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Devinder Singha,∗, Eduardo Herńandez-Pachecoa, Phillip N. Huttonb,
Nikhil Patelb, Michael D. Manna

a Department of Chemical Engineering, University of North Dakota, Grand Forks, ND 58202, USA
b Energy and Environmental Research Center, University of North Dakota, Grand Forks, ND 58202, USA

Received 9 October 2004; accepted 29 October 2004
Available online 25 December 2004

Abstract

This work presents a thermodynamic analysis of the carbon deposition in a solid oxide fuel cell (SOFC) fueled by a biomass gasifier.
Integrated biomass-SOFC units offer considerable benefits in terms of efficiency and fewer emissions. SOFC-based power plants can achieve
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system efficiency of 70–80% (including heat utilization) as compared to 30–37% for conventional systems. The fuel from the
asifier can contain considerable amounts of tars depending on the type of gasifier used. These tars can lead to the deposition of
node side of SOFCs and affect the performance of the fuel cells. This paper thermodynamically studies the risk of carbon depos

he tars present in the feed stream and the effect various parameters like current density, steam, and temperature have on carbo
ince tar is a complex mixture of aromatics, it is represented by a mixture of toluene, naphthalene, phenol, and pyrene. A total of
re considered for the thermodynamic analysis, which is done by the Gibbs energy minimization technique. The carbon depositio

o decrease with an increase in current density and becomes zero after a critical current density. Steam in the feed stream also d
mount of carbon deposition. With the increase in temperature the amount of carbon first decreases and then increases.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFCs) are high-temperature fuel
ells which operate in the temperature range of 700–1000◦C.
he high operating temperature allows internal reforming,
romotes rapid kinetics with non-precious materials, and
lso produces high-quality by-product heat for cogeneration
r for use in a bottoming cycle. SOFCs can be a viable
ption for generating electricity with considerably higher
fficiencies than the conventional systems and considerably

ower emissions. SOFC-based power plants can achieve a
ystem efficiency of 70–80% (including heat utilization) as
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compared to 30–37% for conventional systems[1], and the
environmental impact is reduced by a factor of 1/300
air pollution and 1/5 for water pollution when compared
coal-based plants[2]. The fuel for SOFC’s can be obtain
from the gasification of biomass, which is a renewable f
of energy. Various studies discuss these types of syste
detail [3–7]. The Energy & Environmental Research Ce
at the University of North Dakota designed a therm
integrated biomass-SOFC gasification system. The sy
uses a modified downdraft gasifier and is designed
that the high energy effluents from the SOFC are recy
to the gasifier for heat recovery, which increases
biomass-to-gas conversion efficiency. Based on prelim
analysis, biomass-to-electricity conversion efficiencies
to 45% (higher heating value), with net efficiencies up
38%, are expected. The effluent from the biomass ga
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will consist mainly of carbon monoxide (CO), hydrogen
(H2), methane (CH4), carbon dioxide (CO2), water (H2O),
nitrogen (N2), and various light hydrocarbons along with
undesirable impurities like dust, tar, ammonia (NH3), and
some other trace contaminants. The amount and the type of
tars present depend on factors such as temperature, gasifying
agent, equivalence ratio, residence time, and the type of
biomass used[8]. Tars, if present in the stream, pose numer-
ous problems, thus reducing performance and increasing
maintenance for end-use devices. For optimal performance
of the biomass systems, the effect of tars must be minimized.

The various methods available for tar elimination can be
classified as physical processes like filters or scrubbers; ther-
mal processes that crack the heavy aromatic hydrocarbons
into products like carbon monoxide, hydrogen, or methane;
and catalytic processes that operate at much lower temper-
atures than the thermal processes. Nair et al.[9] discuss tar
removal by pulsed corona discharges as an alternative to cat-
alytic and thermal treatment. Depending on where the tars
are removed, tar removal methods can also be classified as
primary or secondary methods. Primary methods are the mea-
sures taken in the gasifier to prevent the formation of tars or
convert the tar formed in the gasifier itself, thus eliminating
or minimizing the need of secondary methods. Secondary
methods are measures taken downstream of the gasifier and
include measures like thermal or catalytic cracking of tars,
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experimentally in the future. Such an analysis can be used as
an initial design tool to give an indication of the expected car-
bon deposition and help decide if any of the tar elimination
method is required for an SOFC process and to what extent
the gas needs to be purified of the tar content. Sometimes,
careful selection of the operating conditions or simple mod-
ification of the process can nullify the effect of tars as far as
an SOFC is concerned.

2. Thermodynamic calculations

The thermodynamic analysis was done by calculating the
equilibrium compositions using the free energy minimization
method when extended to condensed phases. In the calcula-
tion, no reactions are considered. Only the Gibbs energy of
formation of the species considered are required for the cal-
culation. The data for Gibbs energy was obtained in the form
of linear correlations[17–19]. The complete procedure is de-
scribed by Eriksson[20] and illustrated for carbon deposition
by Koh et al.[21].

Since tar is a complex mixture of aromatics with signif-
icant amounts of poly aromatic hydrocarbons (PAHs), it is
represented here by a mixture of compounds.Table 1gives
the typical composition of biomass gasification tars as re-
ported by Milne et al.[22]. Bergman et al.[23] define tars
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ive a review of the various primary methods for tar el

nation in biomass gasification. Most of the tar elimina
ystems available suffer from disadvantages that may in
compromise on the flexibility of operation of the gasi
reduction in thermodynamic efficiency of the gasifica

rocess, systems that are expensive and bulky, product
aste streams or concerns about reliability and catalys

ime. The decision whether any of the tar removal meth
hould be used or to what extent tars must be removed
he gas stream for the combined SOFC-gasifier system
epend primarily on the economics and the tolerance l
f SOFCs to tars. For our specific case where the ga
ffluent is to be fed into an SOFC, tars can lead to the de

ion of carbon at the active anode sites and hence degrad
f the fuel cell performance. Formation of carbon can
lace either by methane cracking or Boudouard reactio

H4 ⇒ C + 2H2 (1)

CO = C + CO2 (2)

he amount of carbon that is deposited at the anode de
n various factors such as steam/carbon ratio, temper
aterial of the anode, and current density at which the

s operating. Carbon deposition decreases with the inc
f steam/carbon ratio or with the increase of current den
here are various studies which discuss the carbon de

ion in an SOFC with different fuels[10–16]. In this pape
e present a thermodynamic analysis of carbon depos

or tar-laden biomass gasifier fuels which will be prese
s all organic components having molecular weight hi
han benzene and has come up with a classification sy
ased on their behavior. The classification system deve
y Bergman et al.[23] is shown inTable 2. For the calcula

ions presented here, the species and composition to rep
ars were chosen keeping in mind the tar classification
em by Bergman et al.[23] and the typical composition
iomass gasification tar as reported by Milne et al.[22]. To
over the entire range of significant compounds prese
ars, they were represented by a mixture of four compo
ith each compound representing a specific class of
ounds and the composition equal to the composition o
roup in actual tars (Table 1). Table 3gives the species an

heir amounts that were chosen to represent tars. Calcul
ere also done by replacing toluene inTable 3with benzene
hich gave lower carbon deposition, equal to the differe

n amount of carbon between benzene and toluene. The

able 1
ypical composition of biomass gasification tars[22]

ompound Composition (wt.%

enzene 37.9
oluene 14.3
ther one-ring aromatic hydrocarbons 13.9
aphthalene 9.6
ther two-ring aromatic hydrocarbons 7.8
hree-ring aromatic hydrocarbons 3.6
our-ring aromatic hydrocarbons 0.8
henolic compounds 4.6
eterocyclic compounds 6.5
thers 1.0
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Table 2
Tar classification system by Bergman et al.[23]

Class Type Examples

1 Gas chromatography (GC)
undetectable tars

Biomass fragments, heaviest
tars

2 Heterocyclic compounds Phenol, cresol, quinoline,
pyridine

3 Aromatics (1 ring) Toluene, xylene, ethyl
benzene

4 Light polyaromatic
hydrocarbons (2–3 rings
PAH)

Naphthalene, indene,
biphenyl, anthracene,
fluorine, phenenthrene

5 Heavy polyaromatic
hydrocarbons (≥4 rings PAH)

Pyrene, fluoranthene,
benzofluoranthene, perylene

6 GC detectable, not identified
compounds

Unknown

Table 3
Mixture chosen to represent tars

Compound Composition
(wt.%)

Toluene: representing all the one-ring compounds 65
Naphthalene: representing two-rings compounds 20
Phenol: representing phenolic and other heterocyclic

compounds
10

Pyrene: representing three-rings and higher compounds 5

composition (Table 3) was used in all of the calculations pre-
sented in this paper.

Thirty-two species including one condensed phase were
considered for our calculation. These species are H2, CO2,
CO, H2O, CH4, O2, N2, C7H8, C10H8, C6H6O, C16H10,
CH3OH, C(g), C2, C3, H, CH, CH2, CH3, N, NO, NO2,
N2O, N2O3, C2H2, C2H4, C2H6, CH2CO, CH3CHO, HCHO,
HCOOH, and C(s).

3. Results and discussions

3.1. Effect of current density

Current density has a significant impact on carbon de-
position as it determines the amount of oxygen ions that are
available at the anode for reaction. The oxygen supplied at the
cathode undergoes reduction to produce oxygen ions which
diffuse through the zirconia-based electrolyte to the anode.
For the case of complete diffusion, the amount of oxygen
available at the anode can be calculated using the Faraday
law:

NO2 (mol/cm2 s) = i

4F
(3)

Fig. 1. Equilibrium diagram of main species as a function of current density
for a mixture comprising 20% CO, 15% H2, 10% CO2, 5% H2O, 2% CH4,
48% N2, and tar as 2% of the total mixture at 750◦C.

wherei is the current density in A cm−2 andF the Faraday’s
constant.

For all of the calculations presented here, Eq.(3)was used
to calculate the amount of oxygen for a given current density,
and the area of the cell was taken to be 16 cm2. The carbon
deposition calculations were done at 750◦C and 150 sccm
of the fuel mixture as a function of current density from
0 mA cm−2 (open circuit) to 1000 mA cm−2. Fig. 1 shows
the equilibrium composition as a function of current density
of the main species for a fuel mixture comprising 20% CO,
15% H2, 10% CO2, 5% H2O, 2% CH4, 48% N2 on a mo-
lar basis, and tar as 2% of the total mixture. The main gas
species are shown as mole percent and carbon as (mg s−1) on
the secondy-axis.

As shown in Fig. 1, the main species were CO, H2,
CO2, H2O, and C(s). The amount of C(s) was maximum
(0.104 mg s−1) at the open-circuit voltage and decreased with
current density because of the possible oxidation of carbon
to carbon monoxide and then decreased to zero at a current
density of 126 mA cm−2. This current density at which C(s)
reduces to zero is known as the threshold current density.
Table 4gives the threshold current density and maximum
carbon deposition as a function of tar content. The amount
of hydrogen decreases slightly before the threshold current
density but decreases abruptly after the threshold current den-
s gen
t gnif-
i nt of
c t, and
t nt
d the

T
T prisin d
p

T 2
T 126
M 0.1
able 4
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hreshold current density (mA cm−2) 5
aximum carbon deposition (mg s−1) 0.004
ity because of higher electrochemical oxidation of hydro
o water. The amount of carbon monoxide increases si
cantly before the threshold current density. The amou
arbon monoxide decreases after the threshold curren
here is a large increase in CO2 after the threshold curre
ensity. Carbon dioxide increases only slightly before
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Fig. 2. Equilibrium diagram of main species as a function of current density
for a mixture comprising 18% CO, 13% H2, 10% CO2, 15% H2O, 2% CH4

and 42% N2 and tar as 2% of the total mixture at 750◦C.

threshold current density. The amount of methane is almost
zero for the entire current density range.

3.2. Effect of steam content

To see what effect steam has on carbon deposition equi-
librium calculations were done for composition obtained by
increasing the moisture content of the mixture to 15%. The
feed to the fuel cell comprised 18% CO, 13% H2, 10% CO2,
15% H2O, 2% CH4 and 42% N2 on a molar basis, and tars
were again 2% of the total feed stream. The equilibrium dia-
gram is shown inFig. 2. There is no deposition of carbon. The
amounts of hydrogen and carbon monoxide decrease through
the entire range of current density due to the possible oxida-
tion to water and carbon dioxide, respectively, which increase
continuously. The amount of methane is almost zero. The
trends are very similar to those inFig. 1 after the threshold
current density. This thermodynamically shows how altering
the operating conditions (increasing the steam content) can
minimize carbon deposition.

Calculations were also done to obtain the amount of steam
that should be present for a given amount of tar to give no car-

F for a
p

bon deposition. The equilibrium diagram is shown inFig. 3.
As expected, for a given current density, as the steam con-
tent increases, the amount of tar that can be present in a feed
stream without any risk of carbon deposition increases. For
the case of open-circuit voltage, as the amount of tars increase
from 2 to 5%, there is a three-fold increase in the amount of
steam required to eliminate carbon deposition, from 14.7 to
42.8%.

3.3. Effect of temperature

The effect of temperature was studied at open-circuit
voltage for the same mixture (20% CO, 15% H2, 10%
CO2, 5% H2O, 2% CH4, 48% N2, and tar as 2% of the
total mixture). The temperature was varied from 600 to
1200◦C. The equilibrium diagram with the main species
is shown inFig. 4. As can be seen from the diagram, the
carbon deposition initially decreases with temperature up to
920◦C and then increases. The maximum carbon deposition
is 0.3 mg s−1 at 600◦C and the minimum is 0.04 mg s−1 at
920◦C. The temperature range where the carbon deposition
is at a minimum corresponds to the upper operating range of
SOFCs (800–1000◦C). For explanation purposes, the graph
can be divided into two regions, one on the left side of the
minimum carbon deposition point (temperature < 920◦C)
a ◦
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ig. 3. Equilibrium diagram showing the amount of steam required
articular tar percentage, to avoid carbon deposition.
nd the other on the right side (temperature > 920C). The
mount of carbon dioxide, water, and methane decr
ontinuously from 600 to 920◦C after which they are almo
ero. The amount of carbon monoxide increases rapidly
00 to 920◦C, and then decreases. The amount of nitro

s almost constant up to 920◦C and decreases slowly w
he increase in nitrogen oxide. The amount of hydroge
reases up to 920◦C and after that becomes almost const
here is an 87% decrease in carbon from 600 to 920◦C and
n increase of 85% from 920 to 1200◦C. Although the actua
hemistry is much more complex, the decrease in ca
efore 920◦C may be attributed to the oxidation react

ig. 4. Equilibrium diagram showing the effect of temperature on ca
eposition for a mixture comprising 20% CO, 15% H2, 10% CO2, 5% H2O,
% CH4, 48% N2 and tar as 2% of the total mixture.
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Fig. 5. Equilibrium diagram showing the effect of temperature on carbon
deposition for a mixture comprising 97% CH4 and 3% H2O.

of carbon to carbon monoxide, which may also explain the
rapid increase in carbon monoxide from 600 to 920◦C.

To see what effect composition (like increased water con-
tent) has on the carbon deposition behavior, equilibrium cal-
culations were done for a composition with higher amount of
water than in the previous case. The trend of all the species
was the same except that we had a region of zero carbon de-
position in the temperature range corresponding to the upper
operating temperature of SOFCs. This carbon deposition be-
havior with increasing temperature is opposed to that where
only methane is used as a fuel. For these types of fuel mixtures
which contain mainly methane, carbon deposition increases
with temperature and after that becomes constant at a certain
maximum level (Fig. 5). This is because for these systems
more carbon is formed at a higher temperature possibly be-
cause of more methane pyrolysis.

4. Conclusion

The thermodynamic analysis depicted a decrease in the
amount of carbon as the current density increased with a
threshold value of 126 mA cm−2 at the given composition
(20% CO, 15% H2, 10% CO2, 5% H2O, 2% CH4, and 48%
N2) with 2% tar and a temperature of 750◦C. The maximum
c −1 t-
a tent o
t eased
t fuel
m ions
i tars
a mova
e n de-
p ratur
w min-
i FCs.
O posi-
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an initial design tool to provide an estimate of carbon de-
position under various conditions, but a kinetic/experimental
study will give a clearer picture.
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