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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 achie
a system efficiency of 70-80% (including heat utilization) as compared to 30—-37% for conventional systems. The fuel from the biomass
gasifier can contain considerable amounts of tars depending on the type of gasifier used. These tars can lead to the deposition of carbon at
anode side of SOFCs and affect the performance of the fuel cells. This paper thermodynamically studies the risk of carbon deposition due t
the tars present in the feed stream and the effect various parameters like current density, steam, and temperature have on carbon depositi
Since tar is a complex mixture of aromatics, it is represented by a mixture of toluene, naphthalene, phenol, and pyrene. A total of 32 specie
are considered for the thermodynamic analysis, which is done by the Gibbs energy minimization technique. The carbon deposition is show
to decrease with an increase in current density and becomes zero after a critical current density. Steam in the feed stream also decreases
amount 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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1. Introduction compared to 30-37% for conventional systdis and the
environmental impact is reduced by a factor of 1/300 for
Solid oxide fuel cells (SOFCs) are high-temperature fuel air pollution and 1/5 for water pollution when compared to
cells which operate in the temperature range of 700-2@00  coal-based plant®]. The fuel for SOFC’s can be obtained
The high operating temperature allows internal reforming, from the gasification of biomass, which is a renewable form
promotes rapid kinetics with non-precious materials, and of energy. Various studies discuss these types of systems in
also produces high-quality by-product heat for cogeneration detail[3—7]. The Energy & Environmental Research Center
or for use in a bottoming cycle. SOFCs can be a viable at the University of North Dakota designed a thermally
option for generating electricity with considerably higher integrated biomass-SOFC gasification system. The system
efficiencies than the conventional systems and considerablyuses a modified downdraft gasifier and is designed such
lower emissions. SOFC-based power plants can achieve ahat the high energy effluents from the SOFC are recycled
system efficiency of 70—-80% (including heat utilization) as to the gasifier for heat recovery, which increases the
biomass-to-gas conversion efficiency. Based on preliminary
mpondmg author. Tel. +1 701 777 9148. analysis, t_)iomass—tq—electricity cc_Jnversion _e_fficigncies up
E-mail addressesdevinder.singh@und.nodak.edu, to 45% (higher heating value), with net efficiencies up to
singhdevinder17@hotmail.com (D. Singh). 38%, are expected. The effluent from the biomass gasifier
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will consist mainly of carbon monoxide (CO), hydrogen experimentally in the future. Such an analysis can be used as
(H2), methane (Chl), carbon dioxide (C@), water (H0), an initial design tool to give an indication of the expected car-
nitrogen (N), and various light hydrocarbons along with bon deposition and help decide if any of the tar elimination
undesirable impurities like dust, tar, ammonia #Hand method is required for an SOFC process and to what extent
some other trace contaminants. The amount and the type othe gas needs to be purified of the tar content. Sometimes,
tars present depend on factors such as temperature, gasifyingareful selection of the operating conditions or simple mod-
agent, equivalence ratio, residence time, and the type ofification of the process can nullify the effect of tars as far as
biomass usefB]. Tars, if present in the stream, pose numer- an SOFC is concerned.
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.2. Thermodynamic calculations

The various methods available for tar elimination can be
classified as physical processes like filters or scrubbers; ther- The thermodynamic analysis was done by calculating the
mal processes that crack the heavy aromatic hydrocarbonsquilibrium compositions using the free energy minimization
into products like carbon monoxide, hydrogen, or methane; method when extended to condensed phases. In the calcula-
and catalytic processes that operate at much lower tempertion, no reactions are considered. Only the Gibbs energy of
atures than the thermal processes. Nair efSdldiscuss tar ~ formation of the species considered are required for the cal-
removal by pulsed corona discharges as an alternative to catculation. The data for Gibbs energy was obtained in the form
alytic and thermal treatment. Depending on where the tarsof linear correlation§l7—19] The complete procedure is de-
are removed, tar removal methods can also be classified ascribed by Erikssof20] and illustrated for carbon deposition
primary or secondary methods. Primary methods are the meaby Koh et al.[21].
sures taken in the gasifier to prevent the formation of tars or ~ Since tar is a complex mixture of aromatics with signif-
convert the tar formed in the gasifier itself, thus eliminating icant amounts of poly aromatic hydrocarbons (PAHS), it is
or minimizing the need of secondary methods. Secondary represented here by a mixture of compourikihle 1gives
methods are measures taken downstream of the gasifier anthe typical composition of biomass gasification tars as re-
include measures like thermal or catalytic cracking of tars, ported by Milne et al[22]. Bergman et al[23] define tars
and the use of a cyclone, filter, or scrubber. Devi e{&]l. as all organic components having molecular weight higher
give a review of the various primary methods for tar elim- than benzene and has come up with a classification system
ination in biomass gasification. Most of the tar elimination based on their behavior. The classification system developed
systems available suffer from disadvantages that may includeby Bergman et al[23] is shown inTable 2 For the calcula-
a compromise on the flexibility of operation of the gasifier, tions presented here, the species and composition to represent
a reduction in thermodynamic efficiency of the gasification tars were chosen keeping in mind the tar classification sys-
process, systems that are expensive and bulky, production otem by Bergman et a[23] and the typical composition of
waste streams or concerns about reliability and catalyst life- biomass gasification tar as reported by Milne e{2]. To
time. The decision whether any of the tar removal methods cover the entire range of significant compounds present in
should be used or to what extent tars must be removed fromtars, they were represented by a mixture of four compounds
the gas stream for the combined SOFC-gasifier system will with each compound representing a specific class of com-
depend primarily on the economics and the tolerance limits pounds and the composition equal to the composition of that
of SOFCs to tars. For our specific case where the gasifiergroup in actual tarsTable J). Table 3gives the species and
effluent is to be fed into an SOFC, tars can lead to the deposi-their amounts that were chosen to represent tars. Calculations
tion of carbon at the active anode sites and hence degradationvere also done by replacing toluen€eTable 3with benzene,
of the fuel cell performance. Formation of carbon can take which gave lower carbon deposition, equal to the difference
place either by methane cracking or Boudouard reaction:  in amount of carbon between benzene and toluene. The same

CHs= C + 2H> (1) Table 1

Typical composition of biomass gasification t§2g]
2CO=C + CO, @ Compound Composition (wt.%)
The amount of carbon that is deposited at the anode depend&enzene 3B
on various factors such as steam/carbon ratio, temperatureg):]uene _  drocarb 14; 5
material of the anode, and current density at which the cell N;p‘i]rtﬁggzg aromatic hydrocarbons P
is operating. Carbop depqsition (_jecreases with the incre.asebthertwo_,ing aromatic hydrocarbons 87
of steam/carbon ratio or with the increase of current density. Three-ring aromatic hydrocarbons .63
There are various studies which discuss the carbon deposi+our-ring aromatic hydrocarbons 80
tion in an SOFC with different fuelgl0-16] In this paper ~ Phenolic compounds a

Heterocyclic compounds 5

we present a thermodynamic analysis of carbon deposition

. ip . . Others 10
for tar-laden biomass gasifier fuels which will be presented




196 D. Singh et al. / Journal of Power Sources 142 (2005) 194-199

Table 2 40 0.12
Tar classification system by Bergman et[2B] 5_;; ”
Class  Type Examples £ r 0.10 2
1 Gas chromatography (GC) Biomass fragments, heaviest é %0 1oos E_
undetectable tars tars 8 254 B
2 Heterocyclic compounds Phenol, cresol, quinoline, é 50 | 1 5,06 'g
pyridine 5 ' &
3 Aromatics (1 ring) Toluene, xylene, ethyl O 151 L oioa 2
_ _ benzene ' S 104 \.‘Carbon g
4 Light polyaromatic Naphthalene, indene, = s
hydrocarbons (2-3 rings biphenyl, anthracene, S 5 T o
PAH) fluorine, phenenthrene O
5 Heavy polyaromatic Pyrene, fluoranthene, & - - T . 0.60
hydrocarbonsx*4 rings PAH) benzofluoranthene, perylene 0 200 400 600 800 1000
6 GC detectable, not identified ~ Unknown Current Density, mA/cm?
compounds

Fig. 1. Equilibrium diagram of main species as a function of current density
Table 3 for a mixture comprising 20% CO, 15%,HH10% CQ, 5% H,0, 2% CH,

0, 0, i
Mixture chosen to represent tars 48% Ny, and tar as 2% of the total mixture at 750.

Compound Composition

(wt.%) wherei is the current density in A cri? and F the Faraday’s
Toluene: representing all the one-ring compounds 65 constant.
Naphthalene: representing two-rings compounds 20 For all of the calculations presented here, Bywas used
thonn?;OLean;:sentmg phenclic and other heterocyclic10 to calculate the amount of oxygen for a given current density,
Pyrene: representing three-rings and higher compounds 5 and the area of the cell was taken to be 16cihe carbon

deposition calculations were done at P&80and 150 sccm

of the fuel mixture as a function of current density from
0mAcm2 (open circuit) to 1000 mA crP. Fig. 1 shows

the equilibrium composition as a function of current density
of the main species for a fuel mixture comprising 20% CO,
15% Hp, 10% CQ, 5% H0, 2% CH,;, 48% N> on a mo-

lar basis, and tar as 2% of the total mixture. The main gas
species are shown as mole percent and carbon asthgrs

the secong-axis.

As shown inFig. 1, the main species were CO,>H
CQO,, H20, and (). The amount of ¢) was maximum
(0.104 mg s1) 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?. This current density at which(§
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-

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 greGO;,
CO, KO, CHy, Oz, N2, C7Hg, CioHg, CeHeO, CigHao,
CH3OH, Cg), Cp, C3, H, CH, CH, CHz, N, NO, NG,
N20, N2O3, CoH2, CoHy4, CoHg, CHCO, CHCHO, HCHO,
HCOOH, and G).

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 atthe anode for reaction. The oxygen supplied atthe
cathode undergoes reduction to produce oxygen ions which
diffuse through the 2|rcon|a—.basgd electrolyte to the anode. sity because of higher electrochemical oxidation of hydrogen
For the case of complete diffusion, the amount of oxygen

iiable at th q b lculated using the Farad to water. The amount of carbon monoxide increases signif-
avallable at the anode can be caiculated using the Fara a3i’cantly before the threshold current density. The amount of

law: carbon monoxide decreases after the threshold current, and
i there is a large increase in G@fter the threshold current
No, (mol/cn? s) = — 3 : SIEOSE .
o ( ) 4F @) density. Carbon dioxide increases only slightly before the
Table 4

Threshold current density as a function of tar content for a mixture comprising 20% CO, 1526% CQ, 5% H,0, 2% CH;, 48% N, and tar as a specified
percent of the total mixture at 75C

Tar (mol%) 1 2 3 4 5
Threshold current density (MA ctA) 5 126 248 370 492
Maximum carbon deposition (mg?$) 0.004 Q104 0204 Q305 Q405
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2 40 bon deposition. The equilibrium diagram is showrFig. 3.
Té‘ 35 A As expected, for a given current density, as the steam con-
< 3504 tent increases, the amount of tar that can be presentin a feed
IS co stream without any risk of carbon deposition increases. For
s 2 Hy €O, o the case of open-circuit voltage, as the amount of tars increase
g 20 1 2 from 2 to 5%, there is a three-fold increase in the amount of
O 15 - steam required to eliminate carbon deposition, from 14.7 to
=
3 104 42.8%.
S
Eh
g 4 CH . . 3.3. Effect of temperature
0 200 400 600 800 1000
Current Density, mA/cm? The effect of temperature was studied at open-circuit

voltage for the same mixture (20% CO, 15%,HL0%
Fig. 2. Equilibrium diagram of main species as a function of currentdensity CO,, 5% HO, 2% CH,;, 48% N, and tar as 2% of the
for a mixture comprising 18% CO, 13%H10% CQ, 15% H0, 2% CHy total mixture). The temperature was varied from 600 to
and 42% N and tar as 2% of the total mixture at 750. 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 0.3mgs?! at 600°C and the minimum is 0.04 mg$ at
3.2. Effect of steam content 920°C. The temperature range where the carbon deposition

is at a minimum corresponds to the upper operating range of

To see what effect steam has on carbon deposition equi-sofFCs (800-1001€C). For explanation purposes, the graph

librium calculations were done for composition obtained by ¢an be divided into two regions, one on the left side of the
increasing the mOiSture content Of the mixture to 15%. The minimum carbon deposition point (temperature<920)
feed to the fuel cell comprised 18% CO, 13%,#0% CQ, and the other on the right side (temperature >420 The
15% K0, 2% CH, and 42% N on a molar basis, and tars  amount of carbon dioxide, water, and methane decrease
were again 2% of the total feed stream. The equilibrium dia- COﬂtinuous'y from 600 to 920C after Wthh they are a|most
gramis showniitfrig. 2 There is no deposition of carbon. The  zero. The amount of carbon monoxide increases rapidly from
amounts of hydrogen and carbon monoxide decrease throughsoo to 920°C, and then decreases. The amount of nitrogen
the entire range of current density due to the possible oxida-js almost constant up to 92C€ and decreases slowly with
tion to water and carbon dioxide, respectively, which increase the increase in nitrogen oxide. The amount of hydrogen in-
continuously. The amount of methane is almost zero. The creases up to 92@ and after that becomes almost constant.
trends are Vel’y similar to those ﬁ’lg 1 after the threshold There is an 87% decrease in Carbon from 600 to@and
current density. This thermodynamically shows how altering gn increase of 85% from 920 to 1200. Although the actual
the operating conditions (increasing the steam content) canchemistry is much more complex, the decrease in carbon

minimize carbon deposition. _ before 920C may be attributed to the oxidation reaction
Calculations were also done to obtain the amount of steam

that should be present for a given amount of tar to give no car-

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

0.35
2 50 A1
45 TED T030
=]
40 1 No carbon = - 025 E
35 4 deposition S E
s =
. 30 - g - 0.20 §
o~ 3 @
g 257 5 - 015 O
3 201 < |5
n g -0.10 £
15 = o]
Carbon depaosition =
10 1 . favored = - 0.05
Open Circuit LB.
= 200 mA/em® 400 mAVen? 0 . . 0.00
¢} T T 600 800 1000 1200
! o . 2 Temperature, C
Tar, %

Fig. 4. Equilibrium diagram showing the effect of temperature on carbon
Fig. 3. Equilibrium diagram showing the amount of steam required for a deposition for a mixture comprising 20% CO, 15%, 0% CQ, 5% H,O,
particular tar percentage, to avoid carbon deposition. 2% CHy, 48% N, 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% Gldnd 3% HO.

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

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 afuel. 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 mAcn? at the given composition
(20% CO, 15% H, 10% CQ, 5% H0O, 2% CH;, and 48%

N2) with 2% tar and a temperature of 780. The maximum

D. Singh et al. / Journal of Power Sources 142 (2005) 194-199
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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