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HIGHLIGHTS

e 82 ppmv HCI caused only an immediate and marginal increase in the cell ASR.

® Concentrations of toluene up to 8.4 g/Nm® did not cause cell performance degradation.
® Toluene seems to be partially reformed and oxidised inside the cell anode.

® Low concentrations of HCl seems to partially hinder toluene conversion in the cell.

ARTICLE INFO ABSTRACT

Keywords:
Biomass gasifier

Integrated Biomass Gasifier Solid Oxide Fuel Cell Systems represent an alternative to fossil fuel based power
plants, and direct internal tar reforming allows achieving high efficiency and decreasing system complexity.
SOFC However, at present, tar is removed or reformed externally since there is not yet general agreement on the fate of
HCl these compounds in the anode chamber, and no information is available on the combined effects of tar and other
E?:ect internal tar reforming biosyngas contaminants. In this paper, we present the results of short-term experiments on the cross-influence of
Contaminants cross-influence HCl and tar on Ni-GDC Solid Oxide Fuel Cell anode and on direct internal tar reforming. Initially, the cell was fed

with humidified hydrogen and an increasing concentration of HCI (8, 42 and 82 ppmv) and toluene (2.5, 4.2 and
8.4 g/Nm?®) separately. Successively, 8.4 g/Nm® of toluene and an increasing concentration of HCl were fed to
the cell. We used polarisation and power density curves, and outlet gas composition analysis to evaluate the
contaminants effects. The presence of HCl and toluene caused only a marginal increase in the cell Area Specific
Resistance (around 1.5% when the cell was operated at Open Circuit), and the Area Specific Resistance remained
then constant during the exposure time. However, HCI affects tar reforming decreasing the concentration of CO,
and CO at the cell outlet. The results indicate the feasibility of direct internal toluene reforming and suggest the
revision of currently used tolerance limits based on contaminants cross-influence effects. Extensive research on
this topic is still required.

this technology. The low overall efficiency caused by intermediate
cooling steps necessary for gas cleaning, and complex process scheme

1. Introduction

Great effort has been made in the past years to replace fossil fuels
with clean, renewable and sustainable energy sources and fuels [1,2].
Among these, biomass has features closer to fossil fuels, but due to its
low energy density and scattered distribution, it is necessary to develop
small scale systems to fully exploit its potential in a clean and sus-
tainable manner. In this regard, Integrated Biomass Gasifier Solid Oxide
Fuel Cell Systems have received considerable attention for micro-CHP
generation [3]. However, the removal of biosyngas contaminants, re-
quired to meet SOFCs tolerance limits, is a critical step for the success of
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might represent a barrier for the development of integrated biomass
gasifier SOFC systems.

Hot gas cleaning and direct internal tar reforming are considered
helpful to achieve high efficiency and decrease system complexity, thus
allowing the development of efficient and cost-effective Integrated
Biomass Gasifier Solid Oxide Fuel Cell Systems. In fact, hot gas cleaning
helps to avoid the need for additional equipment and the thermo-
dynamic penalty typical of cold gas cleaning, and direct internal tar
reforming simplifies the system heat management and eliminates the
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Nomenclature

Acronyms

ASR area specific resistance

CCs carbon capture and storage

CHP combined heat and power

DC direct current

EIS electrochemical impedance spectroscopy
GC gas chromatograph

GDC gadolinium-doped ceria

LSM lanthanum strontium manganite

MFC mass flow controller

OoCVv open circuit voltage

PTFE polytetrafluoroethylene

ScSZ scandia stabilized zirconia

SEM-EDS scanning electron microscope and energy dispersive X-ray

spectroscopy

SOFC solid oxide fuel cell

YSZ yttria stabilized zirconia

Symbols

Cin inlet carbon molar flow

Cout outlet carbon molar flow

F Faraday constant

i current density

Po,ye equilibrium oxygen partial pressure at cathode

Posine equilibrium oxygen partial pressure at cathode
universal gas constant

T temperature

\Y voltage

Vnernst ~ Nernst voltage

need of an external tar reformer [4]. Moreover, reforming reactions
being endothermic, direct internal tar reforming reduces the need of
excess cathode air to maintain constant the stack temperature thus in-
creasing further the system efficiency.

Nonetheless, direct internal tar reforming might cause performance
losses due to carbon deposition and even irreversibly damage the cell
due to thermal and mechanical stress [5]. Additionally, depending on
the operating conditions, high temperature gas cleaning is not suitable
for decreasing contaminant concentrations below the ppmv levels. At
these concentrations, other biosyngas contaminants, such as HCI, can
reduce the performances of SOFCs [6] and they might have an impact
on the catalytic reactions occurring in the anode chamber.

Direct internal tar reforming is not a new topic, and it has been
investigated with both thermodynamic equilibrium calculations (e.g.,
[7,8]), and experimental work. Toluene is probably the most used
model tar compound in literature. However, naphthalene [9-11],
benzene [12,13], and real tar mixtures [14-17] have also been used.
Baldinelli et al. studied the effect of 5 and 10 g/Nm?® toluene in a si-
mulated biosyngas mixture on Ni-YSZ. The tested concentration did not
harm the cell and no carbon was observed in post-mortem analysis [18].
Also Madi et al. observed no significant added degradation when up to
4.1 g/Nm?® toluene where fed to a Ni-YSZ cell operating on dry H,, and
even up to 14.4g/Nm® when using simulated biosyngas [19]. Con-
versely, Liu et al. concluded that 6.3 g/Nm> toluene caused carbon
deposition and worsened the performance of Ni-YSZ cells operated with
biosyngas [20]. Papurello et al. observed a large decrease in perfor-
mance when a Ni-YSZ cell was fed with simulated biosyngas and an
amount of toluene as low as 0.1 g/Nm3 [21,22]. This same model tar
was used by Liu et al. with Ni-GDC cells. A toluene concentration of
20 g/Nm?® did not degrade a cell operating under current with simulated
biosyngas [23]. Also Doyle et al. investigated the effect of toluene on
Ni-GDC using simulated biosyngas. Despite the deposition of carbon, as
discovered with post-mortem SEM-EDS analysis, 20 ¢/Nm* actually
increased the cell performance by decreasing the cell ASR and in-
creasing the amount of fuel available due to the tar reforming. How-
ever, 32 g/Nm? dramatically affected the ASR even with a fuel utilisa-
tion close to 70% [24]. Namioka et al. reported a tolerance limit of 3 g/
Nm?® for a SOFC with Ni-ScSZ anode operated at 800 °C and 500 mA/
cm? with humidified hydrogen and a steam to carbon ratio of 1. In-
terestingly, despite no carbon was observed at 10g/Nm?® dis-
appearance of Ni particles was detected with SEM-EDS analysis [25].
The authors ascribed the observation to metal dusting corrosion, as
explained in [26].

Also the effect of HC] contamination on SOFC anodes has been in-
vestigated in the past years [11,27-31]. Recently, Kuramoto et al. found
that Ni-YSZ cells operated at 900 °C with a current density of 150 or

200 mA/cm? were not affected by the presence of 10 ppmv HCl when
fed with simulated post-CCS syngas (H,/Ny/H,0 = 70.9/23.6/5.5 vol
%) [32]. Similar results were obtained by Li et al. and Blesznowski et al.
[33,34]. However, concentrations higher than 100 ppmv were reported
to increase the cell degradation, especially with methane as fuel gas
[35]. Conversely, Madi et al. reported more sever degradation when the
cell was fed with H, rather than with syngas. They explained the ob-
servation by the decrease in HCI adsorption as due to competitive CO
adsorption and oxidation. A degradation of 3.1% per 1000 h was ob-
served already with 10 ppmv HCl in H, [36]. Papurello et al. showed
that below 20 ppmv a cell fed with biogas reformate does not suffer
degradation. Above this concentration, the loss in performance is
probably caused by HCl adsorption on Ni [21].

Despite the presence of scientific work, at present there is not yet
general agreement on the fate of tar in the anode chamber. This is due
to the different anode materials tested, the discrepancies in the oper-
ating conditions, and the various model tar compounds used. Moreover,
different diagnosis methodologies and techniques, and evaluation cri-
teria might affect the conclusions of a study [37]. Regarding HCI, re-
sults are somewhat more congruent. However, the cross influence of
HCI with tar and its effect on direct internal tar reforming has not been
studied yet. This is a crucial issue since tolerance limit currently used in
designing gasifier-SOFC systems are based on single contaminants ef-
fects.

Hot gas cleaning and direct internal tar reforming can improve
system design, and therefore facilitate the development of Integrated
Biomass Gasifier SOFC Systems. However, SOFC tolerance limits to HCI,
tar, and their simultaneous presence are not yet well defined. For this
reason, to the best knowledge of the authors, this paper presents for the
first time in literature the results of experiments on the cross-influence
of HCl and tar. Short-term tests with planar Ni-GDC SOFC using toluene
as model compound and a mixture of humidified hydrogen and ni-
trogen as gas carrier were carried out to investigate the synergistic ef-
fect of HCl and tar on cell performances and on direct internal tar re-
forming.

2. Methodology

In this study, we used a mixture of humidified hydrogen and ni-
trogen as fuel gas. The absence of CO, CO, and CHy in the inlet fuel
allowed to better evaluate the outlet amount of carbon containing
compounds and, therefore, to observe the effect of HCl on tar re-
forming. The HCl concentration tested were 8, 42 and 82 ppmv. The
lowest concentration was selected based on literature results reporting
that up to 9 ppmv did not show any significant impact on hydrogen
oxidation with Ni/GDC cells operated at 750 °C [11].
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Toluene was selected as model tar. This compound has been used by
various research groups since it is one of the most abundant tar species
generated in downdraft gasifiers, it is more difficult to remove than
heavier compounds when cold gas cleaning systems are used, and it is
more reactive than polyaromatic tar compounds (e.g., naphthalene,
pyrene, anthracene) [25,38,39]. Thermodynamic equilibrium calcula-
tions were performed using the software FactSage version 5.4.1
(Thermfact/CRCT, Montreal, Canada and GTT-Technologies, Aachen,
Germany) to assure the cell was operated outside the possible carbon
formation region. Taking as inputs the mass of the reactants, process
temperature, and pressure the software gives as outputs the products
and their amount based on Gibbs Free Energy minimization [40]. To-
luene tested concentration were 2.5, 4.2 and 8.4 g/Nm?>, corresponding
to 611, 1021 and 2059 ppmv.

In all the tests, the cell was operated at 750 °C and nearly atmo-
spheric pressure. An anode flow rate of 1400 NmL/min composed of
33.0vol% H,, 4.2vol% H,0, and balance N, was used in the test. A
cathode flow rate of 1800 NmL/min simulated air was used. The tests
were repeated using another cell to confirm the results obtained.

2.1. Setup and equipment

The test station used in this study is illustrated in Fig. 1. A ceramic
housing with ceramic anode inlet and outlet pipes was used for holding
the cell inside an insulated furnace. Platinum gauzes were used on both
anode and cathode sides for collecting current; the thickness of the
anode current collector was 0.5 mm. The anode side was sealed using a
squared gasket of Thermiculite™ 866 0.5 mm thick while the cathode
side was not sealed. To assure contact between electrodes and current
collector, and to improve the sealing, a weight of 10 kg was placed on
top of the ceramic housing. A planar electrolyte supported cell (H.C.
Starck, Germany) with 100 um thick electrolyte, 40 um anode and
44 ym cathode was used. The anode was made of Ni-GDC and the
cathode LSM mixed with 8YSZ; both electrodes had an area of 81 cm?.
The electrolyte was 8YSZ and had an area of 100 cm?. The flow rates
were regulated using mass flow controllers Bronkhorst EL-FLOW
(Bronkhorst, The Netherlands). Steam was added to the fuel gas stream
by bubbling the H, and N, mixture in a temperature controlled water
bath (humidifier). It was assumed that the gas in the water bath was
constantly in equilibrium with the liquid phase. Therefore, the steam
content is a function of the liquid temperature, according to Antoine’s
equation. The line connecting the humidifier with the SOFC furnace
was trace heated and kept at 125 °C. To add toluene, a fraction of the
dry nitrogen mass flow was bubbled in a temperature controlled bath
(tar evaporator) containing anhydrous toluene 99.8% (Sigma Aldrich,
USA). Similar to the humidifier, the gas in the tar evaporator was as-
sumed to be constantly in equilibrium with the liquid phase. This same
system was already used in the past by Liu et al. and the accuracy of this
assumption was verified by measuring the achievable concentration of
toluene at the outlet of the tar evaporator [23]. To increase the con-
centration of toluene in the total anode gas, the flow rate of nitrogen
passing through the evaporator was increased while the flow rate of
nitrogen by-passing the tar evaporator was decreased. The temperature
of the humidifier was adjusted to maintain constant the steam con-
centration in the total anode gas. The stainless steel pipes after the tar
evaporator was trace heated to 125 °C. Hydrogen chloride was added
using a gas bottle containing 300 ppmv of the contaminant in H, (Linde,
Germany). A PTFE pipe was used for connecting the gas bottle with the
MFC and this with the anode inlet as close as possible to the furnace to
avoid any interaction with the stainless steel piping.

The cell performances were evaluated by means of polarisation (i-V)
curves recorded using an external load PLZ603W (Kikusui Electronics
Corp., Japan) and a DC power supply SM120-25D (Delta Elektronika
B.V., The Netherlands). From the polarisation curve, the Area Specific
Resistance (ASR) was calculated as the secant between two points, as
illustrated in Eq. (1) below
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AV
ASR = A )
where V is the voltage measured, and i the current density drawn from
the cell. Only the linear-behaviour section of the polarisation curve was
considered, corresponding to a current density of 0.01 A/cm? and
0.24 A/cm?. The Open Circuit Voltage (OCV) measured were compared
with the Nernst voltages calculated using Eq. (2) below

RT POZ
Vi ¢ = —In| —~
Nernst 4F [Pozam] ]

(2)
where R is the universal gas constant, T is the cell operating tempera-
ture, F is the Faraday constant and Py, the equilibrium oxygen partial
pressure at cathode and anode sides calculated using FactSage.

The behaviour of toluene in the anode chamber was evaluated by
monitoring the outlet gas composition using a microGC Agilent 490
with a CP-Molsieve 5 A capillary for measuring CO, H», N5 and CH4 and
a PoraPlot U capillary for measuring CO, (Agilent, USA). Before
reaching the microGC, the gas was passed through a condenser and a
desiccator containing silica-gel to remove the moisture contained in the
gas. The anode outlet flow rate was back-calculated from the inlet Ny
flow rate and the N, outlet concentration measured with the microGC.
This was then used to calculate the flow rates of H,, CO, CO, and CHj,.
The values are based on the average of the last 5 gas samples analysed
by the microGC. The results are used for a qualitative analysis of the
trends observed at different operating conditions.

2.2. Testing procedure

The cell was heated up to 800 °C, with a ramp of 30 °C/hour to avoid
excessive thermal stress. A flow rate of 1600 NmL/min N, and
1800 NmL/min simulated air was maintained at anode and cathode,
respectively. The cell was reduced by stepwise increasing the H, con-
tent of the anode flow rate over a period of 4h. The cell temperature
was then increased to 950 °C and maintained for 12 h. The anode flow
rate was then set to 1250 NmL/min H, with 4.2% H,O and a polar-
isation curve was recorded to check the successful reduction of the cell.
Another i-V curve was recorded with the gas composition to be used in
the tests with HCI and toluene, that is 1400 NmL/min with 33.0% hy-
drogen, 4.2% steam and balancing nitrogen. The cell temperature was
then lowered to 750 °C and two polarisation curves were recorded with
these same gas compositions. This last curve was used as reference for

g Q SOFC furnace
Oz [ T T 1
[ T 1

Condenser.

Humidity
adsorber

microGC

Exhaust

Humidifier

Fig. 1. Scheme of the test station.
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the first HCI concentration tested. A reference polarisation curve was
recorded each day of testing to take into account self-degradation of the
cell.

The lowest concentration of HCI, that is 8 ppmv, was then added to
the anode flow rate while the cell was at OCV. A polarisation curve was
recorded two minutes after the addition of the contaminant, that is
approximatively 10 times the minimum time required for the HCI-
containing gas to travel from the mass-flow controller to the cell. A
polarisation curve was recorded after 30 min of exposure to HCl while
keeping the cell at OCV. Successively, a current of 0.08 A/cm? was
drawn from the cell and after 30 min of exposure to HCIl a new polar-
isation curve was recorded. The other HCl concentrations were suc-
cessively tested following the same methodology as above. Fig. 2 shows
the testing procedure followed for the first concentration of HCI tested.

After keeping the cell at OCV with 5% H, and balance N, for two
days, a new reference curve was recorded to be used for the tests with
toluene. In this case, one curve was recorded two minutes after the
addition of the contaminant, and one after 60 min of exposure keeping
the cell at 0.08 A/cm?®. If no degradation was observed, the cell was
exposed to toluene for 60 min at OCV and a new polarisation curve was
recorded at the end of this period. The exposure time was increased in
order to have a stable gas composition at the cell outlet since the silica
gel used to remove moisture also adsorbs CO, [41]. Since current is
reported to be a preventive measure for carbon accumulation, the test
was first done under current and, if no significant negative effect was
observed, also at OCV [8]. The other toluene concentrations were
successively tested following the same methodology.

A new reference test was carried out before proceeding with the
combined effect of HCI and toluene. Also in this case, one curve was
recorded two minutes after adding the contaminants, a second curve
after 60 min of exposure keeping the cell at 0.08 A/cm?, and a final one
after 60 min of exposure with the cell at OCV. The other HCI con-
centrations were successively tested in the same manner and keeping
the amount of toluene equal to 8.4 g/Nm>. Table 1 summarises the tests
performed and the relevant operating conditions.

3. Results and discussion

Fig. 3 shows the Nernst voltage calculated and the OCV measured
during the reduction procedure. Excluding the first value, which was
measured before starting the reduction procedure, the maximum de-
viation between measured and calculated values is lower than 2%, thus
indicating a satisfactory sealing of the setup.

Reference i-V curve

Applied Energy 231 (2018) 1-11

Table 1
Synoptic table summarising the tests performed and the relevant parameters.
Test # HCI concentration  Toluene Operating Duration
(ppmv) concentration (g/ conditions (min)
Nm®)/(ppmv)
1 8 0 ocv 30
2 8 0 0.08 A/cm® 30
3 42 0 ocv 30
4 42 0 0.08 A/cm?® 30
5 82 0 ocv 30
6 82 0 0.08 A/cm® 30
7 0 2.5/611 0.08 A/cm?® 60
8 0 2.5/611 ocv 60
9 0 4.2/1021 0.08 A/cm? 60
10 0 4.2/1021 OoCvV 60
11 0 8.4/2059 0.08 A/cm? 60
12 0 8.4/2059 ocv 60
13 8 8.4/2059 0.08 A/cm?® 60
14 8 8.4/2059 ocv 60
15 42 8.4/2059 0.08 A/cm? 60
16 42 8.4/2059 ocv 60
17 82 8.4/2059 0.08 A/cm? 60
18 82 8.4/2059 ocv 60
1.200
©
1.000 99@o<>°°°6
) g 000
° ]
S 0800
S 0600
.g
E <© Measured voltage
$ 0.400
&g [0}
O Calculated Nernst voltage
0.200
&
0.000
0 50 100 150 200 250

Time (min)

Fig. 3. Comparison between OCV measured and calculated during anode re-
duction at 800 °C.

0.30 i-V after i-V after 30 min i-V after 30 min
2 min exposure exposure @ OCV exposure @ 0.08 A/cm?
0.25
E
© 0.20
<
2
a 0.15
[
k-]
-
[ =
g 0.10
=]
(s}
0.05
0.00
0 10 20 30 40 50 60 70 80
HCl added Time (min) increase HCI

Fig. 2. Example of the testing procedure followed for the first concentration of HCI tested.
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Fig. 4. Polarisation and power density curves of the cell operating at 950 °C and 750 °C with two different anode gas compositions.

Fig. 4 shows polarisation and power density curves measured for
checking the cell performances. Table 2 reports a summary of the most
important parameters, that is measured OCV and calculated Nernst
voltage, ASR and power density at 0.24 A/cm? current. The polarisation
curves recorded at the same temperature but different gas composition
were almost parallel. The power density decreased when H, was diluted
with N, from 221 to 205mW/cm? at 950°C. The ASR increased
markedly from 0.57 Q x cm? at 950 °C to 1.81 Q x cm? at 750 °C. Below
approximatively 0.03 A/cm?, the cell voltage was higher at lower op-
erating temperature. In all the conditions tested, the shape of the cur-
rent-voltage curves indicated that ohmic losses seemed the dominant
contribution to the ASR. This is analogous to what observed by Liu et al.
using a comparable setup [23].

3.1. Effect of HCl

The first concentration of HCI tested (8 ppmv) showed no significant
impact on the cell ASR and power density after 2 min from the injection
and after 30 min of exposure at OCV or under current. Table 3 presents
the ASR and the power density measured after the exposure keeping the
cell at 0.24 A/cm>.

The variation in both ASR and power density were less than 1% with
the tested concentration of HCl. The results are in agreement with
[32,21,33,34,11], and confirm that an HCI concentration of 8-10 ppmv
does not affect the cell performance when H, is the anode fuel gas. The
ASR measured after keeping the cell with 0.08 A/cm? was slightly lower
(around 1.5%) than the reference case. This might have been caused by
a minimal increase in the local cell temperature due to the current flow,
and that was not detectable with the thermocouple. In fact, an increase
in the cell temperature of only 2 °C can cause a decrease in the ASR of a
solid oxide cell of 1-2% [42]. Such modest variations in the cell tem-
perature are not easily measured by the thermocouple that was placed
inside the ceramic housing. Likewise, also 42 ppmv HCI did not affect
the cell negatively, in agreement with what was reported by Bao et al.

Table 2
Comparison of performance at different operating conditions.

Table 3
ASR and power density measured when 8 ppmv HCl are added to the anode gas,
and after 30 min of exposure at OCV and under current.

ASR (Q * cm?) Power density@0.24 A/cm? (mW/

cm?)
Clean gas 1.81 1.45E + 02
After injection 1.81 1.45E + 02
After 30 min@OCV 1.80 1.45E + 02
After 30 min@0.08 A/cm? 1.78 1.46E + 02

[29]. Conversely, the cell ASR rose when the contaminant concentra-
tion was increased to 82 ppmv. However, this increase was only mar-
ginal and in the order of 1.5% after the cell was maintained at OCV
during the exposure and 0.5% after the cell was kept under current.
Moreover, the decrease was observed right after the introduction of the
contaminant and did not get worse with time. Fig. 5 shows polarisation
and power density curves before and after the exposure to 82 ppmv HCl
keeping the cell at OCV. For currents lower than 0.12 A/cm? the voltage
was higher after the exposure to HCI (black asterisks are slightly on top
of the red dots). This might have been due to a minimally higher
concentration of H, caused by the different accuracies of the MFCs
used. In fact, while for H, a MFC with an accuracy of + (0.5% read
value + 0.1% full scale) was used, for the gas mix HCI + H, a MFC with
accuracy of = 1% full scale was used.

The slight performance drop due to the presence of 82 ppmv HCl
might have been caused by HCl adsorbed on Ni, thus reducing the
availability of active sites for H, reduction, as suggested by Trembly
et al. [43]. The effect was not severe, in accordance with the results of
Haga et al., who observed a decrease in performance of 0.017% per
hour [30]. The larger effect observed in our test (0.5-1.5% ASR in-
crease) might have been caused by the lower cell operating temperature
and the presence of N, diluting the H, stream. Also Marina et al. ob-
served performance degradation with similar HCI levels, although the

Temperature (°C) Gas composition Measured OCV (V) Nernst voltage (V) Deviation (%) ASR (Q * cm?) Power density@0.24 A/cm? (mW/cm?)
950 H, - H,0 1.048 1.058 -0.9 0.52 2.21E + 02
950 H, - N, - H;0 0.993 1.002 -0.9 0.57 2.05E + 02
750 H, - H,0 1.089 1.095 -0.6 1.72 1.61E + 02
750 H, - N, - H,0 1.042 1.049 -0.7 1.81 1.45E + 02
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Fig. 5. Cell performance after exposure to 82 ppmv HCI for 30 min at OCV.

increase in the cell series resistance was much higher and equal to
roughly 0.15Q x cm? [27].

In summary, the highest concentration of HCl tested, that is
82 ppmv, caused an increase in the cell ASR. This increase was only
marginal and in the range of 1.5% after the cell was kept at OCV, and
0.5% after the cell was kept under current. Moreover, the effect of the
contaminant was observed as soon as the contaminant reached the cell
anode and the ASR remained then constant during the exposure time.
HCI concentrations as high as 82 ppmv are therefore believed not to
significantly affect Ni-GDC short-term performance when the cell is fed

Hydrogen chloride concentration in biosyngas depends on the
feedstock used and it varies between 2 and 200 ppmv for verge grass
and demolition wood, respectively, and can reach up to thousands
ppmv when straw is used as fuel [44,45]. At high temperature, HCI can
be removed using sorbents based on alkali metals and alkali earth
metals. According to Krishna et al., when sodium or potassium based
sorbents are used, the equilibrium partial pressure of HCl in coal de-
rived syngas is less than 1 ppmv at 500 °C [46]. The concentration of
steam and CO should be taken into account when selecting a sorbent
for HCl removal since they are among the products of the chemisorption
reaction and, therefore, they affect the residual HCI concentration. Eq.
(3) below illustrates the chemisorption reaction when sodium carbo-
nate is used as sorbent.

N32C03 + 2HCl < 2NaCl + H2O + C02 (3)

Based on the results obtained and on the tolerance limits found in
literature, it might appear that HCI does not always require a significant
cleaning effort. This implies a simplified gas cleaning section or an HCl
removal reactor operating above 500 °C. However, these results are
based on the effect of HCI as the only contaminant, and not on cross-
influence studies. Furthermore, at high temperature (above 500 °C), the
concentration of the metal chloride formed in the cleaning step starts to
be above the ppmv level and might harm downstream equipment [46].
Moreover, large quantities of HCl might cause corrosion in other
downstream equipment, especially in the heat recovery section of a
micro-CHP system. Therefore, the implications of having a gas cleaning
unit operating above 500 °C should be analysed not only at cell but also
at system level.

3.2. Effect of tar

Table 4 shows the cell open circuit voltage measured and the Nernst

voltage calculated for the different concentrations of toluene used in the
test. The OCV reported is the one measured after 60 min of exposure to
toluene keeping the cell at open circuit. As proposed by Mermelstein
et al., the increase in OCV can be due to internal catalytic decomposi-
tion and/or reforming of the tar, but also to the direct oxidation of the
tar or of the deposited carbon, which might affect the OCV since they
have a different thermodynamic standard potential than H, [13]. The
deviation between expected and measured value increased with the
toluene content. The higher flow rate of nitrogen passed in the tar
evaporator to increase toluene concentration in the total anode gas
might have reduced the accuracy of the assumption of equilibrium
between toluene liquid and gaseous phase. On the other hand, Nernst
voltage was calculated assuming equilibrium of the gas compounds
present in the anode chamber and this assumption also might be not
accurate, especially when higher concentrations of toluene were used.
A similar explanation was given by Baldinelli et al., who measured a
voltage increase lower than expected when replacing H, and CO with
CH,4. They ascribed the observation to a non-complete reforming of
methane [18]. Moreover, Doyle et al. detected unconverted toluene at
the cell outlet in experiments carried out with a similar setup, thus
confirming that part of the toluene might have been not converted [24].

The ASR and the power density calculated with the different con-
centrations of toluene are presented in Table 5. With all the con-
centration of toluene tested, there was no noticeable increase in the
ASR. Also in this case, after keeping the cell under current for 60 min,
the cell ASR decreased. Fig. 6 shows polarisation and power density
curves of the cell before and after the exposure to 8.4 g/Nm?® toluene at
OCV and under 0.08 A/cm? current. The decrease in ASR after exposure
to toluene keeping the cell under current can be noticed from the larger
voltage difference between reference case and toluene containing cases

Table 4
Comparison of theoretical and measured OCV with different toluene con-
centrations.

Measured OCV (V)  Nernst voltage Deviation (%)
W)

750 °C H, - N, - H,O 1.041 1.049 -0.8
2.5g/Nm? 1.043 1.055 -1.1

611 ppmv toluene
4.2 g/Nm® 1.046 1.059 -1.3

1021 ppmv toluene
8.4g/Nm? 1.051 1.072 -2.0

2059 ppmv toluene
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Table 5
ASR and power density measured when the different concentrations of toluene
are added to the anode gas, after 60 min of exposure at OCV and under current.

ASR Power density@
(Q*cm?) 0.24 A/cm? (mW/
cm?)
Clean gas 2.04 1.31E + 02
After 60 min@ 2.5 g/Nm3 2.04 1.32E + 02
ocv (611 ppmv)
After 60 min@ toluene 1.98 1.35E + 02
0.08 A/cm?
After 60 min@ 4.2 g/Nrn3 2.03 1.33E + 02
ocv (1021 ppmv)
After 60 min@ toluene 1.98 1.36E + 02
0.08 A/cm?
After 60 min@ 8.4 g/Nm3 2.04 1.34E + 02
ocv (2059 ppmv)
After 60 min@ toluene 2.00 1.36E + 02

0.08 A/cm?

at zero current and at 0.24 A/cm? It is reported in literature that
carbon deposition has the ability to improve electrical conductivity of
the anode [47]. However, if the decrease in ASR was due to carbon
deposition, this should have been observed after keeping the cell at
OCV as well. Moreover, according to thermodynamic equilibrium cal-
culation, even at OCV the cell was operating outside the carbon for-
mation region. Therefore, it is more probable that the decrease in ASR
was due to a minor increase in the cell temperature, as observed in the
case of HCL. Fig. 7 shows the C-H-O ternary diagram with the line se-
parating the carbon formation region at 750 °C.

As expected, due to the larger quantity of fuel available at the cell
anode, the power density increased as illustrated in Fig. 8, where the
power density generated at 0.24 A/cm? is shown as a function of the
toluene content.

Despite the different testing conditions, the results obtained are in
agreement with literature [18,23,24]. Madi et al. indicated only 4.1 g/
Nm? toluene as the tolerance limit, but in their tests dry H, was used
[19]. The highest concentration of toluene (8.4 g/NrnS) that did not
cause drop in the cell performance is partially higher than that in-
dicated by Liu et al. and even two orders of magnitude higher than that
indicated by Papurello et al. [20,21]. However, in their studies toluene
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Fig. 7. C-H-O ternary diagram indicating the carbon formation region at 750 °C
and the operating conditions when 8.4 g/Nm? toluene were added.
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Fig. 8. Increase in power density at 0.24 A/cm? after keeping the cell at OCV
for 60 min.

was carried by simulated biosyngas; therefore, other reactions might
have contributed to carbon deposition. Moreover, they have studied Ni-
YSZ cells, and ceria is reported to help the gasification of deposited
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Fig. 6. Polarisation and power density curves of the cell operating at 750 °C before and after 60 min with 8.4 g/Nm?® toluene at OCV and under 0.08 A/cm? current.
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carbon [48].

Table 6 shows the flow rates measured at the outlet of the setup
during the tests. An increase in toluene amount resulted in a higher
content of the compounds formed during its conversion. However, the
higher the toluene content, the lower the ratio between outlet and inlet
molar flow of carbon, which decreased from more than 80% with 2.5 g/
Nm?® to 65% with 8.4 g¢/Nm? toluene, as illustrated in Fig. 9. This is in
accordance with the observed increased deviation between expected
and measured OCV. This might be due to a higher amount of toluene
passing through the anode without any effect or, as previously ex-
plained, to the less accurate assumption of equilibrium between toluene
liquid and gaseous phase. The inlet carbon molar flow was calculated
from the assumed inlet toluene molar flow; the outlet carbon molar
flow is the sum of CO, CO, and CH4 molar flows, but it does not include
toluene or other tar compounds. Moreover, despite no degradation of
cell was observed, the deposition of solid carbon on the cell or in other
parts of the setup cannot be excluded with certainty and further re-
search is required.

When fed with a concentration of toluene up to 8.4 g/Nm>, the cell
did not show signs of degradation if operated under current or at OCV.
The measured OCV was lower than the calculated Nernst potential and
the carbon molar flow rate at the outlet was noticeably less than the
inlet flow rate. Therefore, the tar seems to be partially reformed and
oxidised inside the cell anode.

The possibility to directly reform toluene in the SOFC anode is an
opportunity for decreasing system complexity. The external tar re-
former might in fact be not necessary if tar compounds can be reformed
internally. The results is also interesting for systems with cold gas
cleaning systems since toluene is more difficult to remove than heavier
compounds.

3.3. Combined effect of tar and HCl

Table 7 presents the variations in ASR due to the combined presence
of 8.4 g/Nm?® toluene and an increasing amount of HCl. When the cell
was kept at OCV, the combined presence of 8.4 g¢/Nm® toluene and
8-82 ppmv HCI caused the ASR to increase by roughly 1-1.5%. Dif-
ferently from the case with HCI alone, the addition of 8.4 g/Nm?® to-
luene caused the ASR to increase even with only 8 ppmv HCl. Fig. 10
presents polarisation and power density curves after 60 min exposure at
OCV to simultaneously 8.4 g¢/Nm?® toluene and 82 ppmv HCL. The pre-
sence of toluene increased the cell voltage indicating the occurrence of
reforming even if HCl was present. As in the previous cases, the ASR
decreased as compared to the reference test after keeping the cell under
current. However, this was observed only for the two lowest HCl con-
centrations. In fact, with 82ppmv HCIl the ASR resulted marginally
higher than in the reference case even after keeping the cell under
current. This is similar to what observed when the cell was fed only
with HCL Also in this case, this minor performance drop was observed
right upon the addition of the contaminants and did not become more
severe with time. As previously mentioned for the case of HCl alone and
as reported by Trembly et al. [43], the simultaneous presence of ad-
sorbed HCI and toluene might lead to a decrease in the Ni active sites

Table 6
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Fig. 9. Percentage ratio of outlet and inlet carbon molar flow when the cell was
kept at OCV.

Table 7
ASR variation when 8.4 g/Nm?® toluene and an increasing amount of HCl are
added to the anode gas, after 60 min of exposure at OCV and under current.

HCI concentration ASR deviation after ASR deviation after

(ppmv) 60 min at OCV (%) 60 min@0.08 A/cm? (%)
8 1.1 -1.4

42 1.6 -0.7

82 1.5 0.7

available for H, oxidation.

When HCI was fed together with toluene, the outlet flow rates of
CO5, and CO decreased. Even low concentrations of HCI seemed to affect
tar reforming. Table 8 presents the outlet flow rates. In the same table,
the ratio between the carbon molar flow rate at the outlet and at the
inlet is shown. There was no much difference between the effect of 8
and 42 ppmv, which both decreased the carbon ratio of around 6 per-
centage points with respect to the case without HCl. However, 82 ppmv
HCI caused a significant drop in the outlet carbon molar flow rate. The
ratio between outlet and inlet carbon molar flows reached only around
50% when 82 ppmv HCI were present. The results collected indicate a
clear influence of HCl on the reactions involving toluene in the anode
chamber, in accordance with what observed by Reeping et al. with CH,4
as fuel [35].

Summarising, the simultaneous presence of toluene and HCl caused
a marginal increase in the ASR even at HCI concentrations as low as
8 ppmv. However, this increase was lower than 2% and did not become
more severe with time. The results collected indicate an influence of
HCI on the reactions involving toluene in the anode chamber.

Despite the cell appeared not to be significantly affected by 8 ppmv
HCI alone, it appears it is necessary to lower HCI concentrations below
this value if the system is designed with direct internal reforming. HCL
concentration below 1 ppmv can be obtained at temperature as high as
500 °C. Further research on the cross-influence effect with very low
concentrations of HCI is however required. Cross-influence studies are
fundamental for system development. The results of HCl and toluene

Outlet flow rates measured with increasing concentration of toluene when the cell was kept at OCV and under current.

Measured outlet flow rate (NmL/min)

Reference OCV 2.5 g/Nm® OCV 2.5 g/Nm? current

4.2 g/Nm® OCV

4.2 g/ng current 8.4 g/Nrn3 OoCVv 8.4 g/Nm3 current

H, 436.72 438.08 399.20 441.50 403.12 448.08 411.43
No 889.98 889.98 889.98 885.11 885.11 872.96 872.96
CH4 0.00 0.11 0.05 0.21 0.10 0.53 0.31
Cco 0.00 3.41 3.21 5.73 5.28 10.96 10.50
CO, 0.00 1.63 1.66 1.70 1.95 1.93 2.42
Tot. 1326.69 1333.21 1294.10 1334.26 1295.56 1334.47 1297.63
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Fig. 10. Polarisation and power density curves of the cell operating at 750 °C before and after 60 min with 8.4 g/Nm® toluene and 42 ppmv HCI at OCV.

Table 8

Outlet flow rates measured with 8.4 g/Nm? toluene and increasing concentration of HCl when the cell was kept at OCV and under current.

Measured outlet flow rate (NmL/min)

HCl 0 ppmv OCV 0 ppmv current 8 ppmv OCV 8 ppmv current 42 ppmv OCV 42 ppmv current 82 ppmv OCV 82 ppmv current
H, 448.08 411.43 446.85 409.99 452.56 415.30 443.27 405.22

N, 872.96 872.96 872.96 872.96 872.96 872.96 872.96 872.96

CH4 0.53 0.31 0.53 0.31 0.66 0.36 0.42 0.24

co 10.96 10.50 9.88 9.88 9.88 9.57 8.59 8.47

CO, 1.93 2.42 1.76 2.26 1.74 2.21 1.59 2.07

Tot. 1334.47 1297.63 1331.99 1295.41 1337.81 1300.40 1326.83 1288.98
Cout/Cin 66% 65% 60% 61% 60% 59% 52% 53%

separately might lead to the conclusion that toluene is internally re-
formed and that SOFC tolerance limit of HCI is above 10 ppmv.
However, when a system is designed with direct internal tar reforming,
the results of this study indicate that HCl concentration should be
lowered below few ppmv.

3.4. Observations and future work

When toluene was introduced in the anode flow, besides CO and
CO,, also CH, was measured at the outlet of the setup and its amount
increased with increasing inlet concentration of toluene. Table 9 shows
the calculated equilibrium outlet gas composition when 8.4 g/Nm? to-
luene were introduced.

The presence of methane was expected if equilibrium conditions
were achieved. However, the formation pathway of methane is not
known. Mermelstein et al. observed CH, formation while reforming
benzene carried by humidified H, over Ni-YSZ and Ni-GDC. They
concluded that the methane was formed via methanation since benzene
remains adsorbed with steam on the Ni catalyst until all the carbon
atoms are converted to CO or CO,, as suggested also by Coll et al.
[12,39]. Methanation might also be the origin of CH, observed in our
tests. However, toluene and benzene have a very different structure
with the former presenting a methyl group attached to the phenyl group
which might be the responsible for the presence of methane [49].

Moreover, formation of methane from toluene in hydrogen atmosphere
and more in general from tar reforming has been previously reported in
literature [50,51]. This pathway might also explain the observed effect
of HCI on CH, concentration. When 42 ppmv HCI were present, an in-
crease in the CH4 content was observed. This might have been caused
by HCI preventing the methane generated from the methyl group to be
reformed. When HCI concentration is increased to 82 ppmv, even the
adsorption of toluene on Ni is possibly hindered, thus preventing the
release of the methyl groups and the formation of methane. Further
research is required to understand the mechanism responsible for the
observed CH,4 behaviour, and the hindering of reforming caused by the
presence of HCl. Electrochemical Impedance Spectroscopy (EIS) and

Table 9
Comparison between measured and equilibrium gas composition at cell outlet
with 8.4 g/Nm? toluene.

Equilibrium composition (vol% dry =~ Measured concentration (vol% dry

basis) basis)
H, 36.42 33.58
N, 62.12 65.42
CH; 0.05 0.04
co 1.28 0.82
co, 0.13 0.14
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post-mortem analysis with Scanning Electron Microscope and Energy
Dispersive X-ray Spectroscopy (SEM-EDS) are suggested for a more
detailed understanding of the mechanism behind the observations re-
ported in this work. Moreover, the concentration of toluene should be
measured at the cell outlet to properly quantify the extent of reforming
taking place in the anode chamber.

The results obtained on the effect of HCI should be extended with
long term tests using biosyngas. The contaminant might in fact compete
with the other biosyngas compounds for the Ni active sites and worsen
the cell degradation rate. For what concerns tar, despite toluene is the
most abundant tar species generated in downdraft gasifiers, and it is
more reactive than polyaromatic tar compounds, long term tests using
real tar from gasifiers and biosyngas are suggested. Moreover, since HCL
seems to affect reforming, degradation might appear in long-term tests
due to fuel starvation close to the anode outlet. These tests are re-
commended before coming up with final gas cleaning unit designs for
Integrated Biomass Gasifier SOFC Systems.

4. Conclusions

This work is part of a series of studies undertaken in order to im-
prove the design of Integrated Biomass Gasifier Solid Oxide Fuel Cell
Systems by generating detailed understanding of the cross-influence of
HCI and toluene as a model tar on Solid Oxide Fuel Cell. With present
days knowledge, in these systems tar compounds are removed or re-
formed externally since no complete understanding of their fate in Solid
Oxide Fuel Cell anode is available in literature. For what concerns HCI,
its concentration is decreased in the ppmv range. However, tolerance
limits used in designing gas cleaning units for gasifier-Solid Oxide Fuel
Cell systems are based on single contaminants effects. This might result
in incorrect understanding of Solid Oxide Fuel Cell tolerance limits, and
improper design of the system gas cleaning unit. Therefore, experiments
were carried out to evaluate the possibility of reforming tar internally,
the synergistic effect of HCl and toluene as model tar on cell perfor-
mances, and the effect of HCI on direct internal tar reforming.

The highest concentration of HCl tested, 82 ppmv, caused only a
marginal increase in the cell ASR (around 1.5% when the cell was op-
erated at Open Circuit). However, the Area Specific Resistance then
remained constant during the exposure time. This amount of HCI is
therefore believed not to significantly affect Ni-GDC anodes when fed
with H,. Concentrations of toluene up to 8.4g/Nm> did not cause
performance degradation. Toluene seems to be partially reformed and
oxidised inside the cell anode. When toluene and HCl are simulta-
neously present, a marginal increase in the ASR was observed even at
HCI concentrations as low as 8 ppmv. However, this increase was lower
than 2% and remained then constant during the exposure. Nonetheless,
HCl seemed to partially hinder toluene conversion in the anode
chamber, even at low concentration.

The results obtained give a useful insight in the interaction between
HCI, tar, and the cell anode material. HCl seems not to be a deleterious
contaminant at the concentrations tested, thus indicating the possibility
of simplifying the system gas cleaning unit. Also the possibility to re-
form toluene internally in the Solid Oxide Fuel Cell represent an op-
portunity to further decrease system complexity. However, even if the
simultaneous presence of the two contaminants does not significantly
damage the cell, HCI influences direct internal tar reforming. The
system gas cleaning unit should be therefore designed keeping in mind
that tolerance limits differ depending on what are the reactions ex-
pected to occur in the Solid Oxide Fuel Cell.

The exposure time in these tests was very short, and the gas com-
position used was a mixture of H, and N, as opposed to biosyngas,
where these contaminants are usually found. Therefore, the feasibility
of direct internal tar reforming and the influence of HCl have to be
studied in detail by long term tests using biosyngas as tar gas carrier
and real tar from gasifiers. Extensive studies are required before coming
up with final gas cleaning unit designs for systems with direct internal
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reforming. Studying contaminants cross-influence is fundamental to
assure safe and efficient operation of Integrated Biomass Gasifier Solid
Oxide Fuel Cell Systems.
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