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Abstract

Solid oxide fuel cells (SOFCs), in which the chemical energy of the fuel is directly converted to electrical energy, offer a compelling alternative to
combustion-based power technologies due to their fuel flexibility, high efficiency, and low emissions, especially when coupled with combined
heat and power (CHP) systems. SOFCs hold significant promise due to their potential to serve as distributed power sources and as reliable backup
solutions during primary power disruptions. Among the various configurations of SOFC systems, those employing direct internal reforming stand
out. This approach involves the in-situ conversion of hydrocarbon fuels like methane and diesel into hydrogen inside an SOFC device, which is
subsequently electrochemically oxidized to generate power. This method offers distinct advantages over other configurations. In this study, a
newly developed model is introduced that is specifically tailored for SOFCs with direct internal reforming of ethanol. By comparing the model's
predictions with experimental data, its accuracy and reliability was validated. Additionally, a comprehensive analysis of polarization curves under
varying operating conditions were conducted, examining factors such as hydrogen yield and species distribution along the channel length. This
investigation enhanced our understanding of the internal reactions within SOFCs, providing valuable insights for optimizing their technology.
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Introduction

Climate change and global warming are major concerns for
countries worldwide, prompting the adoption of various
measures to decrease carbon emissions. One such measure is
the utilization of carbon-free fuel, such as hydrogen. Oxidizing
hydrogen fuel with air produces only water as a byproduct.
Thus, hydrogen fuel has the potential to eliminate carbon emis-
sions and other harmful combustion products such as oxides of
sulfur (SOx) and volatile organic compounds (VOC). Hydrogen
is being aggressively consumed by industries such as trans-
portation, power generation, chemical and industrial opera-
tions, fuel blending, and others. One of the most important
applications of hydrogen during the last decade is in fuel cells
for power generation. In a fuel cell, chemical energy is directly
converted into electrical energy without combustion with just
water as a byproduct. Fuel cells have a simplex nature resulting
in an electrical efficiency of over 60% with minimal to no emis-
sions compared to combustion engines!l. Among the many
types of fuel cells, solid oxide fuel cells (SOFC) are promising
due to their fuel flexibility, low operating costs, and high elec-
trical efficiency. Furthermore, SOFCs do not require precious
metals or corrosive acids, unlike other types of fuel cells such as
proton exchange membrane fuel cells (PEMFCs), Phosphoric
acid fuel cells (PAFCs), and Direct methanol fuel cells (DMFCs).

SOFCs consist of a ceramic electrolyte, a cathode, and an
anode. Oxygen is reduced in the cathode, forming oxygen ions
that then diffuse through the solid electrolyte to the anode,
where they oxidize the fuel. The ceramic material needs an
extremely high temperature (> 500 °C) to conduct oxygen ions.
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SOFCs can be classified into two types based on how fuel is
reformed: internal reforming SOFCs (DIR-SOFCs) and external
reforming SOFCs. In external reforming SOFCs, hydrocarbon
fuels are reformed outside the fuel cell in a separate reactor to
produce hydrogen, which is then directed to the anode of the
fuel cell. In DIR-SOFCs, hydrocarbon fuels are directly supplied
to the anode, and reforming primarily takes place in the anode
support layer. The ability to utilize a diverse range of conven-
tional fuels expands the application of SOFCs because it elimi-
nates the need for pure hydrogen as required by low tempera-
ture fuel cells such as PEMFCs.

In comparison to SOFCs with external reformers, DIR-SOFCs
offer significant advantages such as improved thermal manage-
ment, faster response time, simplicity, and compactness. These
benefits stem from the direct supply of hydrocarbon fuels to
the anode, where reforming primarily occurs within the anode
support layer. This integrated approach not only simplifies the
system architecture but also enhances overall efficiency and
performance, making DIR-SOFCs a compelling choice for a wide
range of applications.

One of the major obstacles in the worldwide adoption of
hydrogen as a fuel is its lack of availability in a pure form.
However, besides the traditional method of reforming conven-
tional fuels to produce hydrogen, there are also alternative
renewable sources like solar, wind, and e-fuels that make
hydrogen a viable and eco-friendly option. Nonetheless, it is
important to understand the practicality of meeting the
increasing demand for hydrogen fuel. In 202112, global hydro-
gen production reached 94 million tons (Mt H,), with the major-
ity derived from natural gas (~62%) and coal. Only 0.04% of the
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hydrogen was derived from fossil-free sources through water
electrolysis and the associated emissions for this production
were more than 900 Mt of CO,. To maintain the overall effec-
tiveness of hydrogen fuel in reducing greenhouse gas emis-
sions, the dependence on fossil fuels in its production process
needs to be significantly reduced. Aside from electrolysis, alter-
native sources for producing clean hydrogen include biowaste
and biofuels. However, all these sources significantly increase
the cost of hydrogen. Hydrogen is categorized into various
colors based on the energy sources for its production, ranging
from black/brown to whitel34!

To be cost-effective and phase out fossil fuel dependence,
renewable fuels, such as ethanol, are promising methods.
Ethanol is readily available owing to its increasing use as a
blending agent with gasoline, making it an ideal candidate for
producing hydrogen through reforming. The US produces 17.5
billion gallons of ethanol per year as of 20215. Although
reforming methane/methanol has been extensively studied for
decades, ethanol reforming to produce hydrogen is more
attractive due to its less toxic nature. Ethanol can be converted
into hydrogen through thermochemical, hydrothermal, photo-
chemical, and electrochemical processes®, among which
steam reformation of ethanol to produce hydrogen, a thermo-
chemical process, is the focus of the current work. Steam
reforming is a widely used process due to its efficiency and
versatility in utilizing various hydrocarbons and a wide range of
operating temperatures.

Steam reforming is an endothermic process that involves
reacting hydrocarbons, like methane or ethanol, with steam to
produce syngas, a mixture of hydrogen and carbon monoxide.
Catalysts are typically used to enhance the thermal breakdown
of hydrocarbons during steam reforming. Noble metals, such as
platinum (Pt) or rhodium (Rh), are excellent catalysts for low-
temperature reforming to produce hydrogen. However, transi-
tion metals such as nickel (Ni) are often used in applications
where temperatures greater than 600 °C due to their cost-effec-
tivenessl. Additionally, researchers have discovered that
bimetallic catalysts containing noble metals, such as cerium
oxide, result in a higher hydrogen yield when producing hydro-
gen from ethanol®., One of the major challenges of steam
reforming is coking, a process that creates solid carbon (known
as coke) when hydrocarbons are reformed with little to no
oxidizing agent. Coking deactivates the catalyst by depositing
on its surface and prevents the reformation process. To prevent
coking, high operating temperatures!®'% and a suitable steam-
to-carbon molar ratio of between 3 and 5U''-'3] are recom-
mended.

Despite natural gas's current dominance in hydrogen
production, ethanol's potential as an alternative source has
been studied by various researchers. In particular, bioethanol
has substantial benefits over methane/natural gas and should
be explored further as a source fuel in hydrogen generation to
meet current global warming targets. Furthermore, unlike
methane, under specific operating conditions, the high temper-
ature needs of ethanol reformation could be avoided. Garcia et
al.l'él developed a model for reforming ethanol into acetalde-
hyde and subsequently hydrogen using SnO, and Co (Fe)/ZnO
catalysts. The model has been validated using experimental
data and can estimate the required inputs and operating condi-
tions to produce enough H, to feed a 1 kW proton-exchange
membrane (PEM) fuel cell. Ulejczyk et al.l'”! employed a similar
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cobalt-based catalyst in a plasma catalytic reactor to produce
hydrogen from ethanol at temperatures ranging from 250 °C to
450°C (523 to 723 K).

Ni et all'8l evaluated the work of many researchers on
bioethanol reformation in hydrogen generation. The authors
identified Rh and Ni as the best and most often utilized steam
reforming catalysts, with MgO, ZnO, CeO,, and La,0; as appro-
priate support components. Lépez et al.' published a com-
prehensive study on the production, characterization, and reac-
tion assessment of structured catalysts used in ethanol steam
reforming to produce hydrogen. Through mathematical model-
ing, the authors also established activation energy and pre-
exponent multipliers for the four main reactions that capture
the ethanol steam reforming process. This work served as the
foundation for the ethanol reformer modeling in this study, and
their experimental data is being utilized to validate our ethanol
reformer model predictions.

Several studies have investigated the suitability of different
fuels in SOFCs. Andersson et al.l2% used a computational fluid
dynamics-based model to examine the impact of multiple
renewable fuels, including ethanol on SOFCs. The authors
determined that ethanol is one of the sustainable fuels in a
SOFC system. In another study, Dokmaingam et al.2"! deve-
loped a mathematical model to analyze the influence of vari-
ous primary fuels, including ethanol, on internal reforming
SOFCs and discovered that co-flow patterns with a finer
temperature gradient along the system worked better.

Laosiripojana & Assabumrungrat?2 determined that the
Ni/YSZ catalyst is well suited for methane and methanol as the
primary fuel, but not ethanol in a direct internal reforming
SOFC (DIR-SOFC), due to the catalyst's rapid degradation by
carbon deposition even at high steam content and operating
temperatures. In contrast, Augusto et al.23! studied the Ni/GDC
catalyst and determined its ability to operate with dry ethanol
for 50 h without carbon production. Despite the economic
advantages of nickel-based catalysts, nickel-free anodes have
been employed in SOFC for fuels such as methane and ethanol.
Finally, Sarruf et al.l24l evaluated the impact of bimetallic cells
(ceria-Co-Cu) with monometallic cells (ceria-Co and ceria-Cu)
and exhibited over 24 h of continuous operation without
coking. The examination of literature on both internal and
external reforming SOFCs were vital for contextualizing this
study and comprehensively understanding the range of reform-
ing approaches, along with their respective advantages and
limitations. By reviewing existing research, the aim was to iden-
tify gaps in the literature and delineate areas where further
investigation is warranted.

First, a detailed mathematical model that includes diffusion
in the catalyst/wash coat layer of a monolith reactor was devel-
oped and validated against the measurements for ethanol
steam reforming!?l. This model was used to study the effect of
different operating conditions on the ethanol conversion and
the production of H, along with other species such as CH,, CO,
and CO,. Building on that, in this work, an SOFC model with
direct internal reforming of ethanol and electrochemical oxida-
tion of H, was developed and calibrated using a polarization
curve measurements obtained from the literaturel2¢l. Finally,
the SOFC model was used to study the performance of SOFC
under different operating conditions along with a discussion of
the key characteristics observed in the behavior of different
reacting species.
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Internal reforming reactions

An ethanol reformer model was developed and validated2’!
with the experimental measurements from Lépez et al.l'9l. The
reforming mechanism consists of the following three reactions:

C,HsOH — CH, +H, +CO AH=49.3kJ/mol Rl
CO+H,0 = CO,+H, AH = —41.16 kJ/mol R2
CH; +H,0 = 3H,+CO AH=206.17kJ/mol  R3

The optimized activation energy and pre-exponential factors
are reported in Table 1.

Where p, corresponds to the partial pressure of the corres-
ponding species and K, is the equilibrium constant. For addi-
tional details on the chemical kinetics, please refer to Hariharan
et al.[5],

Figure 1 shows the model validation for ethanol conversion
and H, yield for different reactor temperatures. Ethanol conver-
sion reaches 100% above 700 K, whereas hydrogen yield

Table 1. Global reaction rate expressions for the three reactions of
ethanol reforming.

Reactions Reaction rate expression (mol/m3/s)

87
C,Hs0H — CH4 +H, + CO 716.67 * exp(—ﬁ) * PCyH50H * Peat

70 Pco, * PH,
CO+H,0 = CO,+H, 6*exp(—ﬁ) * [(pm *pnzo),%) * Peat
N 62 (PC() * PH23)
CH, +H,0 = 3H, +CO 8833.33 * exp &) (pcﬂa * szo), R * Peat
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increases linearly until 700 K, primarily from ethanol decompo-
sition. From 700 and 850 K, a marginal increase in H2 yield
occurs which is due to the WGS reaction, followed by a sharp
increase from methane reforming reactions. The model was
also able to capture all species mole fractions for the entire
operating temperature range of 500 to 1,000 K.

Model setup for SOFC

An SOFC model with direct internal reforming of ethanol was
developed based on the validated kinetics of ethanol reformer
model as shown in Fig. 2. A schematic representation of the
two-stage process of reforming ethanol to hydrogen and then
to power with water as a byproduct is shown in Fig. 3. Laminar
flow is assumed in the channel as the Reynolds numbers
encountered in the fuel cells are less than 2,000 even at the
highest current densities and the flow is assumed to be fully
developed. Additionally, the axial diffusion in the channel is
assumed negligible as flow is dominated by convection and
radial diffusion in the channel is accounted for using the widely
used mass transfer coefficient approach!27l,

The governing equation of species concentrations in both

the anode and cathode channels is given by:
6wg,j _ Z)a)g,j

= 1
ot 0z M
where, S 7, is the specific surface area defined as the ratio of

= Kme jSiux (wg.j — Wsj |y:0)

. . Ay
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f
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(lines represent the model results and the dots represent experimental measurements from Lépez et al.l')).
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Fig.2 GT-SUITE model for direct reforming ethanol SOFC.
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Fig.3 Schematic diagram of direct reforming ethanol SOFC.

transfer from the channel to the diffusion layers occurs through
only one wall of the flow channel, Sherwood number assumes
different value than that of external reformers where all four
channel walls are open to mass transfer; its values as function of
aspect ratio are taken from Shah & London®, and shown in
Table 2.

The governing reaction-diffusion equation for species
balance in the anode support layer is:

. 2000
with the boundary condition given as:
—DsjpS% = Kine S (u) e ) 3)
"y o PR fux | Ve dly=0
_Ds,jps% =Ry 4)
ady =

These equations account for the simultaneous diffusion and
reactions within the anode support layer and the charge trans-
fer reactions. R, ; is the volumetric species production rate of
species j due to chemical reactions, where the volume basis is
anode support layer volume, V;. R, is the area-specific species
production rate due to electrochemical reactions, where the
area basis is the electrochemically active surface area, Acr. The
anode support layer (solid phase) volume is calculated as,
Vi = A;65Neeys, Where Ag is the geometric surface area of a
single anode support layer, which is also used to convert
current to current density. In the present implementation, Ay is
also used in the calculation of the total electrochemically active
surface area, Acr, i.e., Act = AgNeoys-

Table2. Sherwood number as a function of aspect ratio.

Aspect ratio 0.2 04 07 1.0 20 2.5 50 100
Sh 096 160 226 271 354 378 441 485
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The effective diffusivities are calculated as follows:

(1 Ly
D= ——+— 5
" Ss(Df,j Dkn.j) ®)
d, [8RT,
Dy = = 6
973\ MW, ©

where, D/ ; denotes the bulk diffusivity and Dy, ; is the Knudsen
diffusivity of species j. The porosity and tortuosity of the porous
anode layer are given by ¢, and 1, respectively, and d, denotes
the pore diameter.

Alternatively, the effect of diffusional limitations on voltage
output can be considered by an empirical approach as
described in later sections. In the limit of negligible diffusional
limitation, (Egn 2) can be integrated along with the boundary
conditions to obtain the following form:

dw; 1 Afux Acr
—_— [kme,jpg V—b (a)gyj - wsyj) + Rs,j + RCT V_S (7)

e EsPs
Once the species concentration fields are calculated with the
above equations following the similar numerical solution
approaches reported previously239 for a specified current
density, SOFC voltage output is calculated by subtracting differ-
ent voltage losses from the theoretical reversible cell voltage. It
is known that oxidation of both H, and CO species can con-
tribute to the charge transfer:
CO+1/20, - CO, R4
H,+1/20, - H,O RS

However, it is reported that the electrochemical oxidation of
H, is about 10 times faster than that of CO. As a result, most of
the CO is consumed indirectly via water gas shift reaction
which converts CO to H,. Jiang & Virkar!®'l investigated diffe-
rent ratios of CO/H, and reported that even with 55% of CO in
the mixture of H, and CO, the performance of the cell was only

Hariharan et al. Emergency Management Science and Technology 2024, 4: €016
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slightly different from pure H,, since most of the CO undergoes
the WGS reaction with the available water. Conversely, when
enough water is in the mixture, which is true for the steam
reforming of ethanol, charge transfer predominantly occurs via
H, oxidation reaction. Thus, in this work, the H, oxidation reac-
tion only was considered as this considerably simplifies voltage
loss calculations.

The output voltage of the SOFC is calculated by subtracting
different losses from the theoretical voltage calculated by the
Nernst equation:

V= VNernst — Nact,a — Nact,c — Nohmic — Mconc,a — Mconc.c (8)

Each term in the above equation is discussed next. Nernst

potential is calculated by the Gibbs free energy of formation of
species involved in the hydrogen reaction as:

AGixy AGtn,0 — AGgn, —0.5AGt 0,

VNemst = oF - F (9)
where, AG; is the Gibbs free energy of a species at a given
temperature and pressure. A more familiar form of the Nernst
equation involving partial pressures can be obtained by assuming
ideal gas and by using the relationship between Gibbs energy

and species partial pressures:

AGg = AG? +RTIn (P/Py) (10)

Substituting the above equation in Eqn 9 gives the Nernst
equation in terms of partial pressures of species:

RT P,
O_ﬁln[ Hz?n)
Py, P
Activation loss, n,. represents voltage loss due to charge

transfer reactions and it is calculated for both anode and
cathode using the Butler-Volmer equation:

i= iO [exp(a'FnaCl)—exp(_(l _a)Fnact)J
RT RT

where, i is current density, iy is exchange current density, and « is
charge transfer coefficient. The anodic and cathodic exchange
current densities are calculated using the following equations:

VNemst = E

(11

(12)

s\ * b
Py : Pu,0 E"
jan — yan[_z] [ 2 exp | ——2 (13)
0 Pref Pref P R
. Po, | E&
it = yca(—z] expl-== (14
0 Pref P RT )

Voltage losses due to concentration polarization are implic-
itly accounted for when the full reaction-diffusion equation is
solved, whereas they need to be explicitly calculated when the
simplified equation given by (Eqn 7) is used in the support
layer. The following function is widely used to calculate the
concentration polarization,

Vi = —C x 1n(1—il)
1

15)

where, C represents the mass transport loss coefficient and j; is the
limiting current density. They are related to physical variables as:

RT 1
=—|1+— 1
C nF(+a) (16)
CyD
llz—bé_e (17)

However, it is known that the theoretical limiting current
density calculated using the above relations yields much higher
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current densities than the measured values as the additional
resistances such as surface diffusion of adsorbed species on the
catalysts can contribute to the voltage loss. Surface diffusion is
a highly localized phenomenon, and it is difficult to separate it
from kinetics resistance. Considering this, C and j; are often
treated as model parameters and they are tuned to fit the
experimental data. Using the above empirical approach
reduces computational time as this avoids the discretization of
the reaction-diffusion equation in the support layer and hence
this can be useful when calibrating kinetics parameters of
reforming reactions. Once good baseline values are obtained
for kinetics parameters, the full solution can be used instead of
the simplified solutions as used in this work.
Ohmic losses are calculated as:

Nohmic = ix ASR (18)
where, ASR represents the area species Ohmic resistance, which
predominantly depends on the conductivity of the electrolyte.
Conduction of oxygen ions in the YSZ electrolyte takes place via
the hopping mechanism and is an activated process with an
activation temperature of about 10,300 K (activation energy of
about 85 kJ/mol)BZ. Conductivity is evaluated by using an
Arrhenius expression as:

10300] (19)

o = opexp [_T

]
ASR = — (20)
o

Results and discussion

In this section the results from several exploratory simula-
tions carried out are presented and discussed with the aim of
analyzing the effect of different operating conditions on the
internal reforming and voltage performance. The reaction
mechanism calibrated in the previous section is used in SOFC
direct internal reforming model without any changes. Fuel cell
performance related parameters, such as activation losses,
ohmic resistance, and mass transfer losses, are calibrated to
match the ethanol reforming results reported by Lépez et all'?l,
Figure 4 shows the comparison between the model and
measurements for the voltage and power density. The polariza-
tion curve shows characteristics typical for a high-temperature
SOFC: negligible activation losses but dominating ohmic losses
due to oxygen ion conduction in the electrolyte.

Figure 5 shows the effect of operating temperature on the
polarization curve. Hydrogen vyield is higher at high tempera-
tures. Nernst voltage is lower at high temperatures and hence
voltage is lower for high temperatures at very low current
densities (< 0.1 A/cm2). At higher current densities (> 0.1
A/cm?), high temperature leads to better performance due to
lower activation and ohmic losses. It can be seen that perfor-
mance improvement at high temperatures is primarily due to a
large reduction in ohmic resistance.

The effect of current density on species mole fraction at the
anode outlet for 700 °C is presented in Fig. 6. Hydrogen frac-
tion reduced linearly with current density as expected due to
the Faradaic relationship which relates to molar consumption
of H, flux to be linearly related to the current density. As H, is
consumed, CO fraction reduces, and CO, fraction increases
because the water gas shift reaction converts CO to H, and CO,.
Meanwhile, CH, concentration remains almost the same
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Fig.4 The polarization curves of the fuel cell (lines represent the model results and the dots represent data from Dogdibegovic et al.)i%,
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Fig.5 Effect of current density on both the voltage and power density at 650 °C, 700 °C, and 800 °C.

because reaction 3 doesn't take place significantly at this
temperature.

The current density and thermodynamic voltage potential
across the fuel cell are presented in Fig. 7. It can be observed
that the current density and voltage increase up to 0.25 (25% of
the volume) and then start to decrease for 700 °C and slightly
earlier for 800 °C. This is mainly because, unlike the fuel cells
running with hydrogen, there is no hydrogen present at the
entrance of the anode side of the fuel cell. The initial increase in
the 25% is due to the reformation of ethanol to produce H,,
which is then oxidized in the anode to meet the current
demand. This phenomenon is evident in the molar fraction of
species across the length of the fuel cell, as depicted in Fig. 8.
The molar fraction of ethanol decreases significantly up to 0.3
due to decomposition reactions, resulting in the production of
CH,, CO, and H,. Subsequently, the water-gas shift (WGS) reac-
tion and methane steam reforming (MSR) reactions come into
play, utilizing available steam to generate more H, along with
CO and CO.. This trend is clearly illustrated in Fig. 8, where H,,
CO, and CO, consistently increase up to 0.25. Beyond this point,
most of the ethanol has already decomposed, causing a decline
in H, production from ethanol. Additionally, H, is continuously
oxidized to produce H,O and power output, resulting in an
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overall decrease in H, and an increase in H,0. CO exhibits a simi-
lar trend as H,, as the WGS reaction progresses in the forward
direction due to the electrochemical oxidation depleting H,.

Species concentrations - 700 °C

0.40 0.50
— Ethanol — H, —CO —CH, — CO, — H,0

0.32 10.42
c
2 c
15 S
8024 {034 3
2 £
o
; 2
2 3
21 0.6 026 o
& T
»n

0.08 | ' 1018

| \

0.00 | 0.10
0.00 0.44 0.88 1.32 1.76 2.20
Current density (A/cm?)

Fig. 6 Effect of current density on the species mole fraction for

the 700 °C case.
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Fig.7 Current density and thermodynamic voltage potential along the axis of SOFC at the operating temperatures of (a) 700 °C and (b) 800 °C.
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Fig. 8 Mole fractions of species along the axis of SOFC at the operating temperatures of (a) 700 °C and (b) 800 °C.

When comparing the CH, concentration at temperatures of
700 °C, and 800 °C, it can be observed that its concentration
remains constant along the length after initial production at
the lower temperature, while some methane is converted to CO
through SMR reaction at higher temperatures.

Conclusions

In the increasing demand for clean energy, the importance of
solid oxide fuel cells (SOFCs) lies in their high efficiency and fuel
flexibility. The two-stage process of reforming hydrocarbon
fuels to hydrogen and then to power with water as a by-prod-
uct, is a key aspect of SOFCs. The present work involves the
development of an SOFC model with direct internal reforming
based on a validated reformer model. Through detailed investi-
gation, it is concluded that with the increasing operating
temperature, the reaction rates of ethanol decomposition and
WGS reactions increase exponentially around 600 K, while
methane steam reforming shows an exponential increase after
approximately 850 K. Species concentration profiles along the
channel length confirm that ethanol decomposition occurs
near the front and H, yield increases along the reactor length
due to water gas shift and methane steam reforming reactions.

Hariharan et al. Emergency Management Science and Technology 2024, 4: 016

The polarization curve demonstrates that higher temperatures
result in increased hydrogen yield, higher Nernst voltage, and
improved performance at higher current densities primarily
due to reduced ohmic resistance. With increasing current
density at fixed feed flow rate, hydrogen, and CO fractions
decrease, while CO, fraction increases due to the water gas
shift reaction. In contrast, the CH, concentration remains rela-
tively unchanged at the given temperature due to the slow
methane reforming reaction.
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