. Input parameters used in the degradation model of SOFC.

Parameter Value Parameter Value

A 100 cm? rysz,o 1x10%m

Al 4.55 x 108 m*/m? INi0 1.02 x 10°m
Dw 14 x 10°m Zo 6.7

Ds 6.35 x 10 m? h't @an 0.4

Eactan 10° J mol? @Pea 0.5

Eactca 1.2 x 10° I mol* Tan 9.5

F 96485 C mol* Tca 7.22

Ks 1.38 x 1022 J K1 0 15°

Lan 10°m Oca 8.0x 10°Q1m?
Lea 5x10°m 00,an (3.27 x 10* - 10.65

T) x 102 Q1 m?

Lele 2x10°m Oic 1.5 x 106 Q! m'
Lic 5x10%m ENi0 0.4

Lac 10° m EYsz,0 0.6

Lic 10°m W, 6.12
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Lca,opt
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Fig. 6 shows that voltage degradation occurs quickly during the early hours of operation, but slows
after about 1200 hours. Degradation behaviour can be explained by changes in the microstructure
and properties of the cell components. As discussed in the previous section, the anode’s
microstructure and performance changes rapidly at first, but levels off later [45]. For instance, it
was noted that Ni particles show initial rapid growth upon being exposed to gases under the
SOFC’s operating conditions. However, after a while, the YSZ particles slow this growth. This

trend is also observed in TPB length and anode electrical conductivity, as they too are affected by

8 x10°m
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3.75x 10%m
7.2x10%m
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0.1 Mpa

0.1 Mpa

0.1 Mpa

8.314 J mol* K

number and size of Ni particles.

Fig. 6 also illustrates corresponding degradation rate of the cell. The degradation rate of the SOFC

is higher in the beginning of operation and levels off as time passes. This trend indicates that, while
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the cells are prone to changes initially, they “mature” after about 1200 hours of operation.
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Fig. 6. Voltage profile over time, and Degradation rate percentage per 1000 hours versus time for the
SOFC running at 750°C and 0.5 A/cm?.

3.4 Effect of system operation parameters on lifetime power production

Operating parameters highly affect long-term performance of SOFCs. Depending on the operating
conditions, SOFCs that perform better initially might produce less energy cumulatively over their
lifetime. Fig. 7-a shows the lifetime power curves of two SOFCs that operate at different current
densities but using the same fuel composition and temperature. As can be seen, the SOFC with the
larger current density initially generates more power under the same conditions. However, due to
the faster degradation rate associated with high current densities, the cell with the lower current
density ends up providing superior power generation after about 2000 hours of operation.
Comparing the cumulative energy delivered by the cells shows that after 5760 hours, cell 1

produces more energy over its lifetime.

Fig. 7-b illustrates how different the lifetime power production plots can be depending on the
operating parameters. Cell 1, which runs at a higher current density and lower temperature,
produces more power initially. However, after about 3000 hours, cell 1’s power generation falls
below that of cell 2, which is run at a lower current density and higher temperature. In fact, despite
its lower operating temperature, cell 1 degrades faster due to current density’s dominant effect on

performance loss. The cumulative energy delivered over operation time by cell 1 exceeds that of
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cell 2 after 7918 hours (at 227 kwh). The difference becomes more significant in longer periods

of time as the energy generated by cell 1 over 12000 hours of operation is 335 kWh whereas, cell

2 delivers 309 kWh over the same period of time.
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Fig. 7. a) Power profile over time for SOFCs operating at: a) 0.75 A/cm? and 750°C, and 0.875 A/cm? and
750°C; b) 1.2 A/em? and 600°C, and 0.6 A/cm? and 700°C.

4. Future work
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A detailed degradation-based system-level optimization is required to determine the optimal
operating conditions for an SOFC in an ICE system. The optimal values will be highly dependent
on the objective function, system level design, goals, constraints, and expected usage. If system
cost is taken as the most important factor in making decisions, an optimal point will be achieved
when the SOFC is able to provide a long lifespan, while still being limited in size. Applying the

proposed model into an optimization framework will enable the design of a reliable system.

In addition, although the proposed degradation model was validated for 1400 hours of operation
using Hagen et al.’s experimental data, some of the data-driven equations used in this research
were obtained using short-term experiments [59]. Thus, these equations may not adequately
represent the long-term behaviour of SOFCs. As such, more experiments are required to validate

the proposed model’s reliability over longer periods of time.
5. Conclusion

This paper presented a unique, cross-cutting model for long-term performance of conventional
SOFCs that considers most of the common degradation phenomena in conventional SOFCs,
including: coarsening and oxidation of Ni particles in the Ni-cermet anode; changes in anode pore
size; deterioration in anode and electrolyte conductivity; and sulfur poisoning. By providing
realistic results, this model is capable of being used to answer some important questions regarding
the optimal sizing and operation of the cells for an efficient, stable performance, that previously
developed models are not able to answer due to too many assumptions made for simplification.
The proposed model was validated against the experimental data that was not considered in
developing the model. As a result, this model can be used to predict performance of SOFCs at
various operating conditions over a long period of time. This allows system designers to find the
proper sizing and operation setting for SOFCs in specific ICEs. This is a critical piece of
information that helps widespread commercialization of conventional SOFCs for ICEs.

The results of the sensitivity analysis can help decision makers to take control actions by showing
how each key parameter impacts SOFCs long-term operation. The results illustrated that current
density affects SOFCs performance significantly, while hydrogen partial pressure does not have a
high impact.
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This study resolved the apparent conflict in the literature about whether temperature positively or
negatively affects SOFCs performance degradation. Our investigations illustrated that all these
studies are correct and not actually in contradiction with each other. Instead, each study examined
only specific subsets of possible degradation mechanisms and looked only at small regions of the
parameter space. For example, where high temperature might cause increasing degradation of one
form on one case, high temperature might actually result in lower degradation of another form in
different cases. However, taking all common degradation phenomena into account holistically as
a single model in the current research gave a sense of the big picture and exhibited that temperature
positively correlates to degradation. In other words, the degradation rate overall increases with

increasing the operating temperature.

In addition, this work highlighted the inconsistency in the literature with regard to how degradation
is calculated. Instead of using the instantaneous concept of degradation rate, differing definitions
of this metric are utilized across the literature which are essentially differences in the numerical
finite difference approximations used with very long step sizes due to the noise in the data. This
makes very different and incongruous computations of degradation rate and results in a wide range
of values reported for this metric across the literature. But, with the developed model that starts
from the data and utilizes an instantaneous definition, this problem is resolved and can be applied

and interpreted meaningfully across all studies.
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