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ARTICLE INFO ABSTRACT

Keywords: Ammonia is a promising carbon-free fuel for solid oxide fuel cells (SOFCs). However, direct feeding of ammonia
Solid oxide fuel cell stack into the SOFC may lead to serious degradation due to the nitriding. Conversely, the pre-cracking of ammonia
Ammo{‘ia fuel introduces complexity to the system design and causes increased power losses in the system. Therefore, it is
ir[:ﬁ:;'i‘ag “z:f:;:]:‘;;e crucial to explore all these aspects simultaneously. In this context, this study introduces a novel multiscale
Nitriding P & modeling approach by integrating a 3D multiphysics simulation of the ammonia-fueled SOFC stack with

system-level modeling to investigate the reliability and performance of the stack and system. Two different cell
technologies developed for low temperature (LT) and high temperature (HT) operation are investigated at LT
(600 - 700°C) and HT (700 - 800 °C) ranges. The results indicate that fuel inlet temperature should be 55°C
and 18°C higher than the minimum temperature in 0% pre-cracking case for HT and LT cases, respectively.
The increase in the required air flow rate for cooling in the 100% pre-cracking case compared to the 0%
pre-cracking case is around 100% and 216% for the HT and LT cases, respectively. However, stack power
production and power losses in the system components are comparable for LT and HT cases which leads to
similar system performance. A larger share of the active area is affected by nitriding in LT cases than HT ones.
However, a smaller cracking ratio at LT (~ 82%) compared to HT conditions (~ 92%) is needed for elimination
of nitriding. While the LT and HT cases are comparable in terms of system power production, the lower stack
outlet temperatures in LT cases require novel and more expensive catalysts for ammonia pre-cracking and HT
cases need more expensive steels.

System modeling

1. Introduction lower flammability, and simpler transportation compared to hydrogen
[5]. As a hydrogen carrier, ammonia consists of 17.6% hydrogen by

It is crucial to develop sustainable and environmentally friendly weight [6]. It can be transported and stored in liquid form at 20 °C
solutions to meet the world’s energy demand while minimizing the = under 8.6 bars [7], and at —33 °C under 1 bar pressure [8]. It was also
negative impacts [1]. Fuel cells, as an appealing power-generation shown that NO, emissions were not formed under SOFC conditions [9]
technology, are renowned for their clean, environmentally friendly which is one of the main challenges in ammonia-fueled internal com-
characteristics, and high conversion efficiency [2]. Among the vari- bustion engines. However, one of the drawbacks of ammonia is its
ous fuel cell technologies, solid oxide fuel cells (SOFCs) have shown highly toxic nature, which makes it difficult and more expensive to

handle [10].

In SOFCs, ammonia fuel commonly undergoes two distinct path-
ways, outlined as follows: 1- The endothermic cracking of NH; into
N, and H, takes place within the nickel (Ni) based anode layers inside
the SOFC. This pathway is usually referred to as direct ammonia-fueled
SOFCs. 2- Ammonia is initially cracked into N, and H, in an external
cracker. This method is referred to as the pre-cracked ammonia-fueled
SOFC in this study.

improved reaction kinetics and higher efficiencies, making them a
promising candidate for various applications, including power gener-
ation and auxiliary power units [3]. Their high operating temperature
enables efficient electrochemical reactions and facilitates the utiliza-
tion of a wide range of fuels such as hydrogen, methane, methanol,
ammonia, etc. [4].

Ammonia (NH;) emerges as a promising carbon-free fuel for SOFCs,
offering several advantageous properties such as easier liquefaction,
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Nomenclature

Abbreviation

3D 3 dimensional

AOR Anode off-gas recirculation
ASR Area specific resistance

BV Butler-Volmer

DOF Degrees of freedom

EIS Electrochemical impedance spectroscopy
FCC Face Centered Cubic

HCP Hexagonal Close Packed
HT High temperature

LT Low temperature

OoCV Open circuit voltage

slpm Standard liter per minute
SOFC Solid oxide fuel cell
Symbols

Molar flow rate
Power

Velocity vector
Heat capacity
Diffusion coefficient
Activation energy
Faraday’s constant
Gibbs free energy
Enthalpy

Specific enthalpy
Current density
Nitriding potential
Nitriding potential
Thermal conductivity
Molar mass

Power

Pressure

Heat

Gas constant
Reaction rate
Contact area density
Source term
Temperature
Voltage

Mass fraction

HESNLULIXQOTIIIAASTZIQANNDS BT

Mole fraction
Greek letters

Variation

Overpotential

Dynamic viscosity

Vector differential operator
Density

A ™S 9% I b

Electric conductivity

Each of these pathways comes with its own set of advantages and
disadvantages. In direct ammonia-fueled SOFCs, the need for installing
an external cracker, which can be expensive and complex, is elimi-
nated. Additionally, the endothermic cracking of ammonia contributes
to the cooling of the SOFC stack, resulting in reduced air flow rates

Subscripts and superscripts

act Activation
an Anode

cat Cathode
conc Concentration
cr Critical

eff Effective

H, Hydrogen
H,0 Water steam
NH; Ammonia
0, Oxygen

ohm Ohmic

ref Reference

needed for stack cooling and consequently lower power losses in the
air supply unit. On the other hand, high temperature gradients due
to the endothermic cracking of ammonia leads to an increase in the
tensile stresses in the SOFC stack [11]. Ni nitriding in the anode layers
is also one of the main challenges in the direct feeding of ammonia
to the SOFC stack, which leads to the degradation of the SOFC perfor-
mance [12] and will mechanically degrade the Ni contacting layers on
the fuel side. Pre-cracked ammonia-fueled SOFCs do not encounter the
nitriding issue in the SOFC stack. However, they do require an external
cracker and higher air flow rates to cool down the SOFC stack.

Ni nitriding can be highly problematic for the Ni-based contact
layers and anodes in NH;-fueled SOFCs. The Ni nitrides have a larger
unit cell as compared to Ni itself, leading to local expansion in the
material, which plastically deforms the ambient Ni. Ni nitrides can
be unstable, and when decomposing, the shrinkage leaves pits on the
deformed Ni surfaces. Repetitive nitriding-decomposition cycles of Ni
can result in substantial microstructural changes of the Ni [12]. The
irreversible degradation caused by these microstructural changes can
lead to a decrease in the robustness of the contact layers and cells, as
well as cell performance [13].

Some studies illustrated the possibility of nitriding occurring in
other components of the SOFC stack, such as metal parts and inter-
connects. A 1000 h stability test was conducted on a direct ammonia-
fueled SOFC stack consisting of 30 planar anode-supported cells at
750 °C [14]. The analysis revealed that the metallic interconnect was
nitrided on the anode side i.e. a significant deformation and Fe-rich
particles were observed on the surface.

The performance of a SOFC can be significantly influenced by its
operating conditions. Various studies have been conducted in the liter-
ature focusing on ammonia-fueled SOFCs. Stoeckl et al. [15] conducted
a performance evaluation of ammonia as a fuel for SOFCs with Ni-
YSZ anodes. They compared the performance of the direct ammonia
operation with the equivalent pre-cracked ammonia at 700, 750, and
800 °C. They concluded that, based on electrochemical impedance
spectroscopy (EIS) analysis, the performance reduction of the direct
ammonia-fueled cases compared to pre-cracked cases was a result of
the endothermic ammonia cracking. They also observed nickel nitrid-
ing in the anode micro-structure, which was lower at 800 °C than
700 °C. They suggested that beside the faster cracking of ammonia
inside the cells, this could be also a result of the higher thermal
cracking of the ammonia stream before reaching the anode at higher
temperatures [15].

In another study, Stoeckl et al. [16] investigated the performance
and durability of an ammonia-fueled MK352 SOFC stack [17] with
electrolyte-supported cells and chromium-based interconnects. They
maintained the air outlet temperature at 835 °C and observed 18.8 °C
temperature reduction at the inlet region of the stack due to the
endothermic cracking of ammonia. They observed nitriding effects on



A. Nemati et al.

the nickel contact meshes and chromium nitrides were found in the
material structure of the interconnects.

A SOFC operating at low temperatures (<650 °C) enables the uti-
lization of inexpensive interconnects and sealing materials [18]. It also
facilitates rapid thermal cycling, reduces thermal stresses, enhances
reliability and safety, and broadens its potential applications to include
transportation and portable devices [19,20]. Reducing the operational
temperature has the potential to boost the theoretical energy efficiency
of a SOFC [21]. There are a lot of studies on the material development
for low temperature SOFCs and some major SOFC developers like
Ceres Power and Elcogen provide this kind of low temperature cell
technology.

Numerical models play a crucial role as a complementary tool
in gaining deeper insights into the complex phenomena that occur
in SOFCs. Kishimoto et al. [22] conducted a comparison between
direct and pre-cracked ammonia-fueled SOFCs in a 2D cell model and
concluded that the slight decrease in the performance of the direct
ammonia-fueled SOFC compared to its pre-cracked counterpart could
be attributed to the temperature reduction (around 20 °C) originat-
ing from the endothermic cracking of ammonia [22]. Oh et al. [23]
performed a comprehensive investigation of direct ammonia-fueled
thin-film SOFCs using a 2D Multiphysics model. The authors concluded
that a limited supply of hydrogen caused by reduced ammonia crack-
ing at lower temperatures (<650 °C), coupled with inadequate mass
transport, led to a significant decline in the performance of direct
ammonia-fueled thin-film SOFC.

In the final application, the ammonia-fueled SOFC is expected to be
integrated into a system comprising air and fuel supply units, heat ex-
changers, and an external cracker for the pre-cracked ammonia-fueled
SOFC.

Several studies have been conducted on the system-level modeling
of ammonia-fueled SOFCs [24-27]. In the analysis of ammonia-fueled
SOFC systems, 0D models are commonly employed in the existing liter-
ature. Even in the available 1D and 2D models, only the active area of
the SOFC is usually taken into account. All these modeling and assump-
tions result in deviations from reality. For example, while considering a
range for operating temperature (for instance 700-800 °C), usually the
inlet temperature of SOFC is considered to be equal to the minimum of
the range (700 °C) and a linear variation is considered from the inlet
to outlet [27-29]. Furthermore, the outlet temperature of the SOFC is
usually considered as the maximum temperature (i.e. 800 °C) which
may not be correct and leads to variation in the thermal balance of the
system. In reality, the temperature distribution is not linear, and inlet,
outlet, and distribution of temperature are highly dependent on the
operating conditions in the direct ammonia-fueled SOFCs. In addition,
3D multiphysics modeling can be used as a complementary and reliable
tool to predict thermal stresses and simulation of possible fractions in
the cells and sealing which is out of the scope of this study and will be
addressed in the future. The pressure drops in the SOFC stack also can
be calculated more accurately in the 3D multiphysics simulation which
is not the case in other simplified models.

Based on the reviewed literature, no investigations have examined
how different operating temperatures and cell technologies impact sys-
tem performance and the selection of system components. Furthermore,
the coupling of detailed 3D modeling of SOFC stack and system-level
modeling to achieve a more realistic and comprehensive understanding
of different aspects of ammonia-fueled SOFC systems is not available in
the literature.

In this context, the current study introduces a novel multiscale
approach that combines 3D multiphysics simulation of SOFC cells and
stack with system-level modeling. The model developed in this study is
employed to explore the impact of operating temperature and ammonia
pre-cracking ratio on the performances of both the SOFC stack and
the overall system and investigate different aspects such as nitrid-
ing issues. Two different cell technologies designed for low and high
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temperature operation are investigated to determine whether the low-
temperature SOFC technology can improve the system’s performance.
The paper is organized as follows. The subsequent section describes
the numerical modeling approach and the implemented models. In
the results section, the model is initially employed to examine the
impact of SOFC operating temperature and inlet fuel composition on
the performance of the SOFC stack. Different parameters in the SOFC
stack such as species, current density, and resistances are studied under
various operating temperatures. Subsequently, nitriding as one of the
main challenges in ammonia-fueled SOFCs is addressed. Finally, the
results of the system-level modeling are presented.

2. Numerical modeling

This section provides a description of the numerical models and
approaches used in the current study. This section is organized as
follows:

Section 2.1: describes the ammonia cracking rate model.

Section 2.2: explains the nitriding degradation evaluation for both
Ni and iron (in the steel components).

Section 2.3: describes the cell level electro-chemical model.
Section 2.4: presents the stack level model.

Section 2.5: presents the system level model.

Section 2.6: describes the coupling between different levels of
modeling.

Eventually, all levels of simulation are embedded into a multi-scale
model, making it possible to assess system performance and at the
same time the nitriding at various locations inside the cells at different
locations in the stacks for a given operating condition.

A schematic of the concept of the developed multiscale multiphysics
modeling of ammonia-fueled SOFC is presented in Fig. 1. Different
levels of the developed model including cell level, stack level, and
system level are shown in this figure. The details of the different levels
will be explained in the sections below.

2.1. Ammonia cracking rate

Ammonia cracking rate plays an important role in the performance
of the ammonia-fueled SOFCs, as it directly impacts the distributions
of hydrogen and temperature across the active area of the SOFC.
At high temperatures (600-900 °C), which generally fall within the
operating range of SOFCs, ammonia can undergo endothermic cracking.
Thus, the cracking should be evaluated at every point inside all of the
fuel electrodes in the SOFC stacks. This is effectively handled by the
approach described in Ref. [11]. For a specific location inside the Ni-
YSZ layers of the cells (see Fig. 1), ammonia cracking is described by
the following expression [30]:

i E _
RN = 0848 peexp (=3 ) BYE (P, +750) D
where, RNI-YSZ i5 the ammonia cracking rate in Ni-YSZ layers in
crack

[mol/m® s], Sxi_pore i the Ni-pore contact area density in [um?/pm*], E
is the activation energy equal to 1.2 x 103 in [kJ/mol], Pyy, and Py, are
the partial pressures of ammonia and hydrogen in [Pa], respectively.
For Syi_pore the value of 0.88 measured by Trini et al. [31] is used in
the current model.

The heat sink (Q) resulting from endothermal cracking in the re-
gions, where ammonia cracking occurs is estimated by [32]:
0 = RN-YSZ gy )

crack
where AH is the enthalpy change associated with the ammonia crack-

ing reaction. Validation of ammonia cracking rate on Ni-YSZ layers is
presented in Appendix A.
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Fig. 1. Schematic of the concept of the multiscale multiphysics modeling of ammonia-fueled SOFC: (a) cell level [11], (b) stack level, and (c) system level.

2.2. Nitriding potential

Nitriding may have a harmful effect on Ni-containing layers [12]
and metal parts [14] in the direct ammonia-fueled SOFCs. Therefore,
a better understanding of the nitriding process helps us to protect
the cells and metal interconnects under direct ammonia-fed operating
conditions.

The Lehrer diagram [33] is a tool used to describe the phase
stabilities in pure iron based on temperature. It provides valuable
information about the formation of different nitride phases in iron and
can be customized to determine the process control parameters for gas
nitriding in steels [34,35].

Based on the customized Lehrer diagram for Ni [36] obtained from
Thermo-Calc software, there are two stable phases that exist in the Ni-
rich part of the Ni-N system. The Face Centered Cubic (FCC), and the
Ni;N phase, which is Hexagonal Close Packed (HCP) [37,38]. Nitrogen
can dissolve in pure Ni forming the FCC solid solution first, and then the
HCP phase begins to form with an increase of nitrogen concentration
in the binary system as a consequence. The stability of the FCC solid
solution is determined by temperature and nitrogen concentration.

The nitriding potential (K,,), which is a parameter that specifies
where nitriding will occur, is defined as follows:

XNH
K,= —= 3

XL

Hy

where, xyy, and xy, are the mole fractions of ammonia and hydrogen,
respectively. The variation of K, ... (K,.) which is the interface
between these two phases is presented in Fig. 2a. The stability of the

FCC phase (K, ) decreases with temperature, which means that the

FCC phase is more readily transformed to the HCP phase at higher
temperatures.

To avoid Ni nitriding, the HCP phase should be avoided. Therefore,
the safe region is the region, where K, (Eq. (3)) is lower than K, ,:

Kn
Ky < Kyer > 27— <1 (€]

ncr

The critical nitriding potential (K, ) for Fe [39] as one of the main

components of metal parts is also presented and compared with K,, .,
of Ni in Fig. 2b. Here it is assumed that the nitriding of the metals in
the stack can be modeled as the nitriding of the iron, in lack of more
precise investigations. Often the interconnects are not coated on the
fuel side, so the assumption is deemed reasonable. As can be seen, the
K, ., for Fe is lower than that for Ni, which suggests a higher chance

of nitriding on Fe than Ni surfaces.
2.3. Cell level modeling for finding the properties of cell

Two kinds of cell technologies are investigated in the current nu-
merical study. One of the cells is a cell developed at DTU for high
temperature and another one is a cell developed for lower temper-
ature conditions developed at Elcogen. The main difference between
the low temperature and high temperature cells is the thickness of
the electrolyte. The electrolyte thickness for low temperature cells
is 3-6 pm [40], while this thickness is around 10 pm [41] for the
high temperature cells. Thinner electrolyte for low temperature cells
leads to lower resistance than high temperature cells under the same
conditions. Another difference is the material of the air electrode. In
the low temperature cells, Lanthanum Strontium Cobaltite (LSC) [40]
is used in the air electrode instead of Lanthanum strontium cobalt
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Fig. 2. Variation of critical nitriding potential (K, ) by temperature for (a) Ni and (b) Ni and Fe.

Table 1
Cell polarization model governing equations.
Description Governing equation Eq.
Cell voltage [43] Veer = Eeg = Ulact.an + Nact.ca * Neonc.an + Heoncca + Mom) (5)
Open-circuit voltage (OCV) [43] E, =%+ f—:ln( '::fof‘gﬁ) 6)
Butler-Volmer (BV) [44] J = Joanyealexp(=a,, /M”F";';+/M)_
eXP(—(1 = ) i) @)
Anode exchange current density [44] Joan = yﬂn(%)”(ﬁ:—j’)”exp(%) [€))
Cathode exchange current density [44] Joea = ym(%)’”exp(%) ©)
Anode concentration overpotential [45] Neonc.an ; (10)
Cathode concentration overpotential [45] Neone.ca = niTFln((%)O'S) an
Ohmic overpotential [44] Nopm = J iexp(%) (12)
Dusty-gas model (DGM) fluxes [46] % + % = —%(1’43‘1 +x,4p + x,4p) D‘,'k’,?u 13)
DN—,;, + % =—#(pr2+x]Ap+x2Ap)ng,’?u (14)
Binary diffusion coefficient [47] D; = %; = #M;' 1s)
Knudsen diffusion coefficient D, = d—" % (16)
Effective diffusion coefficient ol anlel = gt ;"fo]"/ “ a7
Inlet molar flow rate fin = Q72 (18)
Species molar flow rate at the inlet Rinis; = Xini/ifin 19
Species molar flow rate at the outlet Frouify = Finigi + Preactif (20)
Species mole fraction at the outlet Loty @n

X .=
outifj ot i o

ferrite (LSCF) or LSFC-Gadolinium-Doped Ceria (CGO) [42], which
are used in high temperature cells. LSC has a very high electronic
conductivity. However, the thermal expansion coefficient for LSC is
higher than LSFC and other cell layers, making LSC less favorable to
operate at higher temperatures due to the larger discrepancy of thermal
expansions leading to higher thermal stresses. Also, the barrier layer for
LT cells is thinner than HT cells, which leads to lower resistance.

It should be noted that the modeling in this section has been
conducted to identify the parameters representing various cell char-
acteristics. At the stack level, these parameters are transferred to the
3D model of the stack. The equations for the cell-level modeling are
presented in Table 1. A detailed explanation of these equations is
presented in our previous studies [48,49].

The governing equations presented in Table 1 have 13 free parame-
ters, which can be adjusted by adapting the model with a large number

of independent experimental measurements, where the conditions are
chosen such that all parameters can be identified. B,,,, and E,, ,,, are
initially calculated using electrochemical impedance spectroscopy data
to reduce the number of unknowns to 11 parameters. The remaining
11 parameters are calculated to obtain the best validation with the
available experimental data. All of the 13 parameters for low and high
temperature cell technologies are represented in Table 2. The validation
of the developed model at the cell level is represented for low and high
temperature cells in Appendix B and Ref. [41], respectively.

In our recent study [41], a detailed 3D model of a direct and pre-
cracked ammonia-fueled SOFC at the cell level is presented for the high
temperature cells. The developed model showed a good agreement with
the experimental data. The validation of the detailed cell level model
is presented in Appendix C.
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Values of parameters for cell model obtained from validation with experimental data. The first row for each parameter represents the value for
the high temperature cells and the second row represents the values for the low temperature cells.

Parameter value Description

Yoan 8.998 x 10° Constant of the prefactor used for the anode exchange current density [A/m? K]
1.949 x 10°

Yo.ca 2.434 x 108 Constant of the prefactor used for the cathode exchange current density [A/m? K]
7.837 x 10%

Epran 1.206 x 10° Activation energy used for the anode exchange current density [J/mol]
1.065 x 10°

Euica 1.481 x 10° Activation energy used for the cathode exchange current density [J/mol]
5.122 x 10*

o, 0.772 Charge transfer coefficient of the anode reaction [—]
0.560

[ 0.830 Charge transfer coefficient of the cathode reaction [-]
0.672

a —0.058 Power of the hydrogen partial pressure used for the anode exchange current density [—]
—0.089

b 0.488 Power of the steam partial pressure used for the cathode exchange current density [—]
0.381

m 0.182 Power of the oxygen partial pressure used for the cathode exchange current density [—]
0.196

kG orr 0.169 Correction factor for the diffusion coefficients of the species in the anode porous media
0.21

Ky orr 0.199 Correction factor for the diffusion coefficients of the species in the cathode porous media
0.21

B, 7.825 x 10%! Material specific constant used for the ohmic overpotential [SK/m?]
7.294 x 1012

Eyeromm 8.002 x 10* Activation energy used for the ohmic overpotential [J/mol]
9.238 x 10*

2.4. Stack level modeling

In the current study, 3D simulations are conducted using COMSOL
Multiphysics 6.1 to investigate the performance of an ammonia-fueled
SOFC stack. Fig. 3 illustrates the 3D geometry of the modeled SOFC
stack, the computational mesh, and the inlet and outlet of the air and
fuel streams. The modeling domain encompasses various components,
including the active area, headers, sealing domains, and manifolds. The
SOFC stack model employed in this study utilizes a homogenization
approach, where the detailed geometric response of the actual structure
is represented through effective material properties of a homogeneous
volume, e.g. average thermal conductivities in different directions of
the layered structure. In this manner, the transport of mass, momentum,
species, charges, and heat as well as the electro-chemical reactions
within the stack can be described [43]. It is currently not possible to
homogenize the non-linear Navier-Stokes equations for the turbulent
and laminar free flow in the manifolds by homogenization. Thus, here
a coupling between the free flow and the homogenized equations
describing the headers and repeating units inside the stack is employed
[48,50].

The method also allows for describing localized effects, by repre-
senting the original structure of the stack and applying the homog-
enized average parameters as boundary conditions. An example of
this is localized mechanical failures within the repeating unit of the
stack [51], as well as the distribution of the localized ammonia cracking
within the cells everywhere in the stack [11]. In some cases this sub-
model can be conducted once and for all, and the localized parameters
can be achieved in the homogenized model, which is the case for both
ammonia cracking and the overpotential distribution inside the elec-
trodes [11]. For further description of the homogenization approach,
please refer to previous works on the method.

The reason for using the homogenization method is that it is far
more computationally efficient than explicitly representing all the re-
peating geometrical features of the stack, as the number of finite
elements is heavily reduced and simulation load is decreased by at least
a factor of 100 [48]. This makes it possible to describe e.g. degradation
at different locations within the stack throughout the lifetime of the
stack [48] or as in this case, makes it is feasible to simulate the entire
stack together with the remaining system.

Table 3

Governing equations for the stack model.
Description Governing equation Eq.
Mass V.(pu) =S, (22)
Momentum p(u.V)u = —Vp+ uViu (23)
Species V.(=pw; ¥ D;;Vw;) + p(u.Vyw; = S; 24
Charge V(=oVV +J,)=1S; (25)
Heat (PC,)es fUNT + V.(=koy VT) = Sy (26)

The modeling domain corresponds to the right half of the stack,
with a symmetry boundary condition applied to the middle surface
in the x-direction 3c. The computational mesh is refined at the inlet
region of the active layer and inlet header to capture the large gradi-
ents of parameters due to the high cracking rate of ammonia at the
inlet (Fig. 3c). The SOFC stack model utilizes a computational mesh
comprising 81 thousand finite elements, resulting in approximately 1.1
million degrees of freedom (DOF).

The governing transport equations of mass, momentum, species,
charges, and heat are used in the developed model [43,49]. The gov-
erning equations for the SOFC stack modeling are given in Table 3. For
the inlets of air and fuel, the fully developed flow boundary condition
is considered.

In previous study [48,50], it was demonstrated that the homoge-
nized model for stack simulation adeptly reproduces the experimental
data acquired from an 18-cell FZJ Mark-F SOFC stack [52] operating
with hydrogen fuel. The validation of the homogenized model for
hydrogen-fueled SOFC stack is also presented in Appendix D. Since
there is a scarcity of experimental data available for direct ammonia-
fueled SOFC stacks, the current developed model for SOFC stacks
has not been validated specifically for ammonia fuel. However, in
our recent study [41], the same numerical models and equations as
the current study are utilized in a developed detailed 3D model of
a direct and pre-cracked ammonia-fueled SOFC at the cell level. The
electrochemical reactions relied only on reaction kinetics of hydro-
gen, considering ammonia cracking kinetics. The model was shown to
provide rather good agreement with experimental data under a broad
range of operating conditions with ammonia as a fuel. This proves the
validity of the developed utilized numerical models for the simulation
of ammonia-fueled SOFCs.



A. Nemati et al.

Manifold

Active area

il
iy
it
i
0 ‘ml;

Sealing

Applied Energy 373 (2024) 123913

(b)

Repeating unit
p wg _té
ic 7g
»] l« R2
0.6 mm £
Cell | —fg

Fuel mlet

Air inlet””

Fig. 3. Schematic of the (a) stack configuration and (b) repeating unit. The computational mesh is depicted in (c) and the inlet and outlet of the air and fuel streams are shown

in (d).
2.5. System level modeling

In the present study, a novel approach is employed for system
modeling. In this approach, the detailed 3D modeling of the SOFC stack
is integrated with system modeling, and all the pertinent equations
are solved simultaneously within the COMSOL Multiphysics software.
Using this approach, the influence of system-level complexities is im-
posed on the boundaries of the 3D stack model, while the system model
benefits from the precision of the 3D stack model. Eventually, this will
also enable the co-simulation of transients in the system and stack, but
this is outside the scope of the current work.

This study follows a two-step process for system design and analysis.
Initially, the system is designed using Engineering Equation Solver
(EES) or MATLAB, employing system-level thermodynamic equations.
Subsequently, the designed system is transferred to the COMSOL Mul-
tiphysics software, where all system equations are solved together with
detailed 3D multiphysics modeling of the SOFC stack in a single model.
The purpose is also to validate the integrated approach with the con-
ventional approach. A steady-state operating condition is assumed for
each component and the entire ammonia-fueled SOFC system. Mass and
energy conservation equations are formulated as follows in COMSOL
for each system component:

XM, =Y i,M,

Z i’ihi + ch = zﬂoho + Vch

(27)

(28)

where #, M, h, Q, and W are mole flow rate, molar mass, specific
enthalpy, heat transfer rate, and power, respectively. Indexes i, o, and
cv refer to inlet, outlet, and control volume, respectively.

The stack power (P,,.,) and system power (P,.,) are calculated
using the following equations:

ystem

Pstack =VxI (29)
Psystem = Lstack — Ploss (30)

where V and I are the voltage and current of the SOFC stack and P,
is the consumed power (power losses) in the system for the fuel and air
supply.

The schematic of the ammonia-fueled system is presented in Fig. 4.
The regulation of the ratio between pre-cracked ammonia and non-
cracked ammonia supplied to the SOFC stack is achieved through the
utilization of two valves within the system. Therefore, valves 1 and 2
specify how much of the inlet ammonia undergoes the internal cracking
inside the SOFC stack and how much cracks in the external cracker as
shown in Fig. 4.

The operating conditions and assumptions for different components
in the system are presented in Table 4. A maximum temperature
variation of 100 °C is permitted within the stack constraints imposed
by the materials related to thermal stresses resulting in mechanical
failures. Due to the high pressure in the ammonia storage tank and the
low flow rate of fuel, there are no blowers on the fuel side of the system.
The magnitude of the pressure drop in the SOFC stack is obtained from
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Fig. 4. Schematic of the designed system for ammonia-fueled SOFC. Heat exchangers are referred as HE in the schematic. Red numbers specify different states in the system.

Table 4
Operating conditions and assumption for the parameters used in the system modeling.

Parameter Value [unit]
SOFC fuel utilization factor 70 [%]
SOFC operating current density 0.25 [A/cm?]
Maximum temperature variation within the SOFC stack 100 [°C]
Maximum effectiveness of heat exchangers 90 [%]

Air compressor isentropic efficiency 85 [%]

From 3D model
From 3D model
From 3D model

Air and fuel inlet temperature
Air and fuel outlet temperature
Pressure drop within the SOFC stack on the air side

Pressure drop within the air heat exchangers on one side 10 [mbar]
Pressure drop within the afterburner on the air side 10 [mbar]
Pressure drop within the cracker on the air side 10 [mbar]

the 3D multiphysics model. For the other components of the system,
the assumed pressure drops in the air side of the system are presented
in Table 4 for the case with the lowest air flow rate. It is assumed that
by increasing the air flow rate for other cases, the pressure drops will
increase linearly.

2.6. Coupling different levels of modeling

In this section, the coupling and relations between different levels of
modeling are explained. Ammonia cracking is not happening through
the whole length of the fuel electrode as shown in Ref. [41] and
schematically shown in Fig. 1a. Therefore, it is important to accurately
capture the ammonia penetration in the fuel electrode to have an
accurate connection between the cell level and stack level modeling.
In this regard, ammonia penetration depth in the fuel electrode (iyy,)
is defined as follows [11]:

ch
NH;

Ni-YSZ
Rcrack MNH3

pDw

hnu, = (€20)]

where, p is the density, D is the diffusion coefficient, and w is the
mass fraction. The detailed explanation and derivation of this equation
are presented in Ref. [11]. After finding the correct penetration and
cracking of ammonia in a cell inside the stack, the rest of the physics
are solved similarly to a hydrogen-fueled SOFC [43].

For the connection between stack level and system level, it should
be mentioned that the stack model represents the core of the model. All
of the underlying physics within the stack including ammonia cracking,
transport of mass, momentum, species, charges, and heat as well as the
electrochemical reactions within the stack are solved in the 3D stack

Table 5
Energy conservation equations of the main components of the system. For state numbers
see Fig. 4.

System component Equation

WCOMP = ng(hg — hg)

ig(hy — hg) = itz (hyg — hyg)
ity (hy = hy) = iis(hs — he)
fig(hys = hig) = yg(hyg — hyg)
iys(hys = hyg) = iy(hy — hyy)
fy(hy = hs) = fij3hyy =y by

Air supply (compressor)
Heat exchanger 1 (HE 1)
Heat exchanger 2 (HE 2)
Heat exchanger 3 (HE 3)
Heat exchanger 4 (HE 4)
Cracker

After burner

Splitter (S)

Mixture (M)

gy + fyshys = iy by
nyghyg = iy hy + Aphyy
fyphyy +igzhyy =y

model. For each of the system components mass and energy balance
equations (Egs. (27) and (28)) have been formulated and added as
additional ordinary differential equations in COMSOL. This is the case
for all the system components such as the compressor, external ammo-
nia cracker, air compressor, and heat exchangers. These equations are
included as Global ODE and DAE interfaces in the COMSOL model and
are solved simultaneously with the 3D model equations.

The air and fuel side flow rates of the SOFC stack as well as stack in-
let temperature are calculated based on the stack operating conditions
and assumptions (such as maximum 100 °C temperature variation) that
are considered for safe operation of the stack. With the same inlet
fuel flow rate for all cases, the operating conditions will affect the
inlet temperature, air flow rate, and consequently, pressure drops (see
Table 6). Having the required air flow rate and pressure drops, the
consumed power in the air supply unit is calculated. Additionally, the
heat exchangers are designed to ensure the required inlet temperature
of the SOFC stack, using the SOFC stack outlet temperature obtained
from the 3D model of the stack. The energy conservation equations
of the main components of the system that are added in the COMSOL
model are represented in Table 5.

3. Results and discussion

In this section, the results of the stack/system model are presented.
The results section is organized as follows:

+ Section 3.1: describes the different studied cases operating condi-
tions obtained from the coupling of 3D multiphysics model and
system model.

+ Section 3.2: studies the effects of fuel composition and operating
temperature on the SOFC stack performance.
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Operating conditions for low and high temperature (LT and HT) cases. LT-L and LT-H refer to cases operating under low temperature conditions
(600-700 °C) with the cells designed for low and high temperature operation, respectively.

Case ID Temperature Pre-cracking Inlet Air flow Pressure drop
range [°C] ratio [%] temperature [°C] rate [g/s] air side of stack [mbar]

LT-H/LT-L LT-H/LT-L

LT-00% crack 600-700 0 618 2.55/1.20 2.72/1.23

LT-20% crack 600-700 20 609 2.90/1.65 3.13/1.72

LT-40% crack 600-700 40 605 3.40/2.15 3.74/2.29

LT-60% crack 600-700 60 604 3.90/2.73 4.36/2.97

LT-80% crack 600-700 80 602 4.40/3.30 5.00/3.66

LT-100% crack 600-700 100 600 5.00/3.80 5.77/4.28

HT-00% crack 700-800 0 755 1.80 2.27

HT-20% crack 700-800 20 732 2.00 2.52

HT-40% crack 700-800 40 713 2.20 2.78

HT-60% crack 700-800 60 705 2.65 3.40

HT-80% crack 700-800 80 703 3.20 4.19

HT-100% crack 700-800 100 700 3.70 4.91

+ Section 3.3: investigates the influences of fuel composition and
operating temperature on nitriding potential.

+ Section 3.4: indicates the effects of fuel composition and operat-
ing temperature on system performance.

3.1. Description of the studied cases and coupling of 3D multiphysics model
and system model

This section provides a detailed description of the operating condi-
tions for all the cases analyzed in this study. Furthermore, the value of
the direct coupling of the different levels of models is shown.

3.1.1. Operating conditions

Considering the constraints imposed by the materials related to
thermal stresses, typically, a specific degree of temperature variation
is permissible within the SOFC stacks. Hence, in the present study,
a maximum temperature variation of 100 °C is permitted within the
stack.

As mentioned, two different cell technologies designed for low and
high temperature operation are investigated here. These two different
cell types are analyzed at two different temperature ranges, i.e. 600-
700 °C, referred to as low temperature (LT), and 700-800 °C, referred
to as high temperature (HT). It is worth mentioning that these tem-
perature ranges are considered reasonable based on the information
provided by various SOFC stack manufacturers. For each cell technol-
ogy, various ratios of ammonia pre-cracking including 0%, 20%, 40%,
60%, 80%, and 100% are considered. This will be used later on to show
the minimum safe limit for pre-cracking with respect to nitriding. An
overview of the investigated operating conditions for different cases is
presented in Table 6.

In the experimental and numerical investigations on the SOFCs,
usually the same kind of cells are examined under various operating
temperatures. However, it would not be optimal to operate either cell
technology in the other temperature regime. To have an understanding
of the influence of using the same cell technology in different temper-
ature regimes on the system-level results, the high temperature cell
technology has also studied at low temperature. The cases operating
under low temperature with the cells designed for low temperature
operation are referred to as LT-L and the cases with cells designed for
high temperature operation are referred to as LT-H.

The system equations leave two open parameters, which can be used
for defining the operating conditions. These are here chosen to be the
stack inlet temperature and the air flow rate. These two parameters are
adjusted for each system in Table 6 to achieve the maximum allowable
temperature span over the stack (100 °C). The stack inlet temperature
affects the minimum temperature of the stack. It should be controlled
and adjusted in a way that the minimum temperature in the stack does
not drop below the minimum allowable temperature in the active area,
due to the endothermic cracking of ammonia. On the other hand, the
air flow rate affects the maximum temperature of the stack by cooling
down the stack to the desired temperature range.

3.1.2. Coupling of 3D multiphysics model and system model

As explained in Section 3.1.1, stack inlet temperature and air flow
rate are adjusted for all the systems to achieve the maximum allowable
temperature span of 100 °C within the stack. The result of this can be
found for the different cases in Table 6.

From Table 6, some noteworthy observations can be made regarding
the different cases. The first one is the inlet temperature of the SOFC
stack for low and high temperature cases. All inlet temperatures with
ammonia partially present in the fuel are higher than the desired
minimum temperature inside the stack, as the cracking of the ammonia
introduces local cooling inside the stack. For the LT cases (600-700 °C),
the inlet temperature is closer to the lower bound of the temperature
range (600 °C) than that for the HT cases (700 °C). For example,
according to Table 6, the inlet temperature of LT case without pre-
cracking (LT-00% crack) is only 18 °C higher than 600 °C (i.e. 618 °C),
while this temperature difference is 55 °C (i.e. 755 °C) for its HT
counterpart (HT-00% crack). The reason behind this result is the lower
cracking rate of ammonia in the LT cases compared to the HT cases.
This results in a smaller reduction in local temperature at the entry
over the active area for the LT cases, as shown in Fig. 5 in comparison
to the HT ones.

Distribution of temperature inside the stack for the cases with
different ammonia pre-cracking ratios are shown in Fig. 6. These figures
are presented for high temperature (HT) cells (700-800 °C) and for the
center line (line 4 in Fig. 5¢) and the bottom line (line 7 in Fig. 5c).
It is here chosen to show the results for the HT cells in Fig. 6 due to
large variation in temperature distribution as a result of more intense
localized ammonia cracking and resulting temperature reduction. The
center line and bottom line are selected as they represent the maximum
and minimum temperature inside the stack, respectively.

Fig. 6a shows the distribution of temperature on the bottom line
which is constant in the air inlet channel. This is because a uniform tem-
perature profile is considered for inlet streams. Then, the temperature
suddenly drops due to the endothermic cooling of ammonia and high
conductive heat transfer in the metal parts of the stack (see different
parts of SOFC stack in Fig. 3). From the start of the active area at —50
mm, the temperature starts to gradually increase due to heat formation
in the active area (see Fig. 7). An increase and decrease can be seen
at the end of the temperature profile as shown in Fig. 6a. This part of
the temperature profile shows the air flow temperature in the outlet air
manifold.

It is worth mentioning that as can be seen in Fig. 6, despite the
lower inlet temperature for the cases with higher pre-cracking ratios,
the average temperature of the active area is higher. This will affect
the SOFC stack power production (see Section 3.4).

Another observation from Table 6 is that, for cases with similar
pre-cracking ratios, the LT-H cases require a higher air flow rate than
LT-L and HT cases to cool down the stack to the desired maximum
temperature difference of 100 °C. This is to be expected as the internal
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Fig. 7. Variation of different heat sources/sinks by changing the operating temperature and pre-cracking ratio of ammonia fuel. LT-L and LT-H refer to cases operating under low
temperature conditions (600-700 °C) with the cells designed for low and high temperature operation, respectively.

resistance of the high temperature cells is higher at lower temperatures.
This can also be seen in Fig. 7, which illustrates the various heat sources
and sinks within the SOFC stack for different ammonia pre-cracking
ratios. The heat sources in the system consist of ohmic heat (Q,,,,;.) and
electrochemical reaction heat (Q,,,,), while the ammonia cracking heat
(Q.rqci) serves as a heat sink resulting from the endothermic cracking
of ammonia.

It is clear that for the high temperature cells (with thicker elec-
trolyte), especially the ohmic heat source, Q> is larger than in the
other cases, where the cells are operating in their desired range. Further
explanations regarding the ASRs will be provided in the subsequent
section. On the other hand, Q.. is slightly higher for the HT cases.
O,rack 18 similar for all cases as the inlet molar flow rate of ammonia
is the same for all cases and enthalpy variation during cracking (4H
in Eq. (2)) is not highly dependent on the operating temperature. In
summary, the combined effect of the aforementioned heat sources and
sinks results in higher heat generation within the SOFC stack in LT-H
cases compared to HT and LT-L cases. Consequently, a higher air flow
rate is required to remove the excess heat from the SOFC stack in the
LT-H cases.

Furthermore, by increasing the pre-cracking ratio, Q,,,. is reduced
because a portion of the ammonia is already cracked outside the
SOFC stack in the external cracker (see Fig. 4). According to Table 6,
increasing the ammonia pre-cracking ratio results in a twofold and
threefold increase in the required air flow rate for high-temperature cell
technology (HT and LT-H) and low-temperature cell technology (LT-L),
respectively.

3.2. Effects of fuel composition and operating temperature on stack perfor-
mance

In this section, the performance of SOFC stack fueled by direct am-
monia and partially pre-cracked ammonia is compared and examined.
Initially, the analysis focuses on the distribution of species, followed
by an examination of the current density distribution, and finally, an
investigation of the area specific resistances (ASRs).
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3.2.1. Distribution of species

Fig. 8 shows the distribution of ammonia and hydrogen mole frac-
tions in the active area of the SOFC stack along the center line of the
stack for low temperature (LT) and high temperature (HT) cases. As a
result of the lower cracking rate of ammonia in the LT cases (LT-L and
LT-H), ammonia survives and penetrates further inside the SOFC stack
compared to HT cases. As evident from Fig. 8, ammonia demonstrates
a penetration depth of approximately 75 mm (out of 100 mm) within
the active area of the SOFC stack in the LT-H and LT-L cases. On the
other hand, ammonia only survives the first 25 mm of the active area
in HT cases.

All of the hydrogen in direct ammonia-fueled systems (i.e., 00% pre-
crack) is generated through ammonia internal cracking, while only a
portion of it is produced in pre-cracked cases by internal cracking of
ammonia inside the SOFC stack. In the HT cases, as ammonia undergoes
cracking within the initial 25 mm of the active area, a large amount
of hydrogen is available even within the first quarter of the active
area. In the LT cases (LT-L and LT-H), due to the lower cracking
rate of ammonia and continuous consumption of ammonia along the
active area of the SOFC stack, the maximum amount of hydrogen is
considerably lower than that in the HT cases.

Fig. 8 also shows that the consumption rate of hydrogen for LT-
L cases is slightly higher than that for the LT-H cases (see hydrogen
molar fraction at y = 0 mm). This leads to lower local hydrogen
concentration which results in a higher ammonia cracking rate (see
Eq. (1)). Therefore, ammonia penetrates slightly less in LT-L cases
(~72 mm) compared to LT-H cases (~75 mm).

3.2.2. Current density distribution

Fig. 9 depicts the current density distribution in the active area of
the SOFC stack for LT-L, LT-H and HT cases under various ammonia
pre-cracking ratios. In the LT-H and LT-L cases, the current density
increases gradually from the start of the active area (y = —50 mm)
and reaches a maximum value close to the end of the active area
(y = 50 mm) and then decreases. Furthermore, by increasing the ratio
of ammonia pre-cracking, the current density distribution becomes
more uniform, especially in the LT-H cases. On the other hand, the
current density increases initially and then decreases gradually in the
HT cases. Moreover, increasing the ammonia pre-cracking rate reduces
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Fig. 8. Distribution of ammonia (dashed lines) and hydrogen (solid lines) mole fractions in the active area of the SOFC stack on the center line for (a) low temperature (LT)
condition (600-700 °C) with cells designed for high temperature (LT-H), (b) low temperature (LT) condition with cells designed for low temperature (LT-L), and (c) high temperature

(HT) condition (700-800 °C) under various ammonia pre-cracking ratios.

the uniformity of the current density distribution along the active area
of the SOFC stack.

The distribution of area specific resistances (ASRs) in the active area
of the SOFC stack on the center line is presented in Fig. 9c for cases
without cracking. As can be seen, for the LT-H cases there is a large
variation in the local distribution of ASR from the start of the active
area to the end. This leads to higher current densities at the end with
much lower ASR compared to the start of the SOFC. On the other hand,
in the HT cases, the ASR does not vary considerably from the start of
the active area to the end. Therefore, due to higher hydrogen molar
fractions at the start, the current density is also higher at the start of
the active area for the HT cases. Various ASRs will be elaborated in the
following subsection.

3.2.3. Average area specific resistances

The average ASRs, including the ASRs related to activation (ASR,,,),
ohmic (ASR,,,,), and concentration (ASR,,,.) overpotentials [43] in the
active area of the SOFC stack, are depicted in Fig. 10 for various ammo-
nia pre-cracking ratios. As can be seen, the magnitude of the ASR,,,,. for
all LT and HT cases is negligible. It is important to notice that because
of the relatively low fuel utilization (70%), fuel starvation is not present
and the concentration overpotential remains at a moderate level. Fuel
starvation could become a problem if ammonia was not cracked fast
enough over the cells. It should be mentioned that a constant value of
0.2 Q m? is considered as contact resistance for all of the cases that are
added to the ASR,,,, in Fig. 10.

In HT cases, the elevated operating temperature results in higher
thermally activated electrochemical reactions, leading to an increased
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reaction rate. The higher temperature also leads to faster charge trans-
fer and the ASR,,, is considerably lower in HT cases compared to LT-H
cases. Furthermore, the ASR,, is reduced by increasing the ammonia
pre-cracking ratio for all cases, as this raises the average temperature
of the active area. For example, the average temperature of the active
area is around 756 and 769 °C for the no pre-cracking (HT-00%crack)
and the completely pre-cracked (HT-100%crack) cases, respectively.
Even though both cases have the same range of operating temperatures
i.e. 700-800 °C, the endothermic cracking of ammonia reduces the
average temperature of the active area.

The ASR,,,, also reduces by increasing the operating temperature
as the higher temperatures facilitate better ionic mobility within the
electrolyte, reducing the resistance to ion movement. This leads to
lower ASR,,,, for HT cases compared to LT cases. The ASR,,, of LT-
L cases is also much lower than LT-H cases as the electrolyte layer
is thinner for the cells designed for low temperature operation which
leads to lower ASR;, (check Eq. Table (12) and values of B, and
E,et onm in Table 2 for different cells). The ASR,,, decreases with an
increase in the ammonia pre-cracking ratio, primarily because of the
higher average temperature in the active area of the SOFC stack.

3.3. Effects of fuel composition and operating temperature on nitriding

In addition to its numerous advantages, direct ammonia feeding in
SOFCs also comes with certain drawbacks. Ni nitriding in the anode lay-
ers as one of the main challenges in the direct ammonia-fueled SOFCs
is investigated here under various operating conditions. A qualitative
validation of the utilized modeling method for Ni nitriding potential
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prediction is presented in our previous study for an ammonia-fueled
SOFC at cell level [41].

3.3.1. Effect of location in the SOFC stack

Fig. 11a shows the K, /K, ., ratio on six different lines at different
locations (for locations see Fig. 11b) alongside the active area for the
LT-00% crack case. The red-shaded region represents the area where
K,/K,. > 1, indicating the potential for Ni nitriding to occur. The
locations are specified in the legend in Fig. 11a. In the y-direction,
K,/K,.. continuously decreases as ammonia cracks inside the stack.
In the x-direction, by moving from the center to the sides, K,/K, .,
increases. This is mainly attributed to the location of the fuel manifolds
at the sides of the stack, which provides higher fuel flow rates along
the sides of the stack. This results in lower residence time of ammonia
on the catalyst layers there and consequently lower cracking rate of
ammonia and higher values of K, /K, . at the side of the active area
(lines 4, 5, and 6) compared to middle (lines 1, 2, and 3).

In the z-direction, the lowest magnitude of K, /K, .. is observed at
the center of the active area (z = 0 mm). The highest K, /K, ., values
are present at the bottom of the stack. As the bottom is close to the fuel
inlet and outlet (for inlet and outlet see Fig. 3d), the fuel flow rate is
higher here (lines 3 and 6 in Fig. 3b), leading to a shorter residence
time of ammonia on Ni layers and lower cracking rate of ammonia.
High K, /K, .. values can also be found along the top lines (lines 2 and

5) as well, despite the lower flow rates here than at the center lines
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Fig. 11. (a) The K, /K,
of the ratio of K, /K,,,
condition (700-800 °C) under various ammonia pre-cracking ratios for Ni and Fe.

(lines 1 and 4). This is because, stack temperature is lower at the top
and bottom than at the center, which leads to a slightly lower ammonia
cracking rate and consequently higher K,/K, ., values. Therefore, it
can be concluded that in the current design of the SOFC stack, the
Ni nitriding potential is not uniform in the three dimensions, and 3D
modeling is needed to capture the local potential of Ni nitriding. This
is also the case for other quantities, although not shown explicitly here.

3.3.2. Effect of fuel composition and operating temperature

Fig. 11c and d depict the distribution of the K, /K, ., ratio inside the
SOFC stack on the center line (line 1 in Fig. 11b) alongside the active
area for LT and HT conditions under various ammonia pre-cracking
ratios. The distribution of K, /K, ., for LT-L cases are similar to LT-H
cases (not shown) due to the comparable distribution of ammonia and
hydrogen (see Fig. 8a and b).

When none of the ammonia is pre-cracked (00% pre-crack cases),
for the low temperature operation (LT case) more than half of the active
area (~62 mm) is affected by the Ni nitriding (Fig. 11c), while the
affected area for the HT case is only limited to around 22 mm over
the active area (Fig. 11d). This is due to the lower cracking rate of
ammonia at lower temperatures, which leads to more penetration of
ammonia inside the SOFC stack (see Fig. 8) and consequently higher
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ratio on six different lines at different locations alongside the active area for the LT-00% crack case. Locations of lines are illustrated in (b). Distribution
inside the stack on the center line (line 1) alongside the active area for (c) low temperature (LT) condition (600-700 °C) and (d) high temperature (HT)

risk of Ni nitriding. Therefore, both low and high temperature cell tech-
nologies need pre-cracking to avoid nitriding, with a greater necessity
for pre-cracking in the low-temperature cells.

As expected, by increasing the ammonia pre-cracking ratio, the Ni
nitriding potential (K,/K, ) decreases due to lower ammonia content
in the fuel stream. An interesting observation from Fig. 11c and d is that
the K, /K, ., value is higher for the HT cases at the start of active area
(y = =50 mm) than that in the LT cases. This difference is completely
clear by comparison of 60% and 80% crack cases for the LT and HT
cases. This is due to the reduction of K, .. by increasing the temperature
as shown in Fig. 2. As a result, under HT operating conditions, higher
ratios of ammonia pre-cracking (~92% pre-cracking) are necessary
compared to LT conditions (~82% pre-cracking) to effectively eliminate
Ni nitriding.

The high amount of pre-cracking needed to run the systems safely
points to that it might not be worth aiming for a system with a partial
pre-cracking, as control of the flows is not straightforward compared
to the marginal amount of ammonia that could be cracked in the
stack in the pre-cracked cases. Perhaps it is better to pre-crack as
much as possible while knowing that the stack is still tolerant to
some (around 10-20%) amount of ammonia (not ppb level as proton
exchange membrane fuel cells).
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Fig. 12. Stack and system power and power losses (Eqs. (29) and (30)) for low
temperature (LT) condition (600-700 °C) and high temperature (HT) condition (700-
800 °C) under various ammonia pre-cracking ratios. LT-L and LT-H refer to cases
operating under low temperature conditions with the cells designed for low and high
temperature operation, respectively.

The Fe nitriding plots are also presented in Fig. 11c and d in the
active area of the SOFC stack as a representative of steel’s nitriding
inside the SOFC stack. The K,/K, ., and nitriding potential is higher
for Fe than Ni, which is mainly attributed to the lower K, . for Fe as
depicted in Fig. 2b.

3.4. Effects of fuel composition and operating temperature on system level

The influence of the ammonia pre-cracking ratio and operating tem-
perature of the SOFC stack on the system performance is investigated
here. The concept of system modeling and the operating conditions
are explained in Section 2.5. Fig. 12 shows the variation of stack and
system power as well as power losses in the system for various ammonia
pre-cracking ratios.

Stack power in the HT cases is around 15-20% higher than that in
the LT-H cases due to lower ASRs and thus higher cell voltages. The
stack power difference between the HT and LT-H cases is 19.6% and
14.8% for 00% crack and 100% crack cases, respectively. However,
the stack power for HT and LT-L cases are rather similar to each other,
especially at higher ammonia pre-cracking ratios. The produced power
of the stack increases with increasing ammonia pre-cracking ratios due
to the rise in the average temperature and reduction of ASRs (see
Fig. 10) and consequently overpotentials.

The system power shows a similar trend with the stack power,
which is higher for the HT cases compared to the LT-H cases. The
system power is 21.5%, and 22.3% higher in the HT cases than their
LT-H counterparts for 00% crack and 100% crack cases, respectively.

Despite the increase in the stack power with an increase in the am-
monia pre-cracking ratio, the system power decreases as the ammonia
pre-cracking ratio increases. This is mainly due to the higher required
air flow rates in higher ammonia pre-cracking ratios (see Table 6) to
maintain the stack temperature within the desired temperature range,
with a maximum temperature variation of 100 °C. The higher air flow
rate leads to higher pressure drops in the system and consequently
higher power consumption in the system as shown in Fig. 12. The
reduction in system power is more pronounced in the LT-H cases due
to the higher rate at which the air flow rate increases with the increase
in the ammonia pre-cracking ratio, compared to the HT cases.

It is worth mentioning that the anode off-gas recirculation (AOR) is
not investigated in the current study, which has a significant impact on
the system efficiency [41,53]. Therefore, only the power is reported to
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avoid misinterpretation regarding the ammonia-fueled SOFC system’s
potential efficiency. The efficiency of the system for HT cases is around
51-53% which can be improved significantly by implementing AOR.
This will be investigated in future works by a comprehensive study of
different system designs.

It should also be mentioned that the external cracker is considered
to be designed to crack close to the desired amount of ammonia at
both low and high temperature operating conditions. Nonetheless, it
is important to highlight that efficient operation of ammonia cracking
under low temperatures necessitates the presence of a better catalyst
or a correspondingly larger cracker. The high temperature cells require
expensive steels to build a stack while much cheaper catalysts such as
iron (Fe), nickel (Ni), copper (Cu), and 304 stainless steel (304) [54]
can be utilized in the external cracker due to the available high temper-
ature heat in the system. On the other hand, cheaper steels can be used
in the low temperatures stacks, while a much more novel and expensive
catalyst such as ruthenium (Ru) based catalysts [55] may be needed
for ammonia cracking under low temperature conditions. Therefore,
there is trade-off between the cost of SOFC stack and external ammonia
cracker for low and high temperature operating conditions.

4. Conclusion

In the current study, the effects of operating temperature and am-
monia pre-cracking ratio on the reliability and performances of the
ammonia-fueled solid oxide fuel cell (SOFC) stack and the overall
system are investigated. In this context, a novel multiscale modeling
approach has been developed, which combines a 3D multiphysics sim-
ulation of the ammonia-fueled SOFC stack with system-level modeling.
Two kinds of cell technologies designed for low temperature (LT)
and high temperature (HT) operation were compared. The cells were
investigated under LT range from 600 to 700 °C, and a HT range from
700 to 800 °C. To have an idea of the influence of cell type on the
performance under similar conditions, both of the cell technologies
designed for LT and HT conditions are investigated under low tem-
perature conditions, referred to as LT-L and LT-H cases, respectively.
These investigations were conducted across a range of ammonia pre-
cracking ratios including 0%, 20%, 40%, 60%, 80%, and 100%. The
main findings can be summarized as follows:

* In the cases without ammonia pre-cracking, the inlet fuel tem-
perature should be provided at 18 °C and 55 °C higher than
the desired minimum operating temperature for LT and HT
conditions, respectively. This is due to the cooling from the
ammonia cracking, which is more intense and localized in the
HT cases with faster cracking rates.

* The required air flow rate to maintain the SOFC stack tempera-
ture within the targeted range of 100 °C variation is increased by
ammonia pre-cracking ratio, as cracking diminishes the cooling
effect of the ammonia cracking. The increase in the required
air flow rate for cooling of the stack in the 100% pre-cracking
case compared to the 0% case is around 100% for the high
temperature cells (HT and LT-H) while it is 216% for the low
temperature cells (LT-L). Also, higher air flow rates are required
for the LT-H cases than LT-L and HT cases.

* The current density distribution in the active area shows an
opposite trend for the LT and HT cases. For the LT cases, current
density increases from the start to the end of the active area,
while it decreases in the HT cases. Furthermore, higher ammonia
pre-cracking rates lead to more uniform and less uniform current
density distribution under LT and HT conditions, respectively.

* Nitriding problems become significantly more pronounced under
LT conditions, where more than half of the active area (~62 mm)
experiences Ni nitriding, compared to HT cases where only
around 22 mm is affected. On the other hand, achieving com-
plete elimination of Ni nitriding demands a higher pre-cracking
ratio at HT conditions (~92%) in comparison with LT conditions
(~82%).

=
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* The system power for HT and LT-L cases is comparable due to
close SOFC stack power and power losses in the system. The
system power of LT-H cases is significantly lower (approximately
22%) compared to their HT counterparts, primarily due to the
decreased stack power and increased power losses in the system.

* The lower stack outlet temperatures in LT cases require novel
and more expensive catalysts or correspondingly larger cracker
for the cracking of the ammonia as compared to the catalyst
and size of cracker to be used for cracking at higher operating
temperatures. Operation temperature will therefore play in on
the techno-economic balance between the lower cost of steel for
the stack but higher catalyst cost for the pre-cracker at LT and
vice-versa for HT.

This work highlights the importance and capability of the developed
multiscale 3D/system modeling for ammonia-fueled SOFC simulation,
taking into account the intricate multiphysics phenomena involved. The
developed model can be utilized to further consider different aspects
of the reliability and performance of ammonia-fueled SOFC stacks and
systems. The direct coupling also makes it feasible to make dynamic
simulations of the entire system and stack together.
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Appendix A. Ammonia cracking rate validation on Ni-YSZ layers

Ammonia cracking rate plays an important role in the performance
of the ammonia-fueled SOFCs as it affects the distributions of hydro-
gen, current density, and temperature over the active area. Therefore,
the validity of the ammonia cracking rate developed by Kishimoto
et al. [30] is examined against the experimental data reported in [30].
Here, a 2D model is developed for the test that was used for the
validation of the developed ammonia cracking rate in [30]. Fig. A.1
shows the modeling domain consisting of the Ni-YSZ catalyst layer,
YSZ substrate layer, two quartz layers, and fuel channel. Dimensions
of different layers are listed in Table A.1. Similar to the 2D model
presented in [30], transport equations of mass, momentum, species, and
energy are coupled and solved numerically.

Table A.1
Dimensions of the different layers in the 2D model of ammonia cracking on Ni-YSZ
catalyst [30].

Region Dimension [mm]
Ni-YSZ catalyst length 10, 20, 40
Ni-YSZ catalyst thickness 0.017

YSZ substrate thickness 0.500

Fuel channel height at the middle of domain 1.483

Quartz layer thickness at top and bottom 2.000

N

H,*+ N, +NH,

Ni-YSZ

YSZ substrate

Fig. A.1. Schematic of the 2D model used for the ammonia cracking on the planar Ni-YSZ catalyst [30].
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Fig. A.2. Comparison of the ammonia cracking rate between the current model,
Kishimoto [30] experimental results (Exp.) and numerical results (Num.).

The fuel inlet boundary condition is considered to be fully devel-
oped and a volumetric flow rate is imposed on the fuel inlet boundary.
All volume flow rates in the experimental study [30] are reported at
the standard state. Therefore, the imposed volumetric flow rates at the
inlet boundary are adjusted according to the operating temperatures.
For the ammonia cracking rate, the developed correlation by Kishimoto
et al. [30] is utilized which is presented in Eq. (1).

The results of the developed 2D model are compared with the
experimental and numerical data reported in [30] in Fig. A.2. The
experimental tests are reported at different operating temperatures,
volumetric flow rates, and mole fractions of H, at the inlet [30] which
are summarized in Table A.2. These comparisons are carried out at
three different lengths of the Ni-YSZ catalyst layer, including 10 mm,
20 mm, and 40 mm. The results of the cracking rate obtained from
the developed 2D model in the current study at different operating
conditions are shown in Fig. A.2a, b, and ¢ which show a reasonable
agreement with the experimental data.
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Table A.2

Operating conditions for ammonia cracking tests reported in Ref. [30].
Parameter Fig. A.2-a Fig. A.2-b Fig. A.2-c
Temperature [°C] 600, 650, 700 600 600
Volumetric flow rate [ml/min] 100 50, 100, 150, 200 100
Inlet H2 mole fraction [-] 0.0 0.0 0.0, 0.2, 0.4

Appendix B. Validation of model and parameters for low temper-
ature cell

A comparison of the experimental polarization curves and the values
obtained from the simulation based on parameters reported in Table 2
is presented in Fig. B.1 for low temperature (Elcogen) cells. As can
be seen, a good match is achieved between the experimental and
simulation curves for all operating conditions under different current
densities.

Appendix C. Validation of cell level model for ammonia-fueled
SOFC for high temperature cell

In this section, the cell level model is validated for the pre-cracked
ammonia (H,+N,) and direct ammonia (NH;) fueled SOFCs for the high
temperature cells. The 3D detailed model that is used for validation
is comprehensively explained in the recent study [41]. The operating
conditions of the experimental tests which are used for the validation
of the model are explained in Table C.1.

Fig. C.1a and b shows the comparison of the experimental and
numerical results under different operating conditions. As can be seen,
there is a good agreement between the numerical simulation results and
experimental data. This proves that the developed numerical model is
able to capture the physics under both direct and pre-cracked ammonia-
fueled conditions reasonably well.

The cell temperature is measured at the cathode side in the ex-
perimental tests that indicate around 8-10 °C temperature reduction
compared to the test temperature (furnace temperature) due to en-
dothermal cracking of NH;. Fig. C.1c and d show the cell temperature
at the air side for operating temperatures of 750 and 850 °C. As can
be seen, the numerical results correspond well with the measurements
i.e. a temperature drop of 8-10 °C. It is noteworthy that the temper-
ature reduction is higher and more localized for the 850 °C case than
that of 750 °C. This is because of the higher cracking rate of ammonia
at higher temperatures. It is also noteworthy that in these tests, the
cell test house is located inside a furnace. This leads to heat transfer
between the cell test house and the surrounding ambient which is the
furnace with a controlled temperature. Therefore, the cell temperature
in the test is probably different from the cell temperature inside a stack
that is isolated under the same operating conditions.

Appendix D. Validation of homogenized stack model for hydrogen
fuel

The accuracy of the homogenized model has previously been ana-
lyzed in another study [48] by our research team as shown in Fig. D.1.
In this study [48], the homogenized model is used to simulate the
18-cell FZJ Mark-F SOFC stack from Ref. [52] with hydrogen fuel.
As shown in Fig. D.1b, the homogenized model is able to accurately
predict the voltage and local temperature in a wide range of current
densities. The operating conditions for the experiments conducted in
Ref. [52] are represented in Table D.1.

It is worth mentioning that there are also further ongoing studies
(not shown here) on using the homogenized model to simulate and
investigate other commercial SOFC stacks operating with hydrogen and
nitrogen mixtures representing the pre-cracked ammonia fuel. All of
these studies show the validity and accuracy of the homogenized model
in the prediction of underlying physical phenomena inside SOFC stacks.
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Fig. B.1. Comparisons of the polarization curves from the experimental data (exp) and simulation (sim) with the parameters reported in Table 2 for low temperature cells.
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Fig. C.1. Comparisons of the polarization curves from simulation and experimental data under (a) pre-cracked ammonia, and (b) direct ammonia. Distribution of temperature on
the air side of the cell for direct ammonia SOFC at (c) 750 and (d) 850 °C [41]. The fuel flow direction in (e) and (f) is left to right.

Table C.1 Table D.1
The operating conditions of the tests for direct and pre-cracked ammonia-fueled cases Operating conditions for the SOFC stack tests reported in Ref. [52].
which are used for validation. Parameter Dimension [mm]
Direct/pre-cracked ~ Temperature [°C] NH; [Nl/h]  H, [Nl/h] N, [Nl/h] Load current density 0-0.8 [A/cm?]
Direct 700, 750, 800, 850 16 0 0 Flows inlet temperature 675 [°C]
Pre-cracked 700, 750, 800, 850 0 24 8 Furnace temperature 750 [°C]
Hydrogen inlet flow rate 90 [slpm]
Steam inlet flow rate 10 [slpm]
Air inlet flow rate 307 [slpm]
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Fig. D.1. Homogenized stack model validation against the experimental data from Nishida et al. [52] for the 18-cell FZJ Mark-F SOFC stack: (a) Schematic of the SOFC stack
configuration. Locations of the temperature probes T, and T;, are shown in this figure; and (b) comparisons of the polarization, temperature, and power curves for different current
densities. The abbreviations exp and sim denote experiment and simulation data, respectively. Voltage subscripts represent the cell number, 1 for the bottom cell and 18 for the
top cell [48].
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