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Abstract:

Local thermal equilibrium (LTE) is a common assumption used in thermal modeling of
solid oxide fuel cells (SOFCs). However, its validity has not been well confirmed. To
examine the validity of the LTE assumption, a thermal model is developed to evaluate the
local thermal non-equilibrium (LTNE) effect of SOFC electrodes with various fuels,
considering methane internal reforming and ammonia thermal cracking in anode. Although
the LTNE effect for ammonia fed SOFC is more pronounced than that for hydrogen fed
SOFC, the LTE assumption can be safely adopted for SOFC modeling for a wide range of
operating/structural parameters and for various fuels, such as hydrogen, ammonia, and

methane.
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1. Introduction

Solid oxide fuel cell (SOFC), a promising power generation device with high efficiency,
has attracted much attention in recent years. Mathematical modeling is a valuable tool to
investigate the complicated physical-chemical processes in SOFCs as well as to optimize the
operating/structural parameters of SOFC stacks [1]. In almost all thermal modeling studies of
SOFCs, it is a common practice to assume local thermal equilibrium (LTE), that means the
temperature of the gas species is locally the same with the temperature of the solid structure
[2]. The LTE assumption considerably simplifies the computation, as only one energy
equation is required for the whole computational domain. However, its validity has not been
well confirmed yet.

An early study on the local thermal non-equilibrium (LTNE) effect in proton exchange
membrane fuel cell (PEMFC) was conducted by Hwang and Chen [2]. A dimensionless
LTNE criterion was proposed and the significance of LTNE effect was examined under
typical structural parameters and operation conditions [2]. Subsequently, Damm and Fedorov
questioned the LTE assumption for SOFC electrodes [3]: first, gas phase is mainly transported
by diffusion in porous electrodes which may lead to a low Reynolds number and thus a low
heat transfer rate; second, heat generation/consumption takes place where
electrochemical/chemical reactions occur, especially when hydrocarbon fuels or ammonia are
used. To address this issue, Damm and Fedorov [3] investigated the local heat transfer in the
porous electrode of hydrogen fueled SOFC with the magnitude analysis method. Their study
provides an excellent framework to examine the temperature difference between the gas phase

and the solid structure in an SOFC. However, only H, fuel is considered and their study only



examines some typical working conditions. Since fuel flexibility is a major attraction for
SOFCs and the internal reforming of hydrocarbon fuels or thermal cracking of ammonia can
significantly influence the thermal field of the SOFCs, it is necessary and important to
examine the validity of LTE in SOFCs running on alternative fuels. However, from the
literature, no such study has been performed yet. In addition, Damm and Fedorov’s study [3]
might underestimate the temperature difference because they overestimate the heat generation
area by using the whole pore surface area in their analysis. It should be mentioned that in an
SOFC, electrochemical reaction occurs only at the triple-phase boundary (TPB) region. Thus
it is appropriate to consider the whole particle surface as the heat transfer area if the heat
conductivity of the solid is very high, while this treatment may not be valid if the heat
conductivity of the solid is not high enough.

Due to the above reasons, a more comprehensive study is performed in the present work
to evaluate the LTNE effect in SOFC porous electrodes by examining the temperature
difference between the gas and the solid. Different from ref. [3] that only consider hydrogen
fuel for SOFCs, alternative fuels are considered in the present study. The reaction heats for
chemical reactions are included in this study, such as methane steam reforming (MSRR) and
ammonia thermal cracking reaction (ACR). The upper limit of temperature difference
between the gas phase and the solid phase (ATy) is used as an indicator for the LTNE effect
[3]. Also different from Damm and Fedorov’s work [3], the TPB zone, instead of the whole
particle surface, is used as the heat transfer area for AT estimation. Since half-reactions
occurring in anode and cathode are different, heat generation or consumption from half-

reactions are calculated separately in each porous electrode. All overpotential losses are



considered. The study considers typical SOFC materials — yttria-stabilized zirconia (YSZ)
electrolyte, Ni-YSZ anode, and lanthanum strontium manganite (LSM)-YSZ cathode.
However, other SOFC materials can be easily studied by simply modify the material

parameters.

2. Thermal analysis

In SOFC porous electrodes, electrochemical reactions accompanied with large
amount of heat generation/consumption occur in the TPB region (as shown in Fig.1,
intersection zone of gas phase, electronic conducting phase, and ionic conducting phase).
Thermal energy dissipation from the surface of the solid structure occurs by three ways
simultaneously: (1) conduction to other parts of solid particles; (2) convection from solid
phases to gas phases; and (3) radiation to other electrode particles. Based on Damm’s method,
the temperature difference between solid and gas phase (A7) is used as an indicator for the
LTNE effect and only convection heat transfer is considered [3]. Since conduction and
radiation heat transfer provide additional way for heat dissipation which tends to reduce the
temperature difference, it is reasonable to neglect the conduction and radiation to focus on the
upper value of AT.

According to Hwang and Chen [2], the gas-solid temperature difference ATy can be

obtained as:

AT, =T -T, = 0 (1)
S hsfas

where (@O is the volumetric heat generation/consumption coupled  with

electrochemical/chemical reactions (Wm'3 ); hs 1s the heat transfer coefficient between gas
4



and solid phases (Wm?K™), g is the specific (volumetric) heat transfer area (m’m™).
2.1 Convection heat transfer coefficient

In the porous electrodes of SOFC, gas transport occurs mainly by means of diffusion.
It is reported that the gas phase velocity and Reynolds number (R,) in porous electrode of
PEMFC are 0.239ms” and 0.004 when the current density and porosity are 10*Am™ and
0.3um, respectively [2]. Consequently, relationship developed by Kuwahara [4] is adopted in
the present work to calculate Ay (valid for a broad range of Reynolds number, Prandtl

number, particle size and porosity):

k

hs_fd =[1+4(1(;9P)J+0.5(19p)0‘5 RGPI"% (2)
f

p

where, 6, is porosity of electrode; k¢ is thermal conductivity of fluid, Wm'lK'l; d is solid
particle diameter, um. Considering R, for gas phase in porous electrode is far less than unit,
and Pr=0.7~0.8 (for common gases), the second item on the right side of Eq. (2) can be

safely neglected. As a result, 4srcan be determined as,
4(1-0,) |k
_ f
hy, = [1 +— 7 J— 3)

2.2 heat transfer area

In the SOFC electrodes, electrochemical reactions occur only at the TPB region.
Thus, in the present study, the TPB zone is considered as the sites for heat
generation/consumption from electrochemical reaction and overpotential losses to find the
upper limit of A7y The formula proposed by Gokhale [5] has been commonly used for
calculating the TPB length (Ltpg) and thus is used in the present study (valid for any isotropic

uniform-random three phase microstructure):
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Ln =7 F(a) B2 (6,) F(K)EL(CV 7)1 =
LY

where: Fj(a) reflects the effect of composition ratio in the electrodes, which varies no more
than 10% for 0.5 <a<2.5[5]. Here, Fi(a) equals to 0.225. F»(8,) represents the effect of
porosity on Lrpg. F3(K) reflects the effect of particle shape on Lrpg. It equals to 36 for
spherical particles. Fu(CV, y) reflects the effect of size distribution on Lrpg. It equals to 1 for

mono-size particles.

For mono-size spherical particles, the TPB length can be calculated as,

2
0 (Ind
Ly = 6.36—”( - /) (6]
d
Furthermore,
a = W’LTPB (6)

where, w refers to effective width of TPB region, nm.

2.3 Heat generation or consumption
In SOFC, heat sources (and their locations) can be summarized as follows [6]:
a. half-reaction (TPB region in electrodes)
b. Concentration loss(electrodes)
c. Activation loss (TPB region in anode)
d. Ohmic loss (electrodes and electrolyte)
e. Methane reforming reaction (anode)
f.  Ammonia thermal cracking reaction (anode)

g. Water gas shifting reaction (gas channel and anode)



2.3.1. Half-reactions in single electrodes

In ref. [3], the overall electrochemical reaction heat is applied to the anode. However,
since the hydrogen oxidation and oxygen reduction reaction occur separately in the anode and
the cathode, the corresponding reaction heats for anode and cathode should be calculated
separately as well.

The primary hydrogen oxidation reaction in SOFC electrodes can be divided into two

half-reactions in anode and cathode respectively,

H,+0.50, - H,0 (7)
Anode: H,+0" - H,0+2¢ (8)
Cathode: 0.50,+2¢ — O™ 9)

Reversible heat generation due to electrochemical reaction (Qry) can be obtained by:

Q. =-TAS— (10)

Where entropy change of half-reaction in single electrode can be calculated based on Seebeck

coefficient which is used in the electrochemical community and defined as AE/AT[7]:

% = j—; (11)
It should be noticed that Seebeck coefficient is usually experimentally determined. Here a
value of -0.463mVK™ is used according to Ratkje and Tomii’s research on SOFCs at typical
operating conditions, which are applicable to the present study [8]. Thus the entropy change
of oxygen reduction reaction in cathode can be obtained:

AS(Tyrse Py, s ) = —89.27Jmol " K™ (12)

Based on this, entropy change of oxygen reduction half-reaction in cathode at any



temperature and oxygen partial pressure can be calculated as follows [7]:

ASC (T, B, )=AS® (T1273K,P02‘1a,m)+R1n{ fo J (13)

0, latm

Therefore, entropy change of hydrogen oxidation half-reaction in anode can be obtained

using Eq. (14) when total entropy change AS of H,-O, reaction is known (Eq. (15)):

AS® = AS —AS€ (14)
0.5
P, (P
AS(T,P)=AS(T)+RIn PulPo) (15)
PHZO

2.3.2. Overpotential losses

Irreversible heat generation caused by electrochemical losses is more complicated to
deal with because of different heat generation locations as shown in Section 2.3. Thus, in this
paper, maximum heat generation amount due to electrochemical losses (Qioss) is analyzed
together (Eq. (16)) while TPB region is considered as heat generation site. This treatment is
reasonable since activation loss is usually dominated over other losses, especially for SOFCs

with thin film electrolyte.

i
=\—-AH +TAS )— 16
Qloss ( + )nF_L ( )

2.3.3. Direct internal reforming reaction and ammonia thermal cracking reaction

Different from previous studies focusing on Hj-fueled SOFCs, methane steam
reforming reaction (MSRR) and ammonia thermal cracking reaction (ACR) are considered in
the present study. Both MSRR and ACR are endothermic, and corresponding heat

consumption can be calculated as follows:

QMSRR = ~Fusrr AH MSRR (17)



OQucr = ~Tacr " AH 4cp (18)
where, rvsrr and racr are reaction rates of MSRR and ACR respectively (molm'3s'1), which

are strongly related to operation temperature and can be approximated by[9, 10],

—231266
Pyvsrr = 239567{1{—)190}14]71120
RT (19)

Ficr = 4% 10" eXp(%ijHs

(20)
In practice, a steam-carbon ratio of 2.0 is usually required for CH4 fed SOFC in order to
avoid carbon deposition [11]. Thus, the value of Pcps and Pppo are 0.33x 10° Pa and 0.67x10°
Pa for rvsrr calculation here. Pyys is partial pressure of NHs, and it equals to 10° Pa.

A Hysrr and A Hacr refer to enthalpy change of MSRR and ACR, Jmol ™. In this study, they

can be estimated as[12]:

AH g = 206205.5+19.5175T 1)

AH ., =40265.095+24.23214T —0.00946T>  (22)

It should be mentioned that in CH4 fed SOFC, water gas shift reaction (WGSR) can
also occur. The WGSR is slightly exothermic and tends to increase the SOFC temperature.
However, since the rate of WGSR is usually much smaller than that of MSRR [12], its effect
is neglected in the present study for simplicity. According to the authors’ best knowledge, no
experiments have been conducted to explore the temperature field of the SOFC porous
electrodes. Thus it’s difficult to validate the present model at this stage. However, the results
from this study can be readily compared with relevant experimental data once they are
available.

3. Results and analysis



Based on analysis above and Eq.s (1), (3) and (5), the temperature difference between
the solid and the gas phase (A7) can be evaluated by Eqgs. (23) and (24). (It should be noted
that Q refers to different values in various analysis processes, as listed in Fig.2-Fig.7). In this
section, parametric analysis is performed to examine the ATy under various operating
conditions and various structural parameters. The effect of MSRR and ACR on LTNE effect

1s also studied and discussed.

__od’
Aly = 6.36wk, £(6,) @3)

7(6,)=6,(n6,) {1+4(19;109”)J (24)

3.1 Effects of operating temperature and particle size
For H, fed SOFCs, heat generation in SOFC mainly consists of two parts: heat from
electrochemical reaction (Qey) and heat from irreversible overpotential losses (Qioss). Based
on Eq. (21) and Eq. (22), AT in anode and cathode at different operation temperatures
(800~1200K) is given in Fig.2. It is found that the value of AT for anode is negative when
only Qv 1s included while it is positive for cathode. This means that the half reactions in the
anode and cathode are endothermic and exothermic, respectively. When both Qjss and Qrey
are considered, the value of A7 for anode is changed to positive. This indicates that the heat
generation from overpotential losses exceeds the heat consumption by half reaction at the
anode. In addition, the anode A7y is found to decrease with increasing temperature. In
general, the calculated ATy is on the order of 107 K, which is about 10 times larger than that
obtained from Damm and Fedorov’s criteria under the same structural parameters and

operation condition [3]. This might be because the heat transfer surface used here (TPB
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region) is far less than the whole pore surface area used in Damm and Fedorov’s work.

It should be noted that when the particle diameter is increased from 0.3um to 0.4 pum,
the value of ATy increased significantly (2.37 times), as shown in Fig. 2. The strong
dependence of AT;s on particle size can be seen from Eq. (23), as larger particles considerably

decrease the heat transfer area.

3.2 Effect of porosity 0,
In order to allow effective gas diffusion and electron/ion conduction, the porosity of
SOFC electrodes can’t be too low or too high. In the present study, A7 is calculated with
varying 0, from 0.2 to 0.6. It is found that the ATs increases with increase porosity, especially
when the porosity is larger than 0.5 (Fig. 3). This is because high porosity leads to small heat
transfer area as well as heat transfer coefficient (see Egs. (3), (5) and (6)). From our analysis,
a new relationship of f{6,) is derived from fitting with the simulation results:
£(6,)=34.62exp(-6.780, ) (25)
For 6, in range of 0.2~0.6, f(6,) using eq. (25) leads to less than 10% deviation from its value
using eq. (20), as well as ATy Thus, egs. (23) and (25) provide a more clear relationship

between ATr and 0, and can be used for AT prediction.

3.3 Effect of TPB width w and reaction depth L

The exact spatial extension of TPB, which is termed as “TPB width”, remains to be
determined [13]. F.H. van Heuveln[14] reported that the TPB width (W1pp) was no more than
50 nm at YSZ/LSM interfaces at 1218 K[15], while another research claimed that the value
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was less than 22 nm[16]. Therefore, in this work, 20 nm is used as typical TPB zone width.
However, variations of AT are calculated with different w (5~50nm), as shown in Fig.4. The
result shows that as w increases, large heat transfer surface is created and small ATy is
obtained. The reaction depth (L) in the electrode is another important parameter in SOFC
which is affected by many operation factors. 10um was used as reaction depth in Damm’s
research[3] while 2.4um and 6.2um was reported in cathode and anode respectively in
another SOFC modeling [17]. The reaction depth in the electrode mainly depends on the
ionic conductivity of the electrode and the operating temperature [18]. It’s expected that at a
lower temperature (i.e. 673K), the reaction depth could be small due to the slow ion
conduction from the electrolyte to the electrode. In the present study, ATy with different
reaction depths are calculated. It is found that as L decreases, the ATy (Fig. 5) increases due

to reduced surface area for heat dissipation under the same current density.

3.4 Effect of thermal conductivity ky

It is common that SOFC is fed with gas mixture instead of pure hydrogen. Moreover,
water steam is produced in the electrochemical reaction process. Therefore, the gas
composition and thermal conductivity of gas mixture (k¢) are usually different at different
locations and under various operating conditions.

In the present study, the effect of ks on AT is examined in the range of 0.05~0.5W/(m
K) (thermal conductivities of majority gas emerged in SOFC between 800~1200K are within
this range) and is shown in Fig.6. As can be seen that A7 decreases with increasing kr. This
finding implies that AT should increase with decreasing hydrogen molar fraction, as
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hydrogen has a relatively larger thermal conductivity than other gases.

3.5 Direct internal reforming and ammonia thermal cracking reactions

For SOFCs running on hydrocarbon fuels, MSRR (Eq. 26) and WGSR (Eq. 27) are
usually required. Compared with external reforming, direct internal reforming could simplify
system as well as save energy[12], thus is commonly used in SOFC for hydrogen production.
CH,+H,0<3H,+CO (26)
CO+H,0< H,+CO, (27)

For NHj; fuel, ammonia thermal cracking reaction (ACR) can occur in SOFCs.
2NH, < N, +3H, (28)
When CH4 or NHj is used as fuel, O to be dissipated through convection is reduced
because both MSRR and WGSR are endothermic processes, and thus tends to reduce A7 (as
shown in Fig.7). It can be seen that the magnitude of ATy increases sharply when operation
temperature increases, especially for ammonia fed SOFC. The large temperature difference in
NHj; fueled SOFC is caused by very high reaction rates of ammonia thermal cracking at high
temperatures [9]. For comparison, the reaction heat from MSSR is much smaller, due to
relatively low reaction rates [12]. Even though, the value of ATt for NH; fueled SOFC is still
about 1K. Therefore, from the present study, it can be seen that even including the internal
reforming or ammonia thermal cracking reaction, the LTNE effect in SOFC electrode is still
insignificant and the LTE assumption can be safely adopted for SOFC modeling in steady-
state operation. It should be mentioned that in the start-up/shut-down cycles, the gas flow
may be used for heating up or cooling down the cell, thus the temperature difference between
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the gas and the solid could be larger. However, this temperature difference is not caused by
the heat source terms and out of the scope of the present study. To examine the temperature
difference in the heating up/cooling down process, detailed thermal-electrochemical

modeling at the cell level is needed.

4. Conclusion

In this paper, the LTNE effect in SOFC electrode is studied under a wide range of
operating/structural parameters. Different from the previous studies in the literature, half-
reaction is used in the calculation for heat generation/consumption in the electrode. More
importantly, both methane steam reforming reaction and ammonia thermal cracking reactions
are considered. The temperature difference between solid and fluid phase (A7) is used as an
indicator of LTNE. Heat generation in different sources is calculated separately and TPB zone
is regarded as the convective heat transfer area to examine the upper limit of A7y;. Based on
the framework proposed by Damm and Fedorov, a relationship is established for ATy
prediction. It is found that A7y remains on the order of 10° K under a wide range of
operating conditions and structural parameters for H, fueled SOFCs. It’s also found that
inclusion of MSRR and ACR changes AT into more negative values. Particularly, the
absolute value of ATy is the highest for NH3-fueled SOFC at high temperature (i.e. 1200K).
But its value is still only about 1K, indicating insignificant LTNE effect in SOFC electrodes.
In general, the LTE assumption can be safely adopted for thermal modeling of SOFCs

running on hydrogen or alternative fuels, i.e. hydrocarbon fuels and ammonia.
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Symbols used

as [m?m™] specific heat transfer area

d [wm] solid particle diameter

F [96485Cmol '] Faraday constant

hst [Wm”K™'] heat transfer coefficient between gas and solid phases
i [Am™] current density

ke [Wm'K™] thermal conductivity of fluid

L [m] thickness of electrolyte

Ltpp [m.m'3 ] TPB length per unit volume

P [atm] partial pressure of gas species

0 [Wm™] heat generation/consumption rate

FACR [molm'3s'1] reaction rates of ACR

I'MSRR [molm'3s'1] reaction rates of MSRR

R [8.3145Jmol'K™'] universal gas constant

w [m] effective width of TPB region

AH ., [Jmol™] enthalpy change of ACR

AH, . [Jmol™] enthalpy change of MSRR

AS [Jmol 'K™'] entropy change

ATy [K] temperature difference between the solid and the gas phases
0, [-] porosity of electrode
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