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Nomenclature

Aql pre-exponential factor, —

D;; mutual diffusion coefficient of specie i into j,
m?2s!

E activation energy, kJ mol *

Erev Nernst ideal potential, V

F Faraday's constant, C mol !

h molar enthalpy, ] mol™*

i current density, A m~2

io exchange current density, A m?

Keq equilibrium constant, —

k- forward reaction rate constant

k' backward reaction rate constant

Ne number of charges transferred in
electrochemical process, —

N; molar flow rate of component i, mol s~*

pi partial pressure of component i, Pa

R ideal gas constant, J mol ' K*

RroT total electric resistance, Q

S/C steam-to-carbon ratio

T temperature, K

Us fuel utilization factor, %

Veell useful cell voltage, V

X; molar fraction, %

AG° standard reaction Gibb's free energy, k] mol~*

AHC Standard reaction enthalpy kJ mol~*

Greek symbols

coefficient for Boudouard reaction, —

dcrack  coefficient for methane cracking reaction, —
B partial pressure order of component i, —

Oboud

n cell overpotential, V
K thermal conductivity, W m~* K*
A convection heat transfer coefficient, W m2K~?!
p resistivity, Q m
Introduction

Solid Oxide Fuel Cells (SOFCs) are energy conversion devices
that produce electricity and heat directly from gaseous fuels
through an electrochemical oxidation process. SOFCs are ex-
pected to play an important role in future power generation
due to their high fuel-to-electricity conversion efficiency, both
as stand-alone units and particularly in case of integration
with thermodynamic cycles [1]. The use of SOFC is also very
promising for CO, capture applications because this type of
fuel cell acts as oxygen separator and thus produces a CO,
rich-stream at the anode outlet [2—5].

With respect to classic high temperature SOFCs (HT-
SOFCs) that operate at 1000 °C, fuel cells at intermediate
temperature (IT) working at around 700—800 °C allow using a
wider range of materials and a more cost-effective fabrication.
IT-SOFCs are generally electrode supported (most frequently
anode supported) in order to minimize electrolyte ohmic los-
ses. A typical SOFC electrolyte is yttria-stabilized zirconia
(YSZ), while the anode electrode is usually a nickel/zirconia
cermet, which provides high electrochemical performance

and allows to carry out fuel conversion and oxidation in the
same process; the cathode electrode is a perovskite material,
such as strontium doped lanthanum manganite (LSM).

The working temperature of IT-SOFCs allows an efficient
conversion of gaseous hydrocarbons, such as methane,
directly at the anode side (direct internal reforming, DIR)
making the operation with natural gas, biogas and other
methane-rich syngas fuels very efficient. Additionally, SOFCs
are perfectly suited to work with H, — CO syngas fuels pro-
duced by gasification processes using fossil or renewable solid
feedstock. The continuous consumption of H, increases CHy
and CO conversion and the equilibrium of steam methane
reforming (SMR) and Water Gas Shift (WGS) reactions moves
towards a complete hydrocarbon conversion. Steam-to-
carbon ratios are kept high enough to avoid carbon deposi-
tion at the anode and subsequent electro-catalyst deactiva-
tion and to promote SMR reaction.

The analysis of SOFC power plant performances often re-
quires a detailed simulation of SOFC internal behaviour, both
for the development of new cell design and materials and for
the investigation of different operating conditions such as fuel
composition, temperature and pressure, as well as for opti-
mizing the power plant performances.

The work presented in this paper is based on a previously
developed finite-volume model for SOFC simulation [6],
updated for a kinetic representations of SMR and WGS re-
actions and including a detailed electrochemical model for the
cases of (i) only H, oxidation or (ii) combined H,—CO oxidation.
In particular we focus on the issues related to the use of
syngas fuels, like those generated by coal or biomass gasifi-
cation. These processes often feature high CO and/or CH,
contents depending on the gasification technology and on the
type of integration with the power cycle (see for instance the
proposals for high CO gasification in Romano et al. [7] as well
as the studies on catalytic gasification [8] or about the use of
methanation reactors in [9]).

A literature review of the existing SOFC models is firstly
presented to introduce the different approaches with partic-
ular attention to the kinetic and the electro-chemical models
adopted. Then we discuss the kinetic and electrochemical
model, which allows calculating the material and energy
balances, considering the cases of either Hy-only or H,—CO
oxidation. Validation of the relevant model parameters is
based on a wide set of literature data that refers to both HT-
SOFC and IT-SOFCs.

The results of the SOFC simulation tool are finally
compared with other literature models. With reference to a
co-flow cell configuration, different aspects are commented
and highlighted, especially focusing on the effects of the
operating pressure and of the inlet feed composition. In
particular, the assessment of the modeling importance of the
combined electrochemical oxidation of H, and CO is per-
formed for different inlet fuel compositions. The results ought
to provide a modeling aid as in which working conditions and
with which inlet composition a simpler model might be used,
yet with only a negligible loss in the performance prediction
accuracy.

The work includes a sensitivity analysis on the activation
energy at both anode and cathode electrodes, as well as an
analysis of the relative proportion of H, and CO-related



current densities depending on the inlet fuel composition.
Finally, a thermodynamic analysis is carried out to evaluate
the risk of carbon deposition, according to Boudouard and
methane cracking reactions. Although several SOFC models
have been presented and proposed in literature, most of them
discuss the performance of a single system and often the
analysis is then extended to different operating conditions.
These aspects were developed as deeply correlated to the
nature of the inlet fuel composition by studying SOFCs fed
with syngas fuels such as those generated in coal-based or
biomass gasification power plants.

Literature review of SOFC models

Several works have been presented in literature about SOFC
modeling, adopting different approaches to describe the re-
action kinetics and the electrochemical behaviour of these
fuel cells; below we summarize the main features of some of
the outstanding ones.

Kinetic model approaches to SMR and WGS

SOFCs can be very efficient in performing hydrocarbon-based
fuel conversion. Due to the tolerance to CO and CO,, they can
operate directly with natural gas or syngas, suppressing the
external process of fuel conversion into H,-rich stream, which
is typically required by low temperature fuel cells (e.g. based
on PEMFC, AFC, etc.). The heat released by the electrochemical
process is exploited to drive endothermic catalytic reforming
reactions; this feature gives SOFCs an undisputable advantage
in terms of fuel flexibility. The global reactions mechanism
involved generally includes the steam methane reforming
reaction (SMR, E 1) in presence of humidified CH,-rich syngas
and the Water Gas Shift reaction (WGS E 2).

CH, + H,0 <% 3H, + CO AH(kJ/mol) = 206 E1
CO +H;0 <2 H, + CO, AH(kJ/mol) = —41.6 E2

where k, k and k; e k;, represent the forward and reverse
reaction kinetic constants, respectively for SMR(r) and
WGS(w). The majority of literature models deal with natural
gas applications and the most widely used functions for the
kinetic constants are summarized in Table 1 and Table 2.
Among those, Aguiar et al. [10] describe a mathematical model
of YSZ electrolyte 1-D co-flow and counter-flow SOFC

Tablel1]—[List of/differentimodels/usedforithe kineticlof!
the/SMRIreaction.

Equation for SMR in anode-SOFC References
dNcy, B B

Nt — kot (per, X Pryo) — Ry (Po X PR, [15—18]
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®) 81, B1,ko, Ecua vary from study to study according to authors as-
sumptions and anode-SOFC operating conditions.

Table 2 — List of different models used for the kinetic
model of the WGS reaction.

Equation for SMR in anode-SOFC References
: 15-18
dNco _ RWGS  peo x [1— (pco, % ph,) [ ]
dt ° (Pco x pn,0) X Kwes
Kuwes = oe-3961
dNco [10,13,14]

Gt~ Rw(Pco x pr0) = ky (Peo, X P )

operating with pre-reformed natural gas with direct internal
reforming, working at atmospheric pressure and temperature
in the range of 700—-800 °C. The model used for the mass
balance assumes that all the CHy is converted through the
SMR reaction by assuming a first order kinetic expression that
depends on reactants partial pressures, while WGS is
considered at the equilibrium. The effect of H,O and CH4
partial pressures is accounted for with different coefficients
according to the operating parameters of the system. The
same kinetic model for SMR and WGS has been used also in
Campanari and Iora [6] both in a 2D planar model for SOFC fed
by pre-reformed natural gas at atmospheric pressure and
operating temperature of 1000 °C, as well as in a tubular
configuration at atmospheric and pressurized conditions [11].
The CH, conversion is calculated with a kinetic approach that
takes into account the partial pressure of CH, according to the
original work of Achenbach et al. [12], Costamagna et al. [13],
while the WGS reaction is calculated at equilibrium. The same
model is also used in Li et al. [14]. The use of pressurized SOFC
and different syngas composition is discussed in Gemmen et
al. [15] which specifically focuses on the use of coal-derived
syngas in SOFCs based on planar Ni/YSZ cermet. The model
provides the description of the transport of gases through the
anode, as well as gas species reactions within the anode. The
chemical reactions are calculated according to Lenhert et al.
[16], Habermann and Young [17] and Divisek et al. [18] by
introducing forward and reverse rate constants for the two
reactions. Results show the effect of pressure on the SMR re-
action; in particular, at high pressure the H, is consumed to
form CH,, which partly counterbalances the effect of steam
formation.

Yakabe et al. [19] proposed a 3D mathematical model for a
planar SOFC operating at 900—1000 °C. Different input pa-
rameters have been used for the simulation such as fuel ve-
locity, flow pattern and syngas composition. The rate of CHy
conversion via SMR is calculated adopting an empirical for-
mula for Ni/YSZ in an Arrhenius form that depends on re-
actants partial pressure and anode structure density (D,),
while WGS rate of conversion is determined from the forward
and backward reactions.

As an alternative approach to global reforming models,
more detailed reaction mechanisms have also been proposed
in the open literature. The most recent and reliable one is that
proposed by Janardhanan et al., 2006 [20] (the complete model
shall also be found at www.detchem.com/mechanisms),
based upon 42 irreversible reactions comprising 6 gas-phase
species and 12 surface adsorbed species. It extends the
model already presented by Hecht et al., 2005 [21] to a wider
temperature range (220—1700 °C). Most of the considered
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reactions kinetics are expressed as Arrhenius-like equations
taking into account the heterogeneity nature of the chemical
process. The authors report an assessment the carbon
deposition, electrochemical cell overpotentials and transport
mechanisms with respect to H,O content, current density,
catalyst coverage of adsorbed species and operating
temperature.

Unfortunately, much uncertainty is still present among
SOFC researchers about the reliability of either global or
detailed reforming reaction models. Hoffman et al., 2009 [22]
propose a comparison of the two approaches: a global model
extensively cited in the SOFC modeling open literature
(Achenbach et al.,, 1994 [12]) and the more recent previously
described elementary heterogeneous chemical kinetics model
proposed by Janardhanan et al., 2006 [20].

In conclusion, two extremely detailed reviews on SOFC
general multi-scale modeling by Andersson et al., 2010 [23]
and on internal steam reforming kinetics by Mogensen et al.,
2011 [24], report the general trends used to address these is-
sues and the still numerous unresolved areas. They both
conclude that it is still urged an exhaustive experimental work
which ought to delve into the intimate correlation between
kinetics, microstructure and SOFC performance.

The effect of carbon deposition is often discussed in
relation to anodic reforming reactions of hydrocarbons as
the presence of Ni on the anode surface enhances the car-
bon formation via Boudouard and methane cracking re-
actions. The formation of solid carbon has to be prevented to
avoid fast degradation of the cell and a relevant cell voltage
drop. A comprehensive discussion of the phenom-ena and
the effect on cell performance and the strategies to limit
carbon formation are reported in Miao et al. [25]; moreover,
Klein et al. [26] discussed the effect of syngas composition
and current density from a qualitative point of view, with the
calculation of the o coefficients for the Boudouard (E4) and
methane cracking (E3) reactions, expressed by:

2
CHy2H, + C  atgae = — L2 E3
pCH4 Kcmck
200 C+CO,  apous = 2 — E4
pcoKBoud

The a coefficients represent the ratio between the driving
force to consume solid C (partial pressure reactants ratio) and
the chemical equilibrium constant of the reactions involved.

When o in equations (E3) and (E4) is higher than 1 the
carbon deposition is not thermodynamically possible, while if
o; is lower than 1, a kinetic model is needed to estimate if
carbon deposition occurs and consequently its deposition
rate.

Electrochemical model approaches

SOFCs operated under open-circuit conditions show a
maximum cell voltage Voccen close to the reversible one,
known as Nernst potential E,,. A difference can arise in
presence of internal parasitic currents that short-circuit part

of the cell potential even at open circuit. However, these
losses are generally small and highly dependent on the cell
design and manufacture, consequently, they are usually
neglected at a modeling level; by contrast, they can be
included when calibrating a model against specific experi-
mental results [27]. If this effect was neglected, it is possible
to write:

—AGY RT
neFr 7nTFlanZk E5
While the current is delivered, the reversible potential
and the open circuit potential cannot be achieved. The
electric potential losses are related to internal barriers and
are called overpotentials n;. Three different overpotential
or voltage losses are typically distinguished: i) activation
overpotential, associated to the energy needed to start
electrodes kinetically controlled reactions; ii) ohmic over-
potential, related to the effect of resistivity along the sur-
faces of electrodes, interconnections and electrolyte
associated to the passage of electrons and oxygen ions; iii)
concentration overpotential, associated to gas-phase trans-
port limitations within the porous electrode structures,
which tend to make the gas composition at cell reaction sites
different from that in the bulk flow. The final cell voltage is
then expressed as:

VOC,cell = Eyeu = -

Vet = Erey — nohm(i) — Nact,an (1) - nact.cat(i) - nconc,an(i) - 77c0nc,cat<i)
E6

Overpotentials modeling

The Ohmic losses are modeled by the first Ohm's law where
the equivalent ohmic resistance depends on the anode,
cathode and electrolyte resistances, that are generally calcu-
lated with the second Ohm's law. Provided the cell geometry
and material resistivity as function of temperature, its simu-
lation is mathematically straightforward, as shown in Table 3
for typical SOFC materials.

The concentration overpotentials are related, as already
mentioned, to mass transport limitations. An insightful recent
review by He et al., 2013 [28] specifically delves into the gas
transport mechanisms inside the porous electrodes and the
associated main losses which characterise SOFCs operation.
In addition, subsequently to a review of diffusion models, an
appraisal of diffusivity measurement techniques is per-
formed, experimentally underlying the deep correlations be-
tween concentration polarisations and electrode thickness,
porosity and tortuosity with respect to temperature and cur-
rent density design choices.

In particular, a lower reactant concentration at cell reac-
tion sites (TPB) with respect to the bulk flow leads to a voltage
loss. Such a loss has always been considered of minor
importance compared to other irreversibilities terms; how-
ever, due to the increasingly higher values of current density
targets, the thorough understanding and modeling of this
term has also become crucial.

From a mathematical point of view, the diffusion process
inside the porous electrode materials can be calculated
using the Knudsen model, which expresses the



Table 3 — Correlations used for the calculation of resistivity of SOFC materials (from Ref. [11]).

Layer p [Qm] Material type

Anode 1.25 x 107° Ni-YSZ cermet

Cathode 1.19 x 107* Perovskite materials (i.e. LSM, LSCF)

Electrolyte (33 4% 10° x ¢ 133300)*1 YSZ

Interconnect Ceramic oxides with perovskite structure (i.e. LaCrOs)

-1
(9.3;10%%,?{’)

functionality upon the average pore size and tortuosity.
Hence, ncnc depends on electrodes thickness, porosity and
tortuosity and, at a first approximation, it is proportional to
the partial pressure of reactant species. The diffusion
through porous media in SOFC can be described by adopting
three different methods:

e The Fick's Law Model, described in Chan et al. [29], char-

acterises the transport of components through the gas
phase and within a porous media and it is commonly used
in binary or diluted mixtures. The diffusion coefficient is
written combining the molecular diffusion and the Knud-
sen diffusion coefficient.
The Stephan—Maxwell Model is commonly used for multi-
component systems: it is used for the calculation of the
species fluxes and it is based on the Stephan—Maxwell
equations for the gas diffusion. This model is more
comprehensive than the Fick's law model because it
does not exclude the possibility of negative diffusion co-
efficients. The analytical solution of the mass transport
phenomena equations for the Stephan—Maxwell Model is
generally difficult to be found due to the lack of calculated
diffusion coefficients for multicomponent systems. The
comparison of Fick's Law and Stephan—Maxwell models
has been discussed in Suwanwarangkul et al.[30].

e The Dusty Gas Model is an extension of the Ste-
phan—Maxwell Model that takes into account the Knudsen
diffusion phenomena and the effect of different molecular
weights in the counter diffusion process, which is also
assumed in the Fick's Law Model. In the last case the
diffusion is described by the following equation, as re-
ported in Yakabe et al. [31].

J

pd " pf  RTdz

j=1j#1

The prediction of the activation overpotential is generally
based on the Butler—Volmer relationship in the implicit
form:

. eNactelF e F
i=1p {exp (_n 1;;561 a) — exp (_n Tgf;;el (o — 1))} E8

where subscript el refers either to cathode or anode, « is the
transfer coefficient (usually chosen equal to 0.5) and iy is the
exchange current density to be determined for both the elec-
trodes. At high temperature (e.g. 1000 °C) the electrode reac-
tion is fast with the consequence of small overpotential

losses, but when the SOFC operating temperature reduces the
activation losses can represent the most relevant voltage loss.
A lot of research is ongoing and several works have been
published on this topic but a detailed understanding of the
electrode reaction mechanism, the relationship with its
microstructure and its effects on cell losses is still debated.
Aguiar et al. [10] assumed a Butler—Volmer equation correc-
tion when considering the anode, because the charge and
mass transfer occur at comparable rates; Campanari and Iora
[6] calculated the exchange current density i, following the
values reported in Costamagna et al. [13]. The overpotential is
approximated in linear form with respect to the current i if the
polarization conditions are low, or neglecting the second term
in the equation (Table 4) and writing the relation as Tafel's
law [32].

The different models usually differ in the definition of i,.
The general equation used for the calculation of the exchange
current density is an Arrhenius type equation, dependent on
the pre-exponential factor A; and the activation energy E for
both electrodes:

. gl
1o = Ag-€FT E9

The SOFC models presented in literature use different
definitions of the terms Aq and Eg, resulting in different de-
pendences on temperature, pressure and reactant concen-
trations as reported in Table 4 for some representative works.
The A and E; differ from case to case because they feature
different operating conditions, cell geometries and flow con-
figurations in order to fit the experimental data. Moreover,
anticipating here the subject of point 4.3, in presence of
H,—CO combined oxidation it is necessary to separate the
activation overpotential for H, and CO oxidation, with
different coefficients; unfortunately, poor consistency in their
definition is present in the literature. A different approach
was originally proposed by Achenbach [33] with the use of a
simplified method where the activation overpotentials are
written in terms of electrical resistances and thus directly
calculated as function of the current.

If only H, oxidation is assumed, the equivalent electric
circuit model is shown in Fig. 1a; the various terms of elec-
trochemical equations and the resulting current flow are
related only to H, oxidation [10,11,14,26], On the contrary,
when direct CO oxidation is considered, the equivalent
electric circuit changes into the one shown in Fig. 1b. In the
latter case, the resulting electrochemical balance becomes a
system of non-linear equations, which can be expressed as
follows:



I/L‘el/ = E/‘eLxH2 - 770/1m (l) - nm't,Hz (iH2 ) - 77(1(_1(11[ (l) - 77mnc,H2 (l.H2 ) - nconc,mt (l) E7
I/Lel/ = Erev‘CO - Uohm (l) - 77(1(‘14(70 (iCO) - 77(1(‘14(11/ (l) - 77umc,CO (iCO) - 77(:rmv,ca/ (l) E8
=i, +ie o

where E,., ; is the Nernst potential of reaction j (respectively
H, and CO oxidation), and iy, and ico are the current densities
associated to H, and CO oxidation. It is worth noting that
when the current density tends to zero the system is
valid only if the water gas shift reaction is at chemical
equilibrium and thus the Nernst potential of CO and H, are
the same.

The activation overpotential related to CO oxidation can be
computed in different ways, and the two most common
simulation approaches are the following:

i) the activation overpotentials are calculated as electrical
resistances as proposed by Achenbach [33] and also per-
formed in Nishino et al. [34] or Petruzzi [35];

ii) the Butler—Volmer equation is adopted, using different
parameters that are calibrated after fitting experimental
data. This procedure is generally based on the assumption
that the current generated by hydrogen oxidation is higher
than the current generated by carbon monoxide oxidation;
however, different approaches are possible, ranging from
the definition of a constant ratio between the two currents

Table 4 — Correlations found in literature for the calculation of activation overpotentials at anode and cathode sides.

Pre-exponential factor Ay [Am ] Ref.
Anode Cathode
Agni= &L Ran At = £ keat [10,14,26,46]
0.266 05 RT _
p . . Acat = (Poz) chat [38 40]

Agni = m%) Rl kan;i 1 is the reactions CO to CO, or H, to H,0

m . 025 6,13,47
Aani = Ran (ﬁfj—f) (p”;f%) i is the reactions CO to CO, or H, to H,0 Acat = keat (%) [ ]
Direct calculation of the activation overpotentials

0.25 » 0.25 -1 [33-35]

. _ i [ Pe 4F Eca

NactH,/c0 = 1H,/CO ( (p;ﬁf) ki, /coge exp ( - %)) Nact.0, = 1((#) ko, - exp ( - ﬁ))

a) lAir channel
7/00nc_02
773ct702
l 1=y
Mohm
Vcell
nconciHZ
7]3ct7H2
_—— Eggy
Fuel channel

b) iAir channel

77conc_02
77&ct702 . . .
l =i tico
Mohm
Vcel/
77c0nchO nconciHZ
n act_CO ﬂactﬁHZ
Eevco.— — Euom
.4> 4.7
lco )

Fuel channel

Fig. 1 — Equivalent electric circuit models for the H, only oxidation (left) and for the H,—CO oxidation (right) where two
parallel branches for the respective currents ico and iy, are highlighted.



to more complicated models. Reflecting this approach,
Gemmen et al. [15] assumed that iy, = 4 x ico, while Mat-
suzaki et al. [36] suggested that the ratio between electro-
chemical oxidation of H, and CO is in the range 2.5:3. More
recently, Ni 2012 [37] considers iy, = 2.5 x ico for SOFC
running on partially pre-reformed gas mixture. In another
work, Suwanwarangkul et al. [38] describes a more com-
plete model in which the exchange current density of CO is
2.5 times lower than that of H,; moreover, the current
densities are also dependent on the equilibrium constants
respectively of H, and CO oxidation. The same model has
also been used recently in Andersson et al. [39] and Iwai et
al. [40].

A detailed and comprehensive description of the different
models is discussed in two exhaustive reviews by Hajimo-
lana et al., 2011 [45] and Kakag et al., 2007 [46] in which a
significant number of references and assumptions are re-
ported. Interestingly, the cited authors overview the topics
which still need further research; amongst these, the com-
bined electrochemical oxidation of CO + H, is said to be
characterised by still unknown proportions of the two re-
actions at the TPB, leading to a doubtful effect of simplifying
assumptions of the electrochemical model upon the accu-
racy of the performance prediction. Furthermore, SOFC
modeling, concerning hydrocarbon-based syngas fuels feeds,
suggests the need of additional insights on the effect of fuel
composition and its consequences on SOFCs perfor-mance
[45]. Similar approaches for planar cells operated in co-
current and cross-flow feeding direction in the range of
700—900 °C to the ones here discussed have been presented
in the recent years including also the experimental valida-
tion [41—44] up to 2 kW.

In conclusion, despite the large amount of SOFC models
present in the open literature, a comparison of them, the
effects on the SOFC performance using different reaction
mechanisms and also comparison of different syngas
composition has not been carried out using common
assumptions.

Model description

In this work, a previously developed and validated model,
reported in Campanari and Iora [6] has been updated, in order
to address the specific modeling tasks underlined in Chapter
2. The detailed analysis of the mathematical formalism,
including the discretization method and the solution for the
equation solver have been described in Campanari and Iora
[6]. The cell configuration is limited to planar SOFCs, with
different possible designs namely co-flow, counter-flow and
cross-flow streams arrangements.

Despite the model is able to simulate different flow con-
figurations, the analysis hereby presented is focused for
simplicity on the reference case of a co-flow configuration,
represented in Fig. 1. Single cells can be connected to generate
more power, given the possibility to create modules that form
a SOFC stack (for instance as shown in Fig. 1). However, for the
purposes of our discussion we focus here on the simulation of
the operating conditions of a generic intermediate cell of the

stack, where the interconnections are considered adiabatic.
Moreover, thanks to the simplicity of the co-flow arrange-
ment, we will focus on the distribution of thermodynamic
variables along a generic intermediate channel within the cell
plane, resulting in a 1D perspective.

The specifications of the cell channel considered in the
simulations are reported in Table 5. The assumptions are not
related to any specific manufacturer's design and are selected
to allow comparison with previous literature results. The
resulting active area is 400 mm?, referring to the free electrode
surface exposed to reactants.

Any 3D effect dealing with temperature distribution and
heat losses along the y-axis could be addressed keeping the
same kinetic and electrochemical model, with relatively
marginal implications on the accuracy of the 1D-results
as already discussed by some of the authors in Iora and
Campanari [47].

Kinetic model of SMR and WGS

The kinetic model proposed in Divisek et al. [18] has been
selected, which considers the cell operating pressure effects
and the dependency upon the partial pressure of both re-
actants and products; in this way the effect of the fuel feed
composition can be addressed. The overall model is arranged
to calculate firstly the kinetics of SMR and WGS reactions and
then the electrochemical oxidation of H, or H,/CO. For Ni-
based material the forward reaction rate constants (k;” and k)
of reactions E1 and E2 are described by polynomial equations
(E12, E13) and hence SMR (subscriptr) and WGS
(subscript w) reactions (R, and Ry,) at three phase boundary
(TPB) are described by means of coefficients that describe their
kinetics.

The rate constants can be expressed in Arrhenius form
throughout the following equations:

dr\;% [nr%] =R =K/ (pas, x piso) ~ 7 (Poo x P}, ) E10
dI;Tfo {%} =Rw =k}, (Pco X szo> —ky, (I’JcoZ x sz) E11

The forward and backward reaction rate constants are
calculated with the set of equations presented below, whereby
the rate constants k; and k; and the equilibrium constants
KSR, K&C® are a function of temperature and k; and k;, a

function of gas species partial pressures.

ki = (1.942)(2395)exp (M> E12
RT
ki = (1.185)(0.0171)exp <$> E13

Table 5 — Dimensions of the unit cell elements assumed
in the simulation.

Cell length, mm 400 Anode thickness, um 500
Cell width, mm 1 Cathode thickness, um 50
Fuel channel height, mm 1 Electrolyte thickness, pm 20
Air channel height, mm 1 Interconnect thickness, pm 500




R =K PeoPt,_ El4
k- Pen,Pr,o

Ko — Ry, _ Pco,Ph, E15
kg PcoPryo

KSR = (1.003)(1.0267 x 10™)exp( — 0.2531Z* + 0.3665Z°
+0.581Z% — 27.134Z + 3.277) El6

Ky = (1.049)exp( — 0.2935Z> + 0.6351Z* + 4.1788Z + 0.3169)
E17
1000

Z= mfl E18

Thus, the resulting molar rates of formation for the various
species are:

dNCH4 cho cho dNH
= —Ry; =R, + Ry 2=R 5 2=3R, +R )
dt dt Rw g wige okt Rw
dN
at ~ R Rw

It can be noted that by adopting this model: i) WGS is not
considered at equilibrium, oppositely to what is proposed by
most literature works; ii) in the SMR the effect of pressure is
taken into account.

Electrochemical model

As already anticipated in Chapter 2, two different electro-
chemical models have been implemented. The first considers
only the electrochemical conversion of H,, while the second

calculates the current contributions of both H, and CO. In the
following, we will refer to the two models as “H,-only”and

“H,—CO” model. The latter has been also studied using
reduced activation energies, featuring the performance of an
advanced SOFC (named H,—CO evo).

After running the kinetic model, which calculates the
composition in a generic cell element (Fig. 2), the electro-
chemical model calculates the current flow, the power output
and solves the mass balance of the system. For all cases, a
uniform average temperature of each cell element is assumed
for the solid structure, as well as for the anode and the cath-
ode flow.

The correlations used for the models are taken from the
literature. In case of the “H,-only” model, the reference

considered is Aguiar et al. [10] while in case “H,—CO” the
model of Suwanwarangkul et al. [38] has been used

anode
electrolyte|
cathode

[======="9

(properly corrected in the “H,—CO evo” model). The set of
equations required for the estimation of the overpotential
losses are listed in the next paragraphs and it will include
the case with only H, oxidation and combined H, and
CO oxidation.

Nernst voltage

The Nernst voltage is the maximum cell voltage achievable if
the current output is zero, defined for H, and CO as function of
temperature, pressure and reactants composition. Equations
E19 E21 represent the Nernst voltages respectively for H, and
CO oxidation reactions, while equations E20 and E22 are used
to calculate the standard potentials as function of solid
temperature:

RT

Ereu, H, (OT v Hz) = EOHZ - ﬁln P 0 0.5 E19
m (poz / 101325)

Eg? = 1.2729 — (2.7632 x 10 *) T E20

RT

Erev, CO(OT Veo) = EOCO - Eln P co 035 E21
P oo <poz / 101325)

ES° =1.4671 — (4.5292 x 107*) Ty E22

Ohmic overpotential

Ohmic losses are caused by the resistance to conduction of
ions and electrons through the cell components. The overall
system resistance is divided amongst the losses in the air
channel interconnection, in the solid structure (SS) composed
by anode, cathode and electrolyte layers and in the fuel
channel interconnection.

The solid structure resistance (Fig. 3a) is calculated from
the temperature-dependent material resistivity of anode,
cathode and electrolyte, considering the equivalent electric
circuit shown in Fig. 3b, following the approach proposed in

Campanari and Iora [11]. The resistance of the in-
terconnections is calculated considering to divide the “L-

shaped” structure of Fig. 3a into three rectangular parts (I, II,
I1I); the resistances are computed by means of the Ohm's law
(the resistance of the element III Ry is calculated using an
empirical function), where the material resistivity is calcu-
lated according to the correlations listed in Table 3.

Ek:an cat. elpkék
Rs= ———— E23
A

Fig. 2 — Unit cell element in co-flow configuration (left) and SOFC stack (right).



c reactions in the porous anode while the reactants are
b —— diffusing is not considered in the present model, therefore the
. Rul | | Ry CO, H, are decreasing monotonously from the bulk to the TPB.
111 I However, due to the low contribution of the concentration
d ﬂ R, overpotential to the cell voltage the expected results do not
a [ I change significantly and a more detailed diffusion model will
ss [JRs be implemented in a future work.
H R The expressions used to evaluate 7.n at anode and cath-
| I — ode side are listed below, depending on the concentrations at
L . Ru Ru TPB and in the bulk flow:
: I11 I1 -
X
l (a) (b) Nconc, cat = R:'Fss X%}Eg) E27
Fig. 3 — Ohmic overpotential geometric model (a), and RT. Xpulk /bl
equivalent electric circuit (b) for one cell element of length Neone, B, = 5 1 (X;m) (X;P% )} E28
equal to “z” with a solid structure (SS) thickness equal : :
to o7 RT, Xl Xtk
e o ()5

The model used for the calculation of the gas species

R =2 icb :Rp = (d- a)é)‘c; Ry = Pie 1 concentration at the TPB is reported in Campanari and Iora
Z(c=b) z(c=b) % 041 {1 —exp <—1.2$>} [11] according to the Dusty Gas Model previously described
and under the conditions tested in this work, the resulting
E24 . .

profiles will not be reported for sake of brevity. However, the

— RuRy Res . corresponding set of equations is included in the model.

Tor = R + Ry T

Activation overpotential

Nonm = Rror i E26 Activation overpotentials are associated to the energy

Concentration overpotential

Concentration overpotentials 7qnc are function of the current
density; in particular, at increasing current, the fuel con-
sumption rate rises, leading to a faster decrease of the re-
actants partial pressure at the reaction sites (TPB), whilst the
production rate of the products increases. The presence of

needed to establish the two reactions of (i) hydrogen/carbon
monoxide combination with oxygen ions and electrons and
(ii) oxygen reduction, respectively at the anode and cathode
layers. Activation overpotential losses are related to the
current density throughout the Butler—Volmer equation, as
listed in Table 4. The resulting correlations are reported in
Table 6.

Table 6 — Correlations and values used for the calculation of activation overpotential losses in the model H,-only and

H,—CO.

Exchange current density and current density

Values

Cathode
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Thermal model

The solution of the electrochemical model equations is
strongly influenced by the internal temperature profile. The
energy balance equations are solved following a finite volume
solution approach for each subsystem: the cathode and anode
streams and the solid structure.

The energy balance of each cell element is calculated for
the anode and the cathode sides with equations E30 and E31
respectively, taking into account the convective heat trans-fer
between the solid parts and the flowing gases and considering
the heat of reaction by means of the absolute enthalpies. The
conductive thermal flux in the solid part of each element is
modelled with the Fourier's law, by solving the energy balance
equation E32. Radiative heat transfer is neglected for
simplicity, provided that previous studies have shown that its
effect generally does not imply significant changes in the
overall energy balances, although influencing the solid
structure temperature profiles [48]. The thermal model is
described in details in Campanari and Iora [6].

> onlhit =y neh + AsAs (Tes — T pute) E30
where i = H,, H,0, CO, CO,, CHy, N,

n . . n
> ot =y " nhe 4 2eAa(Tss — Tabune) E31
wherei= 0,, N,

: 07Tss : 07Tss
/ KSSAdoX + / KssAdey + AaAq (Tss - Ta,bulk) _—
X y
+ AfAf (Tss - Tﬂbulk) + Wel + Qloss =0

where Wy, is the electric power and Qjoss is the thermal power
dissipation.

Models comparison and analysis

The model implemented here (later labelled ‘model’ in dia-
grams and tables) has been compared with literature data and
reference models (later labelled ‘ref’ in diagrams and tables) to
evaluate the differences in cell performance predictions and
in the profiles of relevant variables along the cell, thus
allowing an additional validation. Depending on the type of
literature data available, the comparison is carried out in the
following sections with different types of fuel cells and
different operating conditions, focusing case by case on spe-
cific aspects and model capabilities and trying to highlight
their influence on the results.

Kinetic model comparison for HT SOFC operation and
pressure effects

We first focus on the comparison of the kinetic model with a
previous work based on HT-SOFC, comprehensively described
in Campanari and lora [6].

The purpose of this comparison is twofold: on one hand, to
validate the new model with a previous one, validated at

operating conditions typical HT-SOFCs. On the other hand, to
highlight the influence of pressure on the models and their
prediction of cell overall performance. In order to focus the
present investigation only on the effects of the kinetic model,
the electro-chemical model,’ the cell geometry and the as-
sumptions are taken equal to [6]. In particular, only H,
oxidation is considered. The results of the comparison are
reported in Table 7.

In terms of overall performance and gas composition at the
anode/cathode outlet, the two models give the same results,
allowing a mutual validation; also, the current densities pro-
files (which are not shown for brevity) and the total average
current density closely match. Nevertheless, the gas concen-
tration profiles differ, especially in pressurized operation,
because the model adopted in Ref. [6] (Whose kinetics is un-
affected by the operating pressure) predicts a very high reac-
tion rate of the SMR reaction, leading to a high H,
concentration peak close to the entrance (Fig. 4). In case of the
more refined kinetic model included here, CH, conversion is
achieved more gradually and involves the central part of the
cell too. The difference in the SMR reaction rate is also
confirmed in the minimum solid temperature level, which is
14—15 °C higher. Finally, temperature profiles (not shown for
brevity) are similar in the two cases, with differences mainly
concentrated in first part of fuel channel, due to the different
approach to SMR kinetics.

Comparison with a reference case at intermediate
temperature (IT) and atmospheric pressure with pre-
reformed NG

In this section the new model, selecting the option “H,-only”
has been compared with the results obtained in Aguiar et al.
[10], where an IT-SOFC operating at atmo-spheric pressure is
assessed. Pre-reformed natural gas is used as fuel. Reactants
inlet temperature is set equal to 750 °C. The main data on
the geometry of the fuel cell are reported in Table 5. The
simulation is carried out by imposing the average current
output and finding the cor-responding voltage: the cell is
operated with a total current density of 5000 A/m?
(according to the same analysis pro-posed in Ref. [10]) and
the resulting electrochemical behaviour is presented in Fig.
5.

The model estimates a total cell voltage about 50—60 mV
below (0.607 V vs. 0.67 V) the values predicted by Aguiar et al.
[10]. The difference is not related to the prediction of over-
potential losses, which are calculated with the same model
and thus their average values (Nact,cat 0.14 V, Mactan 0.087 V,
Nohm 0.051 V, Mcone 0.001 V) substantially agree with [10].
Conversely, the difference lies in the different evaluation of
the Nernst potential, as highlighted by the term 4E, g, in Fig.
5, whose average value is 0.056 V. The difference can be
explained considering that the Nernst potential is affected by
the H,/H,O concentration ratio along the cell, which is
significantly different in this model because of the slower

1 The electro-chemical model follows the approach proposed in
Refs. [6,13,47] where the overpotential losses are calculated ac-
cording with the equations proposed by the authors and shown
in Table 4.



Table 7 — Preliminary validation for HT SOFC operation. Comparison at atmospheric and pressurized conditions of model
and Ref. [6]. Common input parameters are: Syngas flow rate 0.51 mol/h CH,0.171, CO 0.294, H, 0.263, H,0 0.493,CO, 0.044
(T 900 °C); Air flow rate 7.11 mol/h N, 0.79, 0, 0.21 (T 900 °C); Cell with 18X18 channels, cell length 100 mm.

Model Ref. [6] A% Model Ref. [6] A%
Atmospheric cell Pressurized cell
Anode outlet composition (% vol.)
H, 10.3 10.4 0.7% 11.6 11.5 —0.9%
H,0 71.4 71.4 -0.1% 70.2 70.3 0.1%
CcO 3.7 4.1 8.2% 3.7 3.9 6.2%
CO, 14.4 14.1 —2.4% 14.5 14.3 -1.7%
CHy 0.0 0.0 0.0 0.0
Composition (% vol.)
0O, 18.7 18.7 0.0% 18.8 18.8 0.0%
N, 81.3 81.3 0.0% 81.2 81.2 0.0%
Main cell parameters
Cell voltage, V 0.7 0.7 0.7 0.85 0.85 0.85
Net electric efficiency, % 50.9 50.5 —-0.7% 60.6 60.4 —-0.2%
DC power, W 15.1 15.0 -0.7% 17.9 17.9 -0.2%
Current density i, Am~2 2150.4 2135.4 -0.7% 2107.5 2102.5 —0.2%
Fuel utilization factor Uy, % 80.7 80.1 —-0.7% 79.0 78.9 —-0.2%
Air utilization factor Uy, % 13.4 13.4 -0.7% 13.2 13.1 -0.2%
Tnax, solid» °C 1009.1 1007.6 -0.1% 961.8 961.2 ~0.1%
Tomin solid, °C 868.3 854.9 ~1.6% 854.5 840.5 ~1.7%
0.7
ref - atm model - atm
06 | = = = -ref - press = = = -model - press

H, molar fraction (vol.)

0 1 1 1 1

0 0.1 0.2 0.3 0.4

0.5 0.6 0.7 0.8 0.9 1

dimensionless axial position

Fig. 4 — HT SOFC operation. H, molar fraction profiles prediction at atmospheric and pressurized conditions of the model

and Ref. [6].

predicted CH, conversion. The average H,/H,O concentration
ratio along the cell is equal to 0.3 vs. about 1.3 in Aguiar et al.
[10], entailing a difference of the logarithmic term in the
Nernst potential of about 0.056 V (assuming the average
temperature of 800 °C). The fuel species concentration profiles
along the cell are shown in Fig. 6.

Combined effect of H, and CO oxidation

The “H,—CO” model have been compared with the numerical
and experimental results presented from Suwanwarangkul
et al. [38]. For a syngas composition of 40/60 of CO/H, diluted

with 70% of N, working at 900 °C and 0.8 V the current density
results of about 1100 A/m?, which should be compared with
the reference's value, 900 A/m?2 The difference can be
explained by the following reasons: i) the design of our cell is
slightly different than the cells used in their work, which is a
button cell geometry; ii) the thermal model used in our system
is not iso-thermal and therefore we have adapted the oper-
ating conditions in order to reach an almost constant cell
temperature; iii) the material properties (thermal conductiv-
ity, resistivity, etc ...) may slightly differ. Similar results have
been obtained by comparing the syngas composition with 20/
80 of CO/H,.
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Fig. 5 — Case of atmospheric IT-SOFC with pre-reformed NG.
Axial profiles of current density, Nernst potential and
overpotential losses. The Nernst potential prediction in
Aguiar et al. [10] is also reported.

The “H,-only” and the “H,—CO” model have been compared
using three theoretical syngas compositions with different Hy/
CO/N, ratio, namely, 20/0/80, 60/0/40, and 20/20/60 and oper-
ated both at atmospheric and pressurized conditions (20 bar).
In case of “H,—CO”, an additional simulation has been per-
formed for all the cases assuming the current density from CO
equal to zero, in order to show the impact of CO oxidation
mechanism within the same model. Such analysis is helpful
to show the order of the error which would be expected if a
SOFC model calibrated with a hydrogen based fuel (i.e. with no
CO in the fuel and hence no CO-current considered — “H,-
only”) was used when calculating the same cell operating with
a CO-containing syngas.

Moreover, such cases are helpful to compare the two
models with the same electrochemical oxidation mechanism,
showing the differences that can be obtained with models
calibrated on different fuel cells. As a matter of fact, different
outputs are expected in this case from the two models due to
the different equations and parameters used to compute the
activation overpotentials (as shown in Table 6). Fuel and air
inlet temperature has been set at 750 °C. A fuel utilization
factor Urof 70% has been fixed. An air utilization factor U, of

0.7
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Fig. 6 — Case IT-SOFC with p,u, and pre-reformed NG. Fuel
channel component molar fractions profiles (current
density 5000 Am—3).

3.3% has been assumed, resulting in an air flow rate limiting
the maximum temperature rise in the fuel cell to less than
100 °C in all the cases examined. All the atmospheric cases
have been calibrated to operate at 5000.0 A/m?, whilst the
pressurised ones at 10,000 A/m?.

Results are shown in Fig. 7. It is worth noting that:

The difference in the cell voltage prediction between the
“H,-only” and the “H,—CO” model is remarkable (about
30%) at atmospheric pressure. The same cases run at 20 bar
(not shown in figure) show a decrease of the voltage dif-
ference down to ~16%.

- When H, is used as fuel, the main differences between the
two models are the activation losses at the anode and
cathode sides. At the anode side, the “H,—CO” model pre-
dicts a cell voltage drop almost double than in the “H,-
only” model (both for atmospheric and pressurized cases).
At the cathode side, the “H,—CO” model predicts 50%

higher voltage losses at atmospheric pressure, reducing to
almost no difference at pressurized conditions (not shown
for brevity). This difference between atmospheric and
pressurized cases at the cathode side is explained by the
presence of O, partial pressure in the equation for the
activation overpotential loss for the “H,—CO” model.

- When CO is contained in the inlet feed, the “H,—CO” model
predicts a slightly higher cell voltage and higher Nernst
voltage (associated to CO oxidation) compared to the pre-
vious cases with only H, feed; this rise, however, is
compensated by the additional loss term related to the CO
activation losses at the anode side. Hence, the relative
difference between the two models remains at 26% and
16% for the atmospheric and the pressurised cases,
respectively. In the conditions tested, the current density
from H, oxidation (iy,) is always higher than the current
density from CO oxidation (ico), representing about 60%
and 70% of the total current at atmospheric and pressur-
ized conditions respectively. Losses on the two branches of
the model (see Fig. 1b) are represented in the last two cases
of Fig. 7.

- Within the “H,—CO” model approach, the voltage relative
difference between the case with and without CO
oxidation, when only H, is fed to the cell, is always
negligible (<0.4%) at atmospheric pressure, whilst it be-
comes appreciable if pressurised operation is considered
(=2.5%). On the other hand, when CO is present in the
anodic inlet stream (H,/CO/N, = 20/20/60), the relative
difference rises to 7.8% at atmospheric pressure and to 3%
at 20 bar. It is therefore evident how the modeling error of
neglecting the CO electrochemical oxidation is always
appreciable, yet rather uncorrelated to the variation of
inlet composition, in pressurised conditions, whilst it re-
sults extremely dependent on the fuel composition
at atmospheric pressure.

In summary, we can conclude that the two models yield
significantly different voltage predictions, also in the case of
pure H, feed. Therefore, such differences appear as intrinsic to
the fuel cell technology and type on which the parameters of
the electrochemical model equations have been originally
calibrated. However, if the CO oxidation influence is assessed
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Fig. 7 — Comparison of “H,-only”model and “H,—CO” model using H,-rich gas (with different H,/CO/N, ratio) as fuel at

atmospheric pressure and current density equal to 5000 Am

within the “H,—CO” model, the voltage prediction is appre-
ciable, yet not as much to considerably distort the overall
performance prediction, especially in the pressurised case —
as reported by some authors in the literature [37].

However, the H,—CO model includes a more complete
description of the process, since it takes into account the ef-
fect of the different components involved in the electro-
chemical conversion and the effect of pressure. Therefore,
this latter model will be used in the following sections, where
we consider different compositions of practical CO-rich syn-
gas fuels.

Sensitivity analysis on syngas composition

A sensitivity analysis has been carried out on five represen-
tative syngas spanning over a variety of compositions, espe-
cially regarding the H, and CO molar fractions (Table 8). Such
fuels are fed to a SOFC with current density of 2500, 5000 and
10,000 A/m? respectively for the atmospheric and the pres-
surized cases, with fuel utilization of 70% and air utilization of
3.3%.2 The fuel flow rate has been varied in order to have the
same equivalent hydrogen®to oxygen ratio (H, .q/O>) at the
fuel cell inlet in all the cases and a fixed air flow rate at the
cathode side.

2 The sensitivity analysis is based on the comparison with
respect to a reference case which, for each fuel composition
considered, has been selected as the “H,—CO” model calculated at
5000 A/m?.

3 Hyeq = Hy+CO+4CH,.

As shown in the previous section, the activation energy is
highly dependent on the SOFC technology considered. Since
the aim of this paper is not to assess a specific SOFC tech-
nology or material but to compare different modeling ap-
proaches, a sensitivity analysis on the activation energies has
been performed. In particular, the activation energy has been
reduced separately at the anode (for both H, and CO oxidation)
and at the cathode side by 10% and 20% of the reference
values. In addition, the H,—CO Evo assumes a 20% combined
reduction of the activation energies both at the anode and at
the cathode sides.

In order to assess the effect of considering or not the direct
CO oxidation, simulations have also been performed for all the
cases by fixing a CO current density ico equal to zero.

The results in terms of cell voltage at the different oper-
ating conditions are presented in Table 9.

Syngas fuels with high CH,; content (syngas A and C)
feature the lowest cell voltages, mostly due to the lower H,/
CO content along the cell channels. This is mainly related to
the steam reforming reaction rate which lowers the cell
temperature level (the total temperature rise is about 55 °C
for syngas A and C) compared to more than 70 °C for all the
other cases with low methane content. Moreover, in those
cases where CHy is converted with a slower kinetics (as dis-
cussed before), the decrease of H, and CO partial pressures
decreases the Nernst voltage and therefore a lower cell
voltage is obtained.

The implementation of CO oxidation in the model in-fluences
the cell voltage prediction, especially for the high



Table 8 — Gas composition of different syngas used for the sensitivity analysis.

[v/v] Pre-reformed NG Coal-based high-diluted Coal syngas high CH, Biomass syngas Coal-bases syngas
Syngas A Syngas B Syngas C Syngas D Syngas E

N, 0 0.02 0.15 0.4 0.01

H, 0.26 0.06 0.2 0.17 0.15

H,0 0.49 0.27 0.25 0.15 0.18

Cco 0.03 0.2 0.04 0.13 0.33

CO, 0.04 0.45 0.08 0.11 0.33

CH, 0.18 0.28 0.04

Table 9 — Cell voltage prediction for different syngas at atmospheric and pressurized conditions resulting from the

sensitivity analysis on the electrochemical model.

Syngas A Syngas B

Syngas C Syngas D Syngas E

Pre-reformed NG Coal-based high-diluted Coal syngas high CH, Biomass syngas Coal-bases syngas

Atmospheric pressure, i = 5000 A/m?

H,—CO model 0.378 0.382
H,—CO model, no CO 0.363 0.353
Eact an, 1,/c0 ~10% 0.435 0.440
Enct an, 1,/c0 —20% 0.489 0.494
Eace corn —10% 0.441 0.446
Eoct catn —20% 0.502 0.510
H,—CO evo 0.612 0.622
H,—CO evo, i 2500 A/m> 0.708 0.705
High pressure (20 bar), i = 10000 A/m?

H,—CO model 0.414 0.418
H,—CO evo 0.646 0.654

0.374 0.399 0.411
0.357 0.372 0.389
0.429 0.456 0.469
0.480 0.509 0.524
0.434 0.462 0.475
0.494 0.525 0.539
0.596 0.636 0.652
0.708 0.720 0.734
0.422 0.435 0.445
0.653 0.669 0.681

CO content syngas (syngas B/D/E). In these cases, voltage
differs by more than 5% between the cases with and without
CO oxidation. The gas composition at the anode outlet shows
a decrease in the CO content when both CO/H, currents are
considered, due to the higher CO conversion (in case E, the
CO molar fraction decreases from 11.2% to 10.6% when direct

CO oxidation is included). Fig. 8 shows that, although the
thermodynamic equilibrium of the shift reaction is almost
the same in both cases (due to very similar temperature
profiles), the WGS reaction rate profiles are greatly affected
by the partial pressures of the reactants. When CO oxidation
is activated, the amount of CO available for WGS, which
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Fig. 8 — Effect of using CO oxidation mechanism in the electrochemical model on the WGS reaction equilibrium and the WGS

reaction rate for syngas E.



competes with the electrochemical oxidation in terms of CO
consumption, is lower compared to the case with only H,
oxidation, thus reducing the WGS reaction rate.

Although a voltage variation is discernible, it is the au-
thors’ viewpoint that the described effect, between H,-only
and the H,—CO cases, does not lead to grave mis-
interpretations of the overall cell performance. Therefore, it
would be appropriate to consider more carefully the modeling
trade-off between solution accuracy and numerical imple-
mentation. Surely, experimental analyses ought to be
employed to shed additional light upon this issue.

When the activation energy is reduced by 10% and 20%
with respect to the reference case, the cell voltage increases at
the anode side by 15% and 29% respectively, without notice-
able discrepancies between different syngas compositions.
The same trend is detected when the activation energy de-
creases at the cathode side. In this case, the cell voltage in-
creases by about 16% and 32%. In case of combined 20%
reduction of cathode and anode activation energies, the
voltage gain is approximately the sum of the two single con-
tributions. As a matter of fact, the H,—CO Evo configuration
features a voltage increase which spans from about 59% to
63% and thus allows obtaining cell voltages which are of usual
technological interest (>0.6 V).

The main consequence of the voltage gain can be observed
from the interaction between the electrochemical model and
the thermal model. An increased cell voltage, at the same fuel
utilization (and air utilization), entails a larger portion of
chemical energy converted into electricity. Therefore, less
heat is generated at the electrodes and a lower temperature
rise is observed along the cell (4—4.5 °C and 4.5-5 °C lower
maximum temperature when decreasing the activation en-
ergy by 10% at the anode and at the cathode side respectively).
Decreasing the activation energies (anode and cathode), the
composition of the anode exhausts differs mostly in the
higher CH,4 content (which is in the range of 3—4.5% for syngas
A and 5-7% for syngas C), mostly due to the lower tempera-
ture in the cell. In fact, the higher the cell voltage, the lower
the heat generated on the electrode and therefore the lower
the temperature of the gases.

The importance of the CO electrochemical oxidation was
also assessed in the Evo case with respect to the reference one;
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it has been found that the performance differences between
the case with and without CO oxidation were comparable in
the Evo and reference cases. Therefore, it shall be stated that
the activation energy, and thus the cell voltage, does not
contribute significantly to the importance of CO anodic
oxidation.

When pressurized conditions are considered, the cell
voltage gain is about 0.035—0.05 V for both the models used. In
these cases, the higher pressure leads to higher Nernst volt-
ages. On the other hand, the higher current density (10000 A/
m?) leads to almost double ohmic losses (e.g. 0.1 V at 20 bar
compared to 0.056 V at atmospheric pressure for the reference
case A).

The “H,—CO evo” model has been tested also at lower
current density (2500 A/m?). Reducing the current density,
the cell voltage gain spans from 0.082 V (case E) to 0.11 V
(case C) with respect to the reference case (5000 A/m?),
mostly because of lower overpotential losses. In fact, ohmic
resistance reduces by 0.027 V and cathode activation po-
tential by 0.026 V. It is also important to notice that syngas A
and C have the highest cell voltage increase (+0.10
and + 0.11 V respectively), because of a higher increase in
the average Nernst potential both for H, and CO oxidation.
The reason of this improvement is the CH, content in the
anode exhaust gas, which decreases from 4.6% to 2.8% in
syngas A whilst the final H, and CO content increases up to
10.6% and 1.7% (at 5000 A/m? the H,/CO was respectively
5.1%/0.7%). As far as syngas C is concerned, CH, content
decreases from 7.1% to 4.9% while H, and CO content at the
outlet is respectively 7.6% and 2.4% (compared to 1.7% and
0.5% at 5000 A/m?).

It has been observed that some syngas fuels show a
reduction in CO current density with decreasing anodic E_act
(i.e. syngas A and C) whilst others feature the opposite trend
(i.e. syngas B, D and E). A wide-ranging analysis of the acti-
vation losses model (here not reported for brevity) evidences a
correlation between the Hyeo/CO ratio, which characterises
the inlet fuel composition and the reciprocal variation of H,
and CO current densities at different activation energies. It
turns out that syngas fuels with higher H,./CO ratios (i.e. A
and C) feature a rise of the Hy-related current density when
the anode activation energy is reduced. On the other hand,
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Fig. 9 — Overpotential losses profiles along the cell of syngas C (a) and syngas E (b) operated at atmospheric pressure using

the “H,—CO evo” model with 2500 A/m? of current density.
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Fig. 10 — Gas fraction profiles along the anode side of the cell of syngas C (a) and syngas E (b) operated at atmospheric
pressure using the “H,—CO evo” model with 2500 A/m? of current density.

low Heo/CO values, which suggest a greater importance of
carbon monoxide in the equivalent hydrogen overall produc-
tion, are associated to a reduction of the H,-related current
density. This explains how the relative magnitude of H, and
CO current density varies as a function of the inlet composi-
tion; therefore, models which fix a constant value of the ex-
change current densities ioy, /ioco (i-e. 2.5) should be carefully
employed when dealing with syngas or hydrocarbon-based
feeds.

In conclusion, the electrochemical behaviour of two
representative cases (the coal-derived syngas E and CH,-rich
syngas C) operated at atmospheric pressure at 2500 A/m? are
shown respectively in Fig. 9a and b. It is noteworthy that for
syngas C, WGS reaction is close to the thermodynamic equi-
librium along the cell since H, and CO have approximately the
same chemical potential. On the other hand, syngas E features
a H,—CO Nernst potential difference of about 0.016 V and
therefore the assumption of thermodynamic equilibrium
would be less accurate.

The current density profiles are consistent with the gas
composition profiles along the cell (Fig. 10a and b): with
respect to case C, lower H, and CO concentrations are ob-
tained along the cell because the CH, conversion by SMR re-
action is not fast enough. Syngas E, on the other hand, is
characterised by a slight rise in H, concentration at the
channel inlet due to the effect of WGS reaction, leading to
associated local current density increase.

SMR reaction rate effect

Reforming kinetics, influenced also by the choice of catalytic
materials and their effectiveness, plays a central role in
defining the cell temperature and concentration profiles and
ultimately its performances. Considering the “H,—CO Evo”
model, an additional sensitivity analysis has been carried
out about the methane reaction rate. Different anode ma-
terials, as well as catalyst load in the anode channel, can
change the reaction rate of SMR, affecting in this way the gas
composition and therefore the electro-chemical behav-iour
and temperature profiles. Using a CH,-rich syngas the SMR
reaction rate has been varied from 0.5 to 20 times

the value calculated by the reference model with equation
(E10).

The resulting cell voltages are represented in Fig. 11, where
it is possible to distinguish two different trends:

o at relatively low reaction rates (from 0.5 to 5 times the
reference reaction rate), the cell voltage increases with the
SMR conversion rate because the H,/H,0 ratio and the CO
content becomes higher, leading to a higher Nernst po-
tential with a beneficial effect on the cell voltage.

e at higher reaction rates, the CH, conversion locally draws
an increased thermal power, with negative consequences
both in terms of cell temperature distribution and over-
potential losses.

These opposite effects are connected to typical issues in
the engineering and design of SOFCs with direct internal

reforming, running with hydrocarbon-rich fuels:

e on one hand, the research activity on anode materials fo-
cuses on performing SMR with a reasonable reaction rate in
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Fig. 11 — Cell voltage prediction of syngas (CH, 30%, CO
10%, CO2 4%, Hy 10%, H,0 45%, N, 1%) simulated with
different SMR reaction rate velocities.



order to increase the H, production and thus the cell
performance;

e on the other hand, it is often considered to add a pre-
reforming step before the anode feed, to reduce the in-
tensity of SMR reactions within the cell and convert higher
hydrocarbons (such as n-butane, propane and ethane, etc.)
into methane, H, and CO before entering the anode,
reducing also the cell thermal gradients;

e with a similar purpose, some SOFC manufacturers are
discussing about tailoring the SMR activity to reduce the
thermal stresses brought about by the endothermic
methane reforming reaction and preserve the SOFC life-
time. In this respect Boder et al. [49] proposed a wet
impregnation procedure for modifying conventional cer-
mets by coverage with a less active material (e.g. copper
or iron) without compromising the electrochemical
performance.

Effect of steam to-carbon (S/C) at different H,/CO ratio Using
high CO-rich syngas as feed gas for SOFC in power plants
integrated with solid fuels gasification processes often
penalizes the overall efficiency of the system due to the high
steam consumption for syngas dilution for carbon deposition
control.

In this section, the effect of the steam-to-carbon (S/C) on
cell performance is studied by means of five fuels, char-
acterised by different H,/CO ratios ranging from 0.1 to 9, at
three S/Cs values equal to 1, 2 and 3. These calculations have
been performed considering a constant value of the air-to-fuel
ratio for every employed fuel and keeping the molar flow rate
of equivalent H, constant. In addition to this, the current
density at which the cell operates has been increased up to
6000 A/m? compared to the previous cases in order to appre-
ciate a greater effect of the CO oxidation contribution to the
overall cell voltage.

The fuel cell voltage as a function of the H,/CO and the
steam to carbon ratio is shown in Fig. 12. It can be noticed that,
by increasing the H,/CO ratio, the cell voltage increases in all
the cases due to the more pronounced effect of iy, compared
to that of ico. An increased syngas dilution due to higher H,0
content decreases the cell voltage because a lower Nernst
potential is obtained (which is directly correlated to the Hy/
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Fig. 12 — Cell voltage behaviour predicted by the “H,—CO”
model using syngas with different H,/CO ratio and S/C.
Dashed lines show the cell voltage behaviour of the system
when the CO oxidation mechanism is not activated.

H,O0 ratio). The cell voltage is always higher using both H, and
CO oxidation mechanism as previously explained.

Carbon deposition

The model includes a qualitative analysis on the possibility to
form solid carbon through the Boudouard and methane
cracking reactions. Carbon deposition is an important issue to
consider due to its implications on cell reliability and lifetime,
other than on its electric efficiency.

The axial profile of the parameters opoua and ocrack
(equations E3 and E4) can be evaluated to check the possi-
bility of carbon deposition along the cell length. Although
these parameters do not allow the assessment of the
quantity of solid carbon formed, which would need the
implementation of a dedicated kinetic model, they would
help, throughout a thermodynamic based method, to define
those set of operating conditions, which would prevent the
phenomena of carbon deposition from occurring. The «; are
function of pressure, temperature and gas concentration as
they compare the actual gas composition with the chemical
equilibrium constant of the reactions involved. It must be
noticed that the Boudouard reaction is an exothermic reaction
favoured at high pressure, while the methane cracking is an
endothermic reaction favoured at low pres-sure. Therefore,
they are favoured by opposite operating conditions.

The profiles of the abovementioned coefficients show
that:

- At atmospheric pressure, opouq is always higher than 10
and it increases along the cell due to the higher CO, con-
centration (and therefore the lower CO content). In case of
methane cracking, the coefficient oracx Shows an opposite
trend and it is always below 0.1 because of the low pres-
sure, the increasing temperature, and the low CH4 con-
version associated to the low SMR reaction rate. Being
Ocrack lower than 1, methane cracking would proceed ac-
cording to thermodynamics and a more advanced kinetic
study would be needed to verify the safe operation of the
fuel cell.

At high pressure, both opoug and ocrack are higher than 1
(except the acrack for syngas C at the channel inlet due to
the high CH,4 content). The main reason is related to the
higher current density (10000 Am™2 compared to
5000 Am 2 at atmospheric pressure)

As expected from the thermodynamic equilibrium anal-
ysis, at 20 bar, apouq is significantly lower than at atmo-
spheric conditions, while o5 Shows an opposite trend.
At pressurized conditions both apouq and depack increase
along the cell. For syngas A and C (which have high CHy
content), apoua decreases at the channel inlet, due to the
temperature drop associated to the steam reforming re-
action. For the same reason, ocrack Steeply increases in the
same part of the cell.

The opoua and ocrack profiles for the coal-derived syngas
with high CH, content are shown in Fig. 13 as an example.
The profiles obtained with the other fuels (not shown for
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brevity) have different absolute values but maintain the
same trends.

Conclusions

This paper aims at shedding some light upon some delicate
topics about SOFC modeling techniques, which are still
shrouded by many uncertainties in the open literature. In
particular, a thorough assessment of the impact on SOFC
performance prediction of the effect of the combined elec-
trochemical oxidation of CO and H, was sought. Moreover,
this study proposes additional analyses to delve into the
modeling of SMR and WGS kinetics. These aspects were
developed as deeply correlated to the nature of the inlet fuel
composition by studying SOFCs fed with syngas fuels such as
those generated in coal-based or biomass gasification power
plants. Such analysis has focused on the phenomenological
SOFC modeling, where the results obtained are of direct in-
terest for the design of integrated plant and for the related
techno-economic assessments.

In order to reach this target, a previously developed model
for SOFC simulation has been updated with new useful fea-
tures, which comprise: (i) a kinetic representations of SMR and

WGS reactions; (ii) detailed electrochemical models for either
H,-only or H,—CO oxidation; (iii) evaluation of local carbon
deposition risk according to Boudouard and methane cracking
reactions. Validation of the relevant model parameters is
based on a wide set of literature data that refers to both HT-
SOFC and IT-SOFCs.

The first notable result is that models which have been
calibrated for H,-only oxidation and those which considers
both H, and CO oxidation are characterised by remarkable
voltage prediction differences (approximately 30%) both with
only H, feed and with H,/CO mixture feed.

However, if the CO electrochemical oxidation impact was
to be assessed only within a “H,—CO” model (switching on and
off the CO-related current density), its effect on the overall
performance, for high CO content syngas fuels, drops to
values around 7% and 3%, at atmospheric pressure and pres-
surised conditions respectively. These results question the
idea that CO electrochemical oxidation might radically distort
the performance prediction of SOFCs.

A sensitivity analysis has been performed on the activation
energy at both anode and cathode electrodes in order to
enhance the voltage levels predicted by the “H,—CO” model
to values comparable to those of technological interest
nowadays. This led to the development of an enhanced



H,—CO electrochemical model obtained with the definition of
a set of appropriate parameters to be applied in the subse-
quent analysis of different syngas fuels. Results of the simu-
lations confirm the capability of the enhanced H,—CO model
to better take into account the effect of various H,/CO ratios in
the syngas fuel on the cell performances, compared to the H,-
only electrochemical model. The analysis also scoped the
impact of CO oxidation at different activation energies, and
thus voltages, showing that little contribution is expected for
all the fuel compositions considered.

A conclusive remark upon the H,—CO combined oxidation
shows the existence of a correlation between the relative
proportion of H, and CO-related current densities magnitudes
and a parameter representing the inlet fuel composition, Hpeq/
CO. It has been found that higher this parameter gets, the
greater the importance of H, current density is upon that of
CO. This should drive the attention towards those models
presentin the literature, which are based on a constant a ratio
between ipy, and ipco; these should in fact be applied
with caution when dealing with extremely different syngas
compositions.

In conclusion, a sensitivity analysis on the SMR reaction
rate was performed pointing out the presence of a maximum
value of the cell voltage at relatively low reaction rates; this
results has also been justified by the recent trends in terms of
reforming catalyst material research.

Appendix

In this section is reported the demonstration of the statement
that in presence of WGS reaction at the chemical equilibrium,
the Nernst voltage of H, oxidation and CO oxidation reactions
are the same. If WGS reaction is at the chemical equilibrium
condition, it is possible to write:

e o) - 22

If the Gibbs free energy of the WGS reaction is decomposed
and the term (G9,)°° is added and subtracted, after some
mathematical steps is possible to distinguish the Gibbs free
energy of CO oxidation and H, oxidation as follows:
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If the ratio of products/reactants partial pressure is multi-
plied and divided to the square root of O, partial pressure, re-
arranging the equation and considering the logarithm
properties:
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If both terms are multiplied for the term 2%, we have:

)
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and the equation above corresponds to the equivalence of
Nernst voltage for the CO and the H, oxidation reactions, i.e.
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