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Abstract. In SOFC, high operative temperature allows the direct conversion of ethanol into H2 to
take place in the electrochemical cell. Direct internal reforming of ethanol, however, can produce
undesirable products that diminish system efficiency and, in the case of carbon deposition over the
anode, massive forces within the electrode structure lead to its rapid breakdown. In this context, a
thermodynamic analysis is fundamental to predict the product distribution as well as the conditions
favorable for carbon to precipitate inside the cell. Hence, the aim of this work is to find appropriate
ranges for operating conditions where carbon deposition in SOFC is not feasible. The effects of
hydrogen consumption on anode components and on carbon formation are investigated.
Equilibrium determinations are performed by the Gibbs energy minimization method. The effect of
the type of solid electrolyte (oxygen-conducting and hydrogen-conducting) on carbon formation is
also investigated. A new approach to model the direct internal steam reforming of ethanol in SOFC
is presented. Theoretical SOFC (oxygen-conducting) efficiencies are accomplished in the region
where carbon formation is thermodynamically impossible. The results of this work are consistent
with previous results from literature.
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1. INTRODUCTION

Among the various types of fuel cells, the solid oxide fuel cell (SOFC) has attracted considerable
interest as it offers the widest potential range of applications, possibility for operation with an
internal reformer, and high system efficiency (Assabumrungrat et al., 2004). Due to environmental
concerns related to the reduction of atmospheric pollution and greenhouse gas emissions such as
CO2, NOX and hydrocarbons, there have been many researches about fuel cells using hydrogen as
fuel. Hydrogen gas can be produced by several routes; a promising one is the steam reforming of
ethanol. This route can become an important industrial process, especially for sugarcane producing
countries. Ethanol is renewable energy and presents several other advantages over other sources
related to natural availability, storage and handling safety. Concerning ethanol utilization on fuel
cells, the comparative study of Maggio et al. (1998) between methanol, ethanol and methane
fueled molten carbonate fuel cells, revealed that ethanol exhibits better electrochemical
characteristics such as (a) higher power density for every inlet fuel flow rate (b) higher
electromotive force at each current density (at the same fuel flow rate and operation conditions)
and (c) significantly higher electrical output. Tsiakaras and Demin (2001) showed that ethanol can
also be considered as a good candidate fuel for the production of electrical power by using solid
oxide fuel cells. In SOFC, high operative temperatures allow the direct conversion of ethanol into
H2 to take place in the electrochemical cell, which can improve the system performance and
reduce its size. According to Jamsak et al. (2006), although two types of electrolytes are possible for
the SOFC operation, an oxygen ion conducting electrolyte is more commonly used than a proton
conducting electrolyte. Indeed, there are very few works related to the use of the proton
conducting electrolytes. Demin and Tsiakaras (2001) presented a thermodynamic analysis of a
hydrogen fed SOFC based on a proton conductor. In a more recent work, Shimada et al. (2004)
investigated the high temperature proton conductor BaZr0.4Ce0.4In0.203-a. This work is aimed at
finding suitable ranges of operating conditions where carbon formation in the SOFC with direct
internal reforming (DIR) operation is not feasible. This is necessary because carbon deposition over
the anode results in the growth of carbon filaments attached to anode crystallites that generate
massive forces within the electrode structure leading to its rapid breakdown (Clarke et al., 1997).
The calculation is more complicated than that for the conventional reformers because it is
necessary to take into account the electrochemical reaction. The ranges are compared between
SOFCs with oxygen-conducting (SOFC-0O2-) and hydrogen-conducting (SOFC-H+) electrolytes. In this
work, an approach to calculate equilibrium compositions, considering the electrochemical reaction,
is presented. Besides, calculations concerning electromotive force and efficiency were done for
SOFC with an oxygen ion conducting electrolyte in order to establish the influence of the
temperature and of the inlet H20: ethanol ratio on the theoretical SOFC-O2- efficiency.

2. METHOD

In the present study, the equilibrium compositions were calculated through the Gibbs energy
minimization method. The total free energy of the system may be expressed as

G=>nG +> nRTIny +> nRTIn P ()

Where the 0

i G is the Gibbs energy at standard state, R is the gas constant, T is the temperature, P is pressure
and vi is the molar fraction. The problem is to find the different values of ni (moles of specie i)
which minimizes the objective function given by Eq. (1), subject to the constraints of elemental
mass balance

N
D may = A K=1.M (2)
i=1
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In Eq. (2), aKi is the number of gram atoms of component K in a mole of the species i, AK is the
number of moles of component K and M, N are the total number of moles of components and
species, respectively. The nonlinear programming model, comprising the objective function, Eq. (1),
to be minimized, and constraints, Eq. (2), is solved using the Sequential Quadratic Programming

algorithm (SQP) implemented in fmincon function of MATLAB"s toolbox optimization. In previous
works from literature, Mas et al. (2006) reported that there are only five species of noticeable
concentration in thermodynamic equilibrium: CO, CO2, H2, H20 and CH4. For this reason, these
are the only species considered in the computations throughout this work. Thermodynamic data for
describing the Gibbs energy of the species were obtained from Knacke et al. (1991) and Sandler
(1999). When the SOFC is operated with an internal reformer, it is necessary to take into account
the electrochemical reaction. In this work, two types of solid electrolytes are analyzed in SOFC
operation: oxygen-conducting and hydrogen-conducting electrolyte. The difference between both
types of electrolytes is the location of the water produced. While with an oxygen-conductive
electrolyte, water is produced in the anode, with the hydrogen-conducting electrolyte, water
appears on the cathode. For a better understanding of the system under consideration in each
case, we show a schematic SOFC-O2- and SOFC-H+, in this work, through Fig. 1 and Fig. 2,
respectively. As can be seen in Fig. 1, there are additional oxygen atoms entering into the system.
The 02 (gas) is reduced at the cathode, and the ions O2- flow toward the anode and react with the
hydrogen and the others species of the system under consideration. On the other hand, in Fig. 2, it
can be seen that H2 is leaving the system, due to its oxidation (H2=2H+ + 2e-).
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Figure 1- Schematic SOFC-0% Additional oxygen atoms are entering into the system.

=\
)
SYSTEM TR s
P e 84 P T : ELECTROLYTE 3 l{:’
SCO  coM| ¢ I : :
] Emd I =
ez | "'.d"' = _I!-:"_-' {.-]'j
'CH, HEF"“H P - B
; :
WO T H.0
- :' T

ANODE "l CATHODE

Figure 2- Schematic SOFC-H". Hydrogen (Hs) is leaving the system.
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In this way, the calculation of equilibrium compositions, using the Gibbs energy minimization
method, must consider the following changes in Eq. (2), due to the additional oxygen atoms in the

system or due to the hydrogen that is leaving the system: (a)

For oxygen-conducting electrolyte For the restriction associated to the component oxygen (K=0),
Eq. (2) becomes:

i
an.aa. =A,+n, (3)
=1

Where nO is the number of moles of oxygen that is entering in the system (additional oxygen
atoms in the system). (b) For hydrogen-conducting electrolyte
For the restriction associated to the component hydrogen (K=H), Eq. (2) becomes:

N
Z Mg, = Ag — Ny (4]
i=1

Where nH is the number of moles of hydrogen that is leaving the system. In order to find suitable
ranges of inlet steam/ethanol ratio where carbon is thermodynamically unfavorable, we employ the
mathematical relationship between Lagrange multipliers and carbon activity (with reference to
graphite phase), deduced in our previous work (Silva et al., 2008), Eq. (5):

D -
lnac=(_G%T)+% (5]

Where C is the Lagrange multiplier associated to component carbon and acC is is the carbon activity.
When aC >1, the system is in a metastable equilibrium and carbon formation is observed. The
system is at equilibrium when aC =1. When aC <1, carbon formation is thermodynamically
impossible.

2.1 Electromotive force (E) and efficiency

In the present work, calculations concerning SOFC-O2- electromotive force and efficiency were
done. The distribution of molar fractions of the equilibrium mixtures along the anode was
calculated. It was assumed that an inlet gas into the SOFC-O2- anode channel is an equilibrium
mixture at boundary of carbonization (minimum H2O/ethanol mole ratio, in the initial system, at
which carbon formation, in the equilibrium mixture, is thermodynamically impossible). When this
mixture is passing along the anode, the species are gradually oxidized electrochemically by oxygen
spontaneously supplied through the solid electrolyte (additional moles of oxygen are entering into
the system, as shown in Eq. (3) and Fig. 1). The electromotive force (E) of a cell is the maximum
possible voltage, which drives charges around an electrical circuit in an SOFC. In practice, the actual
voltage is less than this theoretical value due to activation, ohmic, and concentration losses. In this
work, only the maximum possible voltage of the cell was considered, neglecting all losses. The
electrode potential can be calculated using the Nernst equation. The potential can be expressed as:

as
SOFC— G : E:E[MM] o
F Fraoa

Where “a” and “c” stand for anode and cathode, respectively. It was supposed that the SOFC
cathode space is fed by air and therefore pO2(c) = 0.209. Where K in Eq. (6), is the equilibrium
constant associated to the reaction:

Hy+ Y 0,= H,0

When a current is drawn from the SOFC, the maximum work produced by the SOFC can be
calculated using the following equation:
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W=gF )

Where W is the electrical work from the SOFC and q is an electrical charge passing through the
electrolyte. Here, q=12F and F is the Faraday constant. The average electromotive force, E , was
calculated by means of numerical integration along the SOFC length. The SOFC system efficiency is
defined as the ratio of electrical work produced by the SOFC to the chemical energy of fuel spent in
the SOFC system. Therefore, the maximum SOFC system efficiency was calculated by using the
following equation

gE
N

n (8]

wWhere —AF"= 1235 kdimol and represents the lower heating value of ethanol at the standard
conditions.

3 RESULTS AND DISCUSSION
3.1 Effect of the electrochemical reaction on anode components

In this study, the direct internal reforming (DIR), in which ethanol is reformed at the anode part of a
fuel cell was investigated. Two types of selective electrolytes (SOFC-O2- and SOFC-H+) were studied
at the same conditions for the purpose of comparison. Figures 3 (a) and 3 (b) present the influence
of the electrochemical reaction on anode species for the fuel cells with oxygenconducting and
hydrogen-conducting electrolyte, respectively. As shown in these figures, the consumption of
hydrogen by the electrochemical reaction affects the equilibrium composition especially for the
case with the oxygen-conducting electrolyte. In Fig. 3 (a) can be seen that, with increased hydrogen
consumption, the carbon dioxide concentration increases, whereas the carbon monoxide
decreases. The number of moles of steam at anode increases, as steam is the main product from
the electrochemical reaction.

On the other hand, by using the hydrogen-conducting electrolyte, steam is generated at the
cathode side. Besides, as can be seen in Fig. 3 (b), there is almost no effect on anode species
(H20, CO and CO2).

For both cases, the number of moles of methane was almost zero. These results, for the SOFC-H+
(Fig. 3 (b)), are in perfect agreement with those reported by Assabumrungrat et al. (2004). On the
other hand, for the SOFC-O2- (Fig. 3 (a)), the results are similar, but not exactly the same. This
discrepancy is due to the fact that those authors employed a different approach. They performed
equilibrium calculations through the stoichiometric method and assumed that only hydrogen could
react electrochemically with oxygen supplied from the cathode side. In the present work, however,
where equilibrium is determined by Gibbs energy minimization method and the restriction
associated to the component oxygen is modified due to additional

oxygen atoms that come from the cathode side, all species of the system, considered in Fig. 1, are
able to react electrochemically with oxygen supplied from the cathode side. According to Tsiakaras
and Demin (2001), both hydrogen and carbon monoxide are oxidized electrochemically by oxygen

supplied through the solid electrolyte. In ,Fuel Cell Handbook" (2002), the following possible
anodic reactions are presented:
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H,+0% = H.O+2e” (9}
CO+F 5 CO+2e (10)
CH, +4C% = 2H 0+ CO, +8 (11)
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Figure 3 - Influence of electrochemical reaction of hydrogen on moles of species at the anode
side, for H20:ethanol=3:1 and T=1173 K; (a) SOFC-O2- and (b) SOFC-H+.

3.2 Effect of the electrochemical reaction on carbon formation

Figure 4 (a) presents the influence of the operating temperatures on the inlet water to ethanol ratio
required, for avoiding carbon formation, considering different number of moles of additional
oxygen, for the case of the SOFC-O2-. A higher number of moles of additional oxygen in the system
results in a decrease of the boundary of carbonization for all operating temperature range. On the
other hand, as can be seen in Fig. 4 (b), when a SOFC-H+ is employed, a higher water to ethanol
ratio is necessary for avoiding carbon formation. Considering only the aspect of carbon formation
inside the cell, it is possible to see that operation with the oxygen-conducting electrolyte is
preferable due to the lesser tendency for carbon formation over the anode.
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Figure|4- Boundary of carbonization in function of (@) number of moles of oxygen that enters into
the system, 17p, for a SOFC—OZ'; (b)) number of moles of hydrogen that leaves the system, 11y, for a
SOFC-H".

Carbon activities were determined with the help of Eq. (5). Figure 5 (a) shows the influence of
operating temperatures and of the type of electrolyte on the carbon activity considering three
different situations: (a) ethanol steam reforming in a reformer; (b) the electrochemical reaction is
occurring in a SOFC-02-, in which there are 2 moles of additional oxygen entering into the system;
(c) the electrochemical reaction is occurring in a SOFC-H+, in which there are 2 moles of H2 leaving
the system. In all situations, the water to ethanol ratio in feed was equal to 2:1. This ratio was
chosen just for sake of illustration.
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Other ratios could be considered in these computations. According to Tsiakaras and Demin (2001),
a steam to ethanol inlet ratio in the range of 1-5 is suitable from a practical point of view. As can be
seen in Fig. 5 (a), the greater values for carbon activity were obtained for the case of hydrogen-
conducting electrolyte, while the smaller ones were obtained when the SOFC with oxygen-
conducting electrolyte was considered. Assabumrungrat et al. (2004) also verified the lesser
tendency for carbon formation over the anode in a SOFC-O2-. Figure 5 (b) shows the values of
Lagrange multipliers of carbon component divided by RT used in Eq. (5) to calculate carbon
activities shown in Fig 5 (a).
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Figure 5- (a) Carbon activity in function of temperature.

H20/ethanol = 2:1. Influence of type of electrolyte (oxygen or hydrogen-conducting) on carbon
activity; (b) Lagrange multipliers (divided by RT) in function of temperature. 3.3 SOFC-O2- theoretical
efficiency determination Theoretical analysis of the SOFC-O2- efficiency is performed in high
temperatures, of operational interest, in the range between 800 and 1200 K. It was assumed that
an inlet gas into the SOFC-O2- channel is an equilibrium mixture at boundary of carbonization.
Figure 6 (a) illustrates the effect of temperature on the boundary of carbonization. Figure 6 (b)
shows the thermodynamic equilibrium composition along the boundary of carbonization.
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Figure 6- (a) Influence of temperature on boundary of carbonization:; (b)) Thermodynamic
equilibrium composition at the boundary of carbonization

Figure 7 illustrates the electromotive force (E) distribution along the SOFC-O2- channel
dimensionless length (x/L). It can also be seen in Fig. 7 the additional number of moles of oxygen
(nO) in the system, used in Eq. (3). It is possible to see that each value of length, x/L, corresponds
to a respective value of additional number of moles of oxygen (nO), i.e., the species are gradually
oxidized by the oxygen supplied through the electrolyte. The range of electromotive force (E) along
the anode becomes wider as temperature increases. At low temperatures, E varies strongly only
very close to the channel outlet, whereas at high temperatures E varies very strongly both at the
inlet and at the outlet. Within the wide middle part of the channel, E varies only slightly at all
temperatures examined. The electromotive force distribution calculated, in the present work, is in
excellent agreement with the distribution presented by Tsiakaras and Demin (2001).
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Figure 7- Effect of temperature on the distribution of electromotive force, E, along the SOFC
dimensionless length, x/L. The inlet mixture corresponds to the boundary of carbonization.

For each temperature, the maximum thermodynamic efficiency was calculated by means of
numerical integration of electromotive force distribution along the SOFC dimensionless length, x/L.
Figure 8 shows the temperature dependence of the maximum efficiency of the ethanol fueled
SOFC-0O2-. It can be seen that the efficiency, at the boundary of carbonization, is very high in the
entire temperature region and increases as the temperature decreases. The theoretical efficiency
obtained in this work varies between 84.1 and 93.5%, what is in agreement with the values of 83.9
and 93.8% presented by Tsiakaras and Demin (2001).

Efficiency, %
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Figure 8- Temperature dependence of the maximum thermodynamic efficiency of the ethanal
fueled SOFC-0%,

Figure 8- Temperature dependence of the maximum thermodynamic efficiency of the ethanol
fueled SOFC-02-.

In practice, it is necessary to use gas compositions above the boundary of carbonization, i.e.
systems with a H2O:ethanol ratio higher than that shown in Fig. 6 (a).

REVISTA CIENCIAS EXATAS, UNITAU. VOL 15, N. 1, 20009.
Disponivel em http://periodicos.unitau.br/




REVISTA CIENCIAS EXATAS - UNIVERSIDADE DE TAUBATE (UNITAU) - BRASIL - VOL. 15, N. 1, 2009

As can be observed in Fig. 9, the SOFC-O2- system efficiency increases with decreasing both
temperature and water to ethanol ratio used in the reforming. Influence of the temperature
decreasing on the maximum efficiency is more essential than influence of the ratio H20/ethanol
decreasing.
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Figure 8- Dependence of the maximum themodynamic efficiency of the ethanol fusled SOFC-0%
on the HaO/ethanal.

4 CONCLUSIONS

In this work, a thermodynamic analysis in order to predict the boundary of carbon formation for a
SOFC with direct internal steam reforming of ethanol was presented. A comparison between the
hydrogen-conducting electrolyte and the oxygen-conducting electrolyte shows that carbon
formation is less favorable, at the same operating conditions, in a SOFC with the oxygen-conducting
electrolyte. This is directly related to water produced from the electrochemical reaction of hydrogen
at the electrodes. This can also be seen from the carbon activities values. At the same H20/ethanol
ratio in feed and at the same temperature, the values of carbon activities are smaller for the
oxygen-conducting electrolyte, while for hydrogen-conducting the values are greater.

The approach proposed in this work, to perform a thermodynamic analysis in a SOFC with direct
internal reforming, considering either additional oxygen in system, for a SOFC-O2-, or hydrogen
moles that leave the system, for a SOFC-H+, in the constraints of elemental mass balance, is more
realistic. This can be seen especially in case of SOFC-O2-, because this model permits all species to
react electrochemically with oxygen, not only H2, as presented by other authors that employed the
stoichiometric method. The values of the electromotive force as well as the calculated theoretical
efficiencies, for a SOFC-O2-, are in excellent agreement with previous values reported in literature.
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