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Abstract

The present work investigates the performance of anode supported solid oxide fuel cells under the
influence of different trace compounds. Electrochemical impedance spectroscopy (EIS) has been
used to deconvolute the impedance spectra of an SOFC in order to identify the main losses. The
impact of single and double contaminants on the SOFC performance has also been investigated.
Typical biogas trace contaminants, obtained after a clean-up stage, such as sulfur, chlorine,
aromatic compounds and siloxanes, have been taken into consideration. The results show how the
ohmic contribution is almost independent of the H>S concentration. H2S acts mainly on the
polarization losses and especially on the mass transport resistance. The impact of HCI on the SOFC
performance is mainly connected to the charge transfer process. D4, as the model compound for
siloxanes, already acts on SOFC performance at ppb(v) levels. The polarization losses have been
influenced the most, and the largest increase has been recorded for the low frequency term, Riow,
related to the mass transport resistance for naphthalene and toluene. H»S, introduced with other
contaminants, causes the instantaneous deterioration of the SOFC performance and the more the

types of contaminants co-fed to the SOFC, the larger the initial anode degradation.

Keywords

Trace compounds, Biogas, SOFC, anode based fuel cell, Electrochemical Impedance Spectroscopy

(EIS), Nyquist diagram.

Nomenclature

ASC, Anode Supported Cell;

ASR, Area Specific Resistance;

CPE, Constant Phase Element;

DIR, Direct Internal Reforming;

EIS, Electrochemical Impedance Spectroscopy;

FU, Fuel Utilization;
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OCV, Open Circuit Voltage;
OFMSW, Organic Fraction of Municipal Solid Waste;
POx, Partial Oxidation;

ppb(V), parts per billion by volume;
ppm(Vv), parts per million by volume;
Re, ohmic resistance;

Rp, polarization resistance;

S/C, Steam to Carbon ratio;

SOFC, Solid Oxide Fuel Cell;

TCE, Tetrachloroethylene;

TOFC, TOpsoe Fuel Cell;

TPB, Three Phase Boundary;

VOCs, Volatile Organic Compounds;
WGS, Water Gas Shift;

WWTPs, Waste Water Treatment Plants.

Introduction

Among all the different fuel cells that are available, Solid Oxide Fuel Cells (SOFCs) can be
considered as the most flexible energy generators in relation to fuel selections [1][2][3]. SOFC
systems offer electrical efficiencies of more than 50%, even for small-case units with low calorific
fuels [1][4]. Various types of fuels can be adopted, from fossil fuels to biogenous fuels
[51[3][1][6][7]- The possible fossil fuels for SOFCs include kerosene, gasoline, natural gas, coal gas
and liquid petroleum gas. Fuels from renewable matrices, mostly biogas, are appropriate for high
temperature fuel cell energy production. Biogenous fuels, with respect to fossil fuels, allow the

global warming potential impact to be reduced in order to meet EU 20-20-20 requirements. The
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European climate and energy change protocol, EU 20-20-20, incorporates these points in order to
reduce the energy demand from fossil fuels that are not renewable, and to increase the exploitation
of resources that are already distributed locally [5][8]. However, these practical fuels contain minor
constituents as impurities. These impurities are mainly volatile organic compounds (VOCs), which
are contained in a biogas mixture that originates from the dry anaerobic digestion of the organic
fraction of municipal solid waste (OFMSW) [9]. As reported by Papurello et al., (2014, 2015,
2015(1)), a gas cleaning section is mandatory to feed a SOFC generator due to the stringent VOC
requirements currently in force, which are especially rigorous as far as sulfur, chlorine and siloxane
compounds are concerned [1,10,11]. Sigot et al., (2015) have provided another example of sulfur
and siloxane removal for biogas conversion in a solid oxide fuel cell [12] in which the SOFC
tolerance limits for trace contaminants have been matched with already available gas cleaning
technologies. Sasaki et al., (2011) investigated the chemical degradation of SOFCs with trace
compounds through long-term poisoning tests of up to 3000 h, in which microstructural
observations were considered [5]. HoS, PHs, Cl; and Ds were among the trace compounds that
Sasaki et al., (2011) investigated, together with their effect on an NiScSz anode based fuel cell. The
compounds with the most detrimental effects on SOFC performance are H>S, HCI and siloxanes
[5,13-18]. As reported by Haga et al. (2008), D5 was selected as the model compound for
siloxanes, and 10 ppm(v) was demonstrated to be fatal for SOFCs [19]. No studies have been
conducted on siloxanes at ultra-low concentrations, even though they seem to have an important
influence on cell performances at the ppm(v) level [20]. In order to conduct a detailed investigation
into the effect of VOCs on the performance of SOFCs, proper testing and modeling tools have to be

identified, especially considering the remarkable growth in SOFC pilot plant applications [1].

These following methods have been used to detect the performance limiting factors of an in-
operating fuel cell. A powerful method adopted to analyze fuel cell operation and diagnostics is

electrochemical impedance spectroscopy (EIS) [21-27]. The use of EIS analysis as a diagnosis tool
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is well known at a laboratory level. EIS analysis could be adopted for the on-line diagnostics of
operating fuel cell stacks in order to follow and to investigate the SOFC performance of real
machines. The other possible methods that could be used as alternatives to investigate cell
performance losses could be detrimental for cell operation. For instance, if I-V curve analysis is
adopted for the evaluation of the area specific resistance (ASR) for each test condition, detrimental
problems could arise related to the current density variation and these could compromise the
integrity of the entire test. Leone et al., (2013) conducted an interesting study on the limiting factors
for a planar SOFC under different flow and temperature conditions with EIS analysis [27]. The EIS
analysis of a fuel cell is carried out under transient and almost equilibrium conditions in order to
avoid causing rapid changes in the current [23,26-31] . Two possible conditions can be selected: an
open circuit voltage (OCV) or a current density value. In the latter case, polarization of the cell
becomes an independent variable. The potential difference between the thermodynamic open circuit
potential and the operational potential is the polarization or the overpotential of a fuel cell [32]. This
voltage loss is a function of the current density, and it mainly depends on the processes that occur
during fuel cell operation. It is generally difficult to interpret the obtained impedance diagrams. For
this reason, a specific method is adopted for the EIS spectra deconvolution to separate the ASR
value into the different contributions that describe the cell losses related to the cell functional layers
[23,28-31]. Three main potential losses [33] can be recognized and connected to: (i) the ohmic
resistances of the materials and interfaces due to the transport of ions and electrons through the
materials; (i) concentration polarizations that are caused by the resistance to fuel and oxidant mass
transport through the electrodes; (iii) activation polarizations related to the electrochemical
reactions of the electrolyte/electrodes. With these techniques, impedance diagrams can at least
provide a breakdown of the total loss (ASR). The ASR value can be divided into ohmic resistance,
Re, measured at high frequency, and polarization resistance, Rp, measured at medium and low

frequencies, reflecting losses due to chemical, electrochemical, and transport processes.
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The goal of this work was to investigate cell performance losses related to the different trace

compound concentrations contained in a biogenous fuel adopting an EIS analysis.

Materials and methods

A simulated gas mixture representing different fuel conditions has been considered with different
trace compounds. Experiments were performed with nickel-based anode supported solid oxide fuel
cells (ASC). Three circular planar type seal-less anode supported cells were used. The tested cells

have a diameter of 80 mm and a screen printed cathode of 78 mm:

1. the ASC700 cell (SOFCpower, Italy) consists of a 240-260 pm porous Ni/8YSZ anode support,
a 8-10 um dense electrolyte YSZ and a 50-60 um porous GDC/LSCF cathode bilayer;

2. the ASC4 cell (H.C. Starck, Germany) consists of a 465-555 pum porous NiO/YSZ anode
support with a 5-10 um NiO/YSZ porous active layer, a 4-6 um dense electrolyte YSZ and a
2.4 um YDC blocking layer plus a 30-60 um porous LSCF cathode layer;

3. the TOFC cell (Topsoe fuel cell, Denmark) consists of a porous Ni/8YSZ anode support, a

dense electrolyte YSZ and a porous CGO/LSCF cathode bilayer.

The design of SOFC supported anodes has been extensively investigated over the last few years
because of their relatively easy of manufacturing and potentially high power density. Moreover, the
cathode material of LSCFs has been investigated for intermediate temperature SOFC applications
[23,28-33] and a polarization resistance of 0.018 Qcm? has been shown at 750 °C as well as

relative stability (400% of increased polarization resistance in 700 h) [34].

Planar SOFCs have been used for the experimental test session. They were fed with synthetic
biogas and syngas obtained by mixing pure gas feeds from CHs, CO,, CO, N> and H> cylinders
(Siad, Italy). A variable concentration of trace compounds was added to the fuel stream. If it is not
explicitly reported the trace compound was added to the fuel mixture and the EIS analysis was

conducted after a stabilization time within 2 h. An extensive experimental campaign was scheduled

6
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and the details are reported in Table 1. The experiments were performed by varying the fuel

composition and the trace compound concentrations in order to investigate SOFC losses.

Pollutant Conc. Cell Hm com €9 CH: om0 HO T Fuel
test Range adopted  min™) min™) (ml (ml min™) (ml gh") (0O FU condition
(ppm(v)) p min') min') min') 8
H’; Ill‘:gh 08464  ASC700 1515 1364 68.2 15.2 386.4 60.2 29 750 300  Syngas
1 0,
H:S high 0.8-6.7 ASC4 250 0 417 62.5 0 1245 6 750 209 PIRS0%
conc. biogas
- 0,
H.S low 0.078 ASC4 250 0 417 62.5 0 124.5 6 750 209 PIR0%
conc. 0.174 biogas
HCI 1-1000  ASC700 348 133.7 62.1 5 136.5 658 750 299  Dblogas
reformate
biogas
D4 0.11-1.92  TOFC 348 133.7 62.1 5 136.5 6.58 750 208
reformate
C7Hj 38242  ASC700 1515 136.4 68.2 15.2 3864  269.8 13 750 300  Syngas
C1oHs 093 ASC700 1515 136.4 68.2 15.2 3864  269.8 13 750 300  Syngas
0,
CH; 371.2 ASC700 250 0 ) 63 0 0.0 0 750 20.8 P]?i’; ;‘?f’
0,
H,S 1.34 ASC700 250 0 ) 63 0 0.0 0 750 208 POX30%
biogas
H,S +C,Cl,  0-4/1.70  ASC700 1515 1364 68.2 15.2 3864 2698 13 750 300  Syngas
0,
H,S+C;H, 1.34/3712  ASC700 250 0 ) 63 0 0.0 0 750 20.8 Pgi’(‘) gsff
H,S + C;Hj 4/3.7 ASC700 1515 136.4 68.2 15.2 3864  269.8 13 750 300  Syngas

Table 1 — Test conditions.
The oxidant flow (air) at the cathode side was 0.5 NI min"! during the start-up and shut-down
procedures, otherwise it was fixed at 1.2 NI min™ for all the performed experiments. The fuel gas
mixtures, contained in certified gas bottles (Siad spa, Italy), were fed to the anode and regulated by
means of mass flow controllers (Bronkhorst, The Netherlands). All the cells were first activated
with hydrogen. The fuel mixture was restored to clean conditions after each poisoning phase with

the trace compound of interest. Four gas mixtures were adopted for the experimental tests:

1. A syngas mixture, used to represent a wood gasification plant.

2. A direct internal reforming case (DIR 50%), used to represent a mixture of biogas reformed
internally with steam (50% vol.-electrochemical), while the remaining part was reformed
externally.

3. A partial oxidation case (POx 50%), used to represent a biogas mixture reformed internally with

air (50% vol.-electrochemical), while the remaining part was reformed externally.
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4. A biogas reformate case, used to represent a biogas mixture completely reformed externally in a

steam reformer with a steam-to-carbon (S/C) ratio equal to 2.

The electrochemical characterization of the fuel cell was carried out with an electronic load
(Kikusui Electronics Corp., Japan) in conjunction with an additional power supply in current-
following mode (Delta Elektronica, The Netherlands). Electrochemical impedance spectroscopy
analyses were performed using a GAMRY FC350 in the 10 Hz to 300 kHz range. The oven
temperature was kept constant at 750 °C. Temperature control was provided by a thermocouple
placed in the center of the anodic ceramic housing, 1 mm from the anode surface. The seal-less cell
arrangement was adopted to allow the excess fuel and oxidant in the outer border of the cell to
combust. Nickel and platinum double meshes were used for current collection at the anode and

cathode electrodes, respectively.

Results

The electrochemical impedance analysis results are reported in this section. The analysis focused on
a more detailed investigation of cell performance, which was affected by the trace compounds
through the deconvolution of the impedance spectrum. The Nyquist diagrams that were obtained for
the different measurement conditions are also reported. The behavior of the cell was simulated by
means of the equivalent electrical circuit shown in figure 1, and the impedance data were analyzed
at different trace compound concentrations. The equivalent circuit is constituted by the ohmic
resistance, Re and two parallel combinations of a resistance and a constant phase element, CPE
[25]. The polarization resistance, Rp, is obtained by summing the Rnigh and Riow resistances. The
first term is related to the electrochemical processes that take place at the electrodes, whereas the

second contribution accounts for the mass transport phenomena [35].
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Figure 1 — Equivalent fuel cell circuit: Re, Ruigh and CPEnign are associated with the high frequency semi-circle,

Riow and CPEjow with the low frequency semi-circle.

The influence of Hydrogen sulfide on SOFC performance

The main pollutant compound for SOFC operation is widely recognized to be HoS [3,13-15,36-38].
As reported elsewhere, the H2S concentration is one of the main trace compounds contained in a
biogas mixture [9]. Four separate tests were carried out with three different commercial cells:
ASC4, ASC700 and TOFC. The operating temperature was fixed at 750 °C, while the current
density was fixed at 0.32 A cm™. The first test was carried out in order to investigate the impact of
H>S on cell performance, considering a concentration ranging from 0.8 to 6.4 ppm(v), with a
mixture that simulates a syngas produced from a wood gasifier. This concentration range has here
been named “high concentration”, as it is high compared to the limit H>S concentration value
currently fixed for SOFCs, which is around 1 ppm(v) [5,6,39—41]. The second test considered the
same H»S concentration range in order to simulate the partial direct internal reforming (DIR 50%)
of a biogas mixture derived from, for example, an anaerobic digestion process. In the next step, the
H>S test was conducted with the goal of testing the H>S concentration limit and studying its impact
on SOFCs in a POx biogas mixture. Finally, a low H»S range, from 78 to 174 ppb(v), was tested to

identify any changes in SOFC performance.

High H>S concentration test
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Figure 2 depicts the Nyquist diagram for the ASC700 cell with a variable H>S concentration, while

figure 3 shows the Nyquist diagram for the ASC4 cell.

-Z Imag (Qcm?)

1,00
0,90
0,80

0,70

N
S
S S S

=
(8]
o

H2S 0

OH2S 0.8 ppmv
AH2S 0.9 ppmv
OH2S 1.3 ppmv
<& H2S 1.7 ppmv
CJH2S 2.4 ppmv
AH2S 4 ppmv

OH2S 5.4 ppmv
<O H2S 6.4 ppmv

ASC700

0,20 0,40 0,60 0,80 1,00 1,20
Z Real (Qcm?)

Figure 2 — Nyquist diagram for variations of the HzS concentration — ASC700.
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Figure 3 — Nyquist diagram for variations of the H:S concentration — ASC4.
The ohmic contribution to the ASR value represents the materials and interface resistances due to
the transport of ions and electrons through the materials. This value is almost independent of the
fuel composition and it is only minimally affected by the HoS concentration value, as shown in
figures 2-3 and 4-5. Comparing the ohmic value of ASC700 and ASC4, it is evident that the latter
shows a higher value. This is due to the lower fuel flow compared to the ASC700 case (N> content),
which causes air backflow. The reason for this air backflow is that the seal-less design could lead to
nickel oxidation. The nitrogen content, which on one hand allows nickel oxidation to be avoided, on
the other hand, causes a dilution effect of the gas mixture, thereby increasing the total ASR value
(see the ASC700 cell results). The H>S concentration, as reported in figures 2-3 and 4-5, does not
cause an important variation of the ohmic resistance value, but instead acts on the Rnigh and Riow
values. By increasing the HaoS concentration, an increase in the low frequency circle amplitude is

obtained, compared to the high frequency circle (see figures 2-3). This result can also be confirmed

11



202 by observing figures 4-5, where the Rp2 (Riow) trend rises when the H>S concentration increases.
203  This is due to the mass transport resistance through the electrodes caused by the sulfur blocking
204  sites. An increase in the Rnign value is also registered when the H2S concentration rises. This is due
205  to the three phase boundary (TPB) reduction from the nickel active sites which is blocked by the

206  sulfur compound.

10
m Re ASC700
9 1+ mRpl ASC700
L = Rp2 ASC700
8 .

Resistance (mQ2)

0 0,8 0,9 1,3 1,7 2,4 4 5,4 6,4
207 H,S concentration (ppm(v))
208 Figure 4 — Re and Rp values for variations of the HzS concentration — ASC700.
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Figure S — Re and Rp values for variations of the HzS concentration — ASC4.
Figure 3 shows that, after the H.S “high concentration” test, the cell performance is irreversibly
affected, as shown by the Nyquist profile for H> before and after the H2S. As reported above,
pollutants affect the performance of a SOFC and the voltage potential of a single cell, in terms of

electrical power, which is reduced according to the following equation:

AP=AR-I* (eq.1)

Where AP is the power loss due to the variation of the overall resistance of the cell (AR), which is

obtained from the sum of the ohmic and polarization contributions.

Considering an H>S concentration in the 0.8 to 6.4 ppm(v) range, the power loss increases by up to
10.7%, compared to the nominal power value. This means that if the exposure time to the pollutants

is increased, the electrical power loss will also increase, due to an overall higher ASR value.

H>S threshold value test

13
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Figure 6 depicts the Nyquist diagram for the POx test, with the threshold concentration value of
H,S fixed at 1 ppm(v) on the basis of results from literature studies. The gas mixture has an
important effect on the ohmic value, and a high increase is recorded, compared to the ASC4 case
with “high sulfur concentration values”. This is due to the amount of air that is added to the reactive
fuel sent to the anode side, which may cause combustion and Ni oxidation phenomena. Even at this
concentration value, the H>S concentration influences the polarization losses and, more precisely,

the mass transport (Riow), and, to a lesser extent, the electrochemical contribution (Rhign).

1,00

0,90 _ clean mixture
CH2S 1.34 ppmv - 47h

0,80 +

0,70 4

=

[N

(e
I

-Z Imag (Qcm?)
S L
B [
[e) [e)

=

(%)

(e
I

0,20

000 o o o ¢ o A —8.
0,00 0,20 0,40 0,60 0,80 1,00
Z Real (Qcm?)

Figure 6 — Nyquist diagram for the H:S threshold concentration value — ASC700.
It has been found that increasing the exposure time to the H>S concentration raises the total ASR
value. This is mainly due to the mass transport limitation, caused by Sulfur adsorption on active
sites, as can be seen by observing the amplitude of the low frequency circle, which increases more

than the high frequency circle (see figure 7).
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Figure 7 — Nyquist diagram for the H:S threshold concentration value — time variation — ASC700.

Low H»S concentration test

Figure 8 shows the Nyquist diagram for an SOFC cell fed with a gas mixture in which increasing
concentrations of H»S, that is, from 78 ppb(v) to 174 ppb(v), have been added. These H>S
concentration values are below the tolerable threshold value of 1 ppm(v). In fact, Figure 9 shows an
almost constant trend for the three different contributions to the ASR value. It appears evident that
these H2S concentrations are well tolerated by the SOFC cell. The ohmic resistance is the main
contribution. The ohmic losses account for more than 50% of the total cell resistance, and an
enhancement of the performance could be achieved by developing thin layer electrolytes and

improved interfaces.

15



246

247

248

1,00

0,90
0,80 +

0,70 +

=

D

S
L

-Z Imag (Qcm?)
SL
B [0
(e (e

0,30 1

0,20

0,00 [ —_—— “ 1 Q.

CJH2S 0 ppbv
AH2S 78 ppbv

H2S 96 ppbv
OH2S 117 ppbv
AH2S 146 ppbv
OH2S 174 ppbv
OH2

0,2 Hz

0,00

0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90

Z Real (Qcm?)

Figure 8 — Nyquist diagram for variations of the HzS “low concentration level” — ASC4.

Resistance (mQ)
S A A
(e (e (e (e (e

[S—
=]

o
o

ERe
ERpl
= Rp2

78 96 117 146 174
H,S concentration (ppb(v))

16



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

Figure 9 — Re and Rp values for variations of the H:S “low concentration level” — ASC4.
Figure 8 shows how the ohmic contribution is low in the H> case, compared to the mixture adopted

with the pollutants. This is due to the different electrochemical molar flows that are available.

If Ha2S concentrations ranging from 78 to 174 ppb(v) are considered, the power loss remains quite
stable and ranges from 0.13 — 0.4% of the nominal power value at zero time. This means that if the

exposure time to the pollutants is increased, the electrical power loss will remain unchanged.

The influence of Hydrogen chloride on SOFC performance

The dependence of hydrogen chloride on the limiting factors of an anode supported fuel cell has
been investigated, considering the addition of a variable concentration of HCl, ranging from 1
ppm(v) to 1000 ppm(v), to the gas reformate mixture. Figure 10 shows the Nyquist diagram with
variations in the HCI concentration content in the gas mixture. Increasing the HCI content to 100,
500 or even 1000 ppm(Vv), does not result in a notable increase in ASR. Figure 11 clearly highlights
how, below 20 ppm(v), the HCI concentration does not affect the SOFC performance. The three
contributions to the EIS analysis are almost constant. If the HCI concentration is increased from 40
to 1000 ppm(Vv), the most influential contribution is from Ruign . The first circle, related to the high
frequency, rises and the trace compound concentration therefore increases. This circle is related to
the electrochemical processes that occur at the electrodes. In accordance with these results, it has
been shown how the Ni catalyst mainly acts by adsorbing HCI. HCI behaves in a similar way to

H>S, but less aggressively; in fact, the tolerable limit appears to be around 20 ppm(v) or more.

These results are in agreement with those of Cayan et al., (2008), where HCI was added to an anode
supported fuel cell (NiYSZ/YSZ/LSM) and unstable performance occurred at 40 and 160 ppm(v)
[42]. Another study by Aravind et al., (2008) has shown how the impact of 9 ppm(v) of HCI on an
NiGDC anode supported fuel cell produced no significant losses [43]. Another study on an NiYSZ

cell with HC1 + NH3 (1 ppm(v) + 5000 ppm(v)) has shown no significant performance degradation

17



273 [44]. Ammonia, which is often present in coal syngas, does not represent a pollutant for SOFCs, as
274 reported by Cayan et al., (2008) [42]. According to Haga et al., (2008), chlorine compounds react

275  with Ni particles [19]. The formation of NiCl, may be described by reaction (1):

276 CL(g)+ Ni(s) <> NiCL(s,g) (eq.2)
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278 Figure 10 — Nyquist diagram for variations of the HCI concentration — ASC700.
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Figure 11 — Re and Rp values for variations of the HCI concentration — ASC700.
If HCI concentrations ranging from 1 to 1000 ppm(v) are considered, the related power losses
remain quite stable, and range from 0.17 — 0.3% of the nominal power. This means that if the
exposure time to the pollutants is increased, the electrical power loss will remain unchanged. This is
due to compensation among the resistance terms, as can be seen in figure 11. The ohmic
contribution increases for lower values of the polarization terms at lower HCI concentrations, while

the ohmic value decreases and the polarization term increases for higher HCI concentrations.

The influence of Octamethylcyclotetrasiloxane on SOFC performance

Siloxanes, which are organosilicon compounds, are often contained in the biogas obtained from the
anaerobic digestion of sewage sludge and, to a lesser extent, in the biogas of OFMSW. Siloxanes
originate from many different industrial processes and consumer products, such as hygiene
products, cosmetics and biopharmaceuticals, fuel additives, car waxes, detergents and antifoams

[45,46]. The influence of siloxanes on SOFC performance has been studied by a few researchers.
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Haga et al., (2008) showed that changes in cell voltage occurred when adding 10 ppm(v) of D5 in
3%-humidified Hz at 800 °C, 900 °C, and 1000 °C. The cell voltage decreased gradually in time
and, after 30-50 h, resulted in a fatal degradation of the cell performance. This degradation was
confirmed from an observation of the formation of SiO; (s) in the porous cermet anodes. Madi et al.,
(2015) studied the effect of D4 in a single anode based SOFC [20]. The results highlighted an
important influence of siloxanes on SOFC performance. In the present study,
octamethylcyclotetrasiloxane (D4) was tested with a biogas reformate mixture in a commercial
TOFC cell. The concentration ranged from 111 ppb(v) to 1.92 ppm(v). This concentration range
was selected to reproduce a possible biogas mixture from a real plant. In fact, data recorded from a
real WWTP (SMAT site) showed a D4 concentration that ranged from 0.1 to 0.25 ppm(v) and an
L4 concentration that ranged from 0.2 to 0.92 ppm(v). Figure 12 depicts the Nyquist diagram for
the TOFC cell fed with a variable D4 concentration. Figure 13 shows the three contributions to the
cell losses. As can be seen from the results, if the D4 concentration is increased, the Rpign value
rises, while the other two terms remain constant. The upper right part of Figure 12 shows how the
cell performance is irreversibly affected by the D4 test. This is due to silica precipitation, which

may cause a decrease in the active triple phase boundary (TPB) areas.
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Figure 13 — Re and Rp values for variations of the D4 concentration — TOFC.
If D4 concentrations ranging from 111 to 1923 ppb(v) are considered, the power losses increase for
D4 values above 1 ppm(v). The power loss ranges from 0.17 — 2.32 % of the nominal power value.
This means that if the exposure time to the pollutants is increased, the electrical power loss will also

rise, thereby increasing the resistance value, especially as far as the Rp1 term is concerned.

The influence of tars, toluene and naphthalene on SOFC performance

Naphthalene

The direct use of biosyngas may degrade the performance of SOFCs as it contains a number of
minor species. Among these trace species, tars have been identified as one of the main concerns in
the development of gasifier + SOFC power systems, as they can potentially deactivate the anode
catalysts and degrade the performance of the fuel cells through carbon deposition. Aravind et al.,
(2008) studied the performance of an Ni-GDC anode operation with a naphthalene content of about
110 ppm(v) in an H>+N> matrix. No performance loss was observed and no carbon or other product
gas trace constituent contamination of the anodes was found when the SOFC membranes were

examined by means of SEM/EDS after the tests [43].

The results reported in this section are in agreement with those of Aravind et al., (2008). An H>+N»
mixture with a naphthalene content of 25 ppm(v) does not in fact show any remarkable cell
performance decrease (see figure 14). If a syngas mixture is instead considered, the cell
performance is influenced to a great extent by the CioHs content. Figure 14 depicts the Nyquist
curves with and without the pollutant concentration. A syngas mixture with 9.3 ppm(v) of CjoHs

shows a notable resistance increase.
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In figure 15 the three contributions of loss, are showed: at high, medium and low frequency value.

For the H> case, the ohmic term (Re) and the polarization terms (Rp: and Rpz) remain constant

throughout the test. This demonstrates that the CioHs concentration is not a problem in this

condition, as also reported in literature studies [43]. On the contrary, if a syngas mixture and a

CioHg concentration of 9.3 ppm(v) are considered, the polarization losses show a significant

increase. The low frequency term (Rp:), related to the resistance of the mass transport phenomena,

shows the largest increase. The high frequency term (Rp1), related to the electrochemical processes,

also increases, but to a lesser extent.
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These results show how a low CioHg concentration could be dangerous, depending on which gas
mixture is used to feed the fuel cell. The adsorption and desorption of naphthalene obviously
interfere with the reforming of methane and WGS (i.e., CO conversion to Hz) by decreasing the

reactive surface of the anodes.

If CioHg concentrations ranging from 0 to 9.3 ppm(v) are considered, the power losses increase to
achieve 15.5% of the nominal power value at zero time. This means that, if the exposure time to the
pollutants is increased, the electrical power loss will also rise, thereby increasing the resistance

value, especially as far as the Rp2 term is concerned.

Toluene

Toluene is one of the lightest tar compounds and it can be easily detected in biogenous fuels, such

as biogas from organic waste [9]. Several studies have investigated the impact of tars on the
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performance of SOFCs [18,43,47-49]. Most of these studies have focused on the influence of the
tar compound without considering the carbon content in the gas mixture [18,47,48]. Lorente et al.,
(2012) studied Ni/CGO and Ni/YSZ cells under a tar load of 15 g/Nm? (with toluene as the model
compound) [18]. In this study, it was found that Ni/CGO shows a better performance (less carbon
formation) than Ni/YSZ in the presence of toluene. This result is in agreement with the expected
behavior of ceria-based anodes, which have been recognized to be effective in suppressing carbon
deposition due to the redox nature of ceria [50]. The amount of carbon deposited on the catalyst was
seen to decrease for an increasing steam content in the gas [18]. Toluene, due to the high reactivity
of lower weight hydrocarbons, represents the worst case scenario for tar compounds and for this
reason it has been selected in the present study. No attempts have been made to study the effects of
low toluene concentrations on SOFC performance. The results of tests on low concentrations of
toluene, considering a slip over from a gas cleaning section, are presented in this section. The
experimental works have demonstrated that if the most dangerous compounds for SOFCs: sulfurs,

aromatic, terpenes and carbonyl compounds, are lowered to just a few ppm(v), the performances of

SOFCs remain stable [1].
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Figure 16 — Nyquist diagram for variations of the C7Hs concentration — ASC700.

Figure 16 shows the Nyquist diagram of a SOFC cell being fed with a syngas mixture with

variations in the C7Hg concentration. As can be seen, already after 3.8 and 24.2 ppm(v) of toluene,

the SOFC performances are irreversibly influenced. In fact, if the toluene content is removed, the

impedance curve does not recover the starting value. The ohmic contribution remains unchanged,

but the polarization losses increase, see figure 17. If the toluene concentration is increased, the

polarization losses increase significantly, especially at the low frequency value. This circle is

related to the mass transport phenomenon.
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382  Asreported for the naphthalene test, toluene adsorption and desorption obviously interferes with the
383  reforming of methane and WGS (i.e., CO conversion to H) by decreasing the reactive surface and

384  SOFC performance.
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Figure 18 shows the ASR values. A slight increase in the ASR can be observed at 3.8 ppm(v) —
which is an almost tolerable limit for SOFC performance — but if the toluene concentration

increases to 24.2 ppm(v), the performance decreases to a great extent (+40% losses).

If C7Hs concentrations ranging from 0 to 24.2 ppm(v) are considered, the power losses increase to
achieve 14.58% of the nominal power value at zero time. This means that if the exposure time to the
pollutants is increased, the electrical power loss will also rise, thereby increasing the resistance

value, especially as far as the Rp2 term is concerned.

The influence of ethylene Hydrocarbons on SOFC performance

Ethylene is a common hydrocarbon that can be detected in almost all biogenous fuels. Ethylene is a
fuel like methane, and like the latter it has to be reformed into hydrogen and carbon monoxide.

Ethylene concentrations above a certain level, which mainly depends on the operating temperature,
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are difficult to reform. The steam reforming of ethylene is dealt with in this section, considering a

concentration value that is representative of a biogas obtained from organic waste digestion. Figure

19 shows the impedance spectra of two gas mixtures containing 0 ppm(v) of ethylene and 371.2

ppm(v) of CoHz. By observing the zoom window, it can be seen that ethylene does not influence

SOFC performance negatively.
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Figure 19 — Nyquist diagram for variations of the C2H: concentration — ASC700.

Figure 20 depicts the contribution of the performance losses. Instead of increasing the polarization

losses, ethylene improves SOFC performance. This is due to the increase in the available

electrochemical fuel, which is caused by an improvement in the reforming reactions.

29



408

409

410

411

412

413

414

415

416

417

2,5 12,0
= Rpl ASC700

= Rp2 ASC700
= Re ASC700

- 10,0

AZ’O ~
G G
E E
o - 8,0 o
>} >4
S15 - =
e N
& Z
S - 60 &
'g 1,0 + E
~ L ~N—
< <
= - 4,0 2
= =
=] =]
[~ 0.5 - A

- 2,0

0,0 7 T . 0,0

DIR 50% C2H2

Figure 20 — Re and Rp values for variations of the the C2:H: concentration — ASC700.

The influence of Multi concentrations on SOFC performance

Since the H>S concentration has been considered as the most dangerous compound for SOFCs, its

contemporary presence with other trace compounds has been studied.

HoS + C:H,

The addition of a hydrogen sulfide content of 1.34 ppm(v) to a gas mixture influences the SOFC
performance. An increase in the total ASR value has been registered, see figure 21. The H.S
concentration mainly affects the mass transport phenomena and the electrochemical processes, thus

reducing the TPB areas, as reported in figure 22.
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420  If a C;H2 concentration of 371.2 ppm(v) is added to the HoS concentration, the total losses decrease,

421 see figure 20. C;H; affects the reduction of the polarization losses and in particular the mass

422  transport resistance, see figures 22 and 23.
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The ASR values are influenced positively by the CoHz concentration, and a reduction in the double

compound case is registered for H»S.

H>S + C,Cly

As previously mentioned, H>S is the most detrimental compound, and the addition of chlorine has
therefore been studied. Tetrachloroethylene (TCE) is a chloro compound that can be detected in a
biogenous fuel, especially from waste water sludges. The possible implications of the inclusion of
this compound on SOFC performance have been studied and the results are presented in this
section. Concentrations ranging from 0.62 to 1.67 ppm(v) of TCE and 4 to 0 ppm(v) of H>S have

been considered.

1,00

i C2C140-H2S 0
0,90 + OC2Cl4 1.67 - H2S 0

i A C2CH4 1.45 - H2S 0.844
0,80 4 OC2CHM 0.62 - H2S 4.036
0,70 A

=

(o)

[e)
L

-Z Imag (Qcm?)
p
(¥,
[e)

0,40 -

0,30 -

0,20 + 3.2 KHz
. 2,8 KHz 02 Hz

0,10 4 \

0,00 +————— —t— e —
0,00 0,20 0,40 0,60 0,80 1,00 1,20 1,40

Z. Real (Qcm?)

Figure 24 — Nyquist diagram for variations of the C.Cls+H2S concentration — ASC700.
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If the spectra obtained from the clean condition (C>Cls-0 ppm(v) +H2S-0 ppm(v)) are compared
with those of the other gas mixture, it can be seen that the ohmic part rises by the same quantity in
all three mixtures. This result is related to the different electrochemical molar fuel contents. As
reported in figure 25, the ohmic contribution remains constant in the double contaminant case. The
polarization losses increase the most for the highest HoS concentration case. This shows how the
sulfur compound is a heavier contaminant than chlorine. C2Cls acts mainly on the high frequency
polarization term, that is, on the electrochemical processes caused by the adsorption/desorption
behavior of chlorine. The term related to the transport phenomena is instead influenced more by the

sulfur compound.
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Figure 25 — Re and Rp values for variations of the C2Cls+H:S concentration — ASC700.

The worst case scenario for the SOFC performance is related to the sulfur compound content, as

reported in figure 25, where the highest ASR value is achieved. If the H>S 4 ppm(v) + C2Cl4 0.6
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ppm(v) case is compared with the HoS 4 ppm(v) case, it can be seen that chlorine does not cause a

deterioration of the cell performance.
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Figure 26 — Area specific resistance diagram for variations of the C2Cls+H:S concentration — ASC700.
The power loss increases directly as H>S concentration increases until it reaches 12.86% of the
nominal power value at zero time. This means that if the exposure time to the pollutants is
increased, the electrical power loss will also rise, thereby increasing the resistance value, especially
as far as the Rp2 term is concerned. The contemporary presence of C2Cls and HoS causes a two-fold

power loss compared to the single pollutant case.

HoS + C7Hg

Figure 27 depicts the Nyquist diagram for the case of the contemporary presence of H>S and C7Hs.
The concentration of H>S was fixed at 4 ppm(v), while C7Hg was fixed at 3.7 ppm(v). The test was

conducted by adding or not adding the toluene concentration at three different temperatures. It has
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been observed that the toluene concentration affects the SOFC performance to a lesser extent than
the temperature. Figures 27, 28 and 29 show that when the operating temperature is decreased, an
increase in the cell resistance is registered. This is caused by a decrease in the electronic
conductivity of the electrodes and in the ionic conductivity of the cell layer. This is especially true

for the electrolyte layer, but also for the composite electrodes.
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Figure 27 — Nyquist diagram for variations of the HzS + C7Hs concentration — ASC700.
Figure 28 shows the three term losses considered singularly; Runigh is the only contribution that
seems to be affected by the addition of toluene to the gas mixture in which HaS is already present.
This percentage increases as the operating temperature decreases. Moreover, the electrochemical
reaction kinetics is slowed down, and this leads to an increase in the activation polarization
resistance. Finally, the diffusion capability of the chemical species is reduced both on the bulk flow

in the channels and on the porous electrodes.
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The ASR value is affected more by the temperature variation than by the contemporary presence of
toluene and hydrogen sulfide. Even in this case, the sulfur concentration weighs more than the
toluene concentration at the same operating temperature. The toluene concentration needs to be
increased before significant effects on the SOFC performance can be observed, but this condition is

not realistic of a real clean up gas condition used to feed a SOFC system.
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Conclusions

This paper has investigated the performance of an anode supported solid oxide fuel cell considering
a wide range of trace compounds. These compounds are found in biogenous fuels, such as biogas
from OFMSW or from sewage sludge: H>S, HCI, D4, CioHs, C7Hg, CoHz, C2Cls. Various
concentrations of Hydrogen sulfide have been studied in three tests. The first two tests considered
high and low concentration ranges, thus simulating an early breakthrough slip from the clean-up
section under operation with digester biogas. The third test considered the literature threshold limit
for SOFCs (=1 ppm(v)). The effect of Chlorine has been tested for variable concentrations of HCI,
ranging from 1 to 1000 ppm(v). The effect of Siloxanes on SOFC performance has been studied
considering concentrations ranging from 111 ppb(v) to 1.9 ppm(v), in order to simulate a clean-up

section slip. In the same way, CioHs and C7Hs have been tested on SOFC performance and in a
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double compound condition test (C2H2+H»S, C2Clys+HzS and C7Hs+H»S). All these tests have been

conducted to simulate possible biogas conditions that could arise from biological matter.

Electrochemical impedance spectroscopy has been used to study an SOFC cell in order to identify
the main contribution to the cell losses from trace compound contaminations. This was done with an
electrical equivalent circuit constituted by an ohmic resistance, Re, and two parallel combinations
of a resistance and a constant phase element, CPE. The polarization resistance, Rp, related to the
concentration and activation polarizations, has been obtained from the sum of the low and high
frequency resistances. The different sources of performance limitation have been obtained from fuel

cell impedance considering the action of different trace compounds.

In particular it has been found that:

* The ohmic contribution is almost independent of the fuel composition and it is only affected
minimally by the H>S concentration. However, this contribution is influenced by the
modification of the nickel grain caused by cell operation with an H>S concentration, as also
reported by Ivey et al., (2010) [51]. The electrochemical fuel content of hydrocarbons can
influence this term: lower values are achieved in an H» condition, compared to the same
electrochemical molar value in a CH4 + CO condition.

= The HoS concentration mainly affects the polarization losses, especially the mass transport
resistance through the electrodes caused by the sulfur blocking sites. The three-phase boundary
decreases as a consequence of the sulfur action on nickel active sites.

= Ultra low concentrations of sulfur, around 100 — 200 ppb(v), do not cause any changes in the
loss terms.

* The influence of HCI on SOFC performance is mainly due to the increase in Ruigh, related to the
electrochemical processes that occur at the electrodes. Below 40 ppm(v), HCI concentrations

only have a slight influence on the SOFC performance.
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= D4, a model compound for siloxanes, already acts on SOFC performance at ppb(v) levels. The
term that is influenced most is Rnign, thus highlighting the action of siloxanes on SOFC
performance. In fact, these compounds, together with the formation of silica oxide in the anode
cermet, reduce the porosity and the flow of the fuel toward the active sites, and thus limit the
energy generation of a SOFC.

= Naphthalene and toluene have been considered as model compounds for tars. No performance
losses have been observed in an H> mixture. When a syngas mixture was considered, it was
observed that even 9.3 ppm(v) of CioHs can reduce SOFC performance. The polarization losses
are those that are influenced the most, and the largest increase has been recorded for the low
frequency term Rp, related to mass transport resistance. The same behavior has been observed
for the toluene case.

= The tested concentrations of ethylene have been shown to positively influence SOFC
performance and, at the same time, to limit the action of H»S in a case in which two
contaminants were considered together.

= H,S, introduced with other contaminants (C:Cls), has led to an increased instantaneous
deterioration, and the more types of contaminants included, the larger the initial deterioration.

= H,S, introduced with another contaminant (C7Hsg), has shown how the operating temperature has

more influence than 3.7 ppm(v) of toluene.

The worst case scenario is represented by the presence of higher H>S concentrations than 1 ppm(v)
and by the presence of D4 already at the ppb(v) level. The contemporary presence of these
compounds has led to an increase in the detrimental effects on SOFC performance, and even to fatal

cell degradation.
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Table 1 — Test conditions.



20 Table 1

Conc.

CO,

CH,

H,O

Pollutant Cell H,(ml CO (ml N; (ml H,0 T Fuel
Range . g . (ml (ml . (ml 1 o FU .
test (ppm(v)) adopted min™) min) min") min") min™) min") gh") (°O) condition
Hzcillll:gh 0,84-6,4 ASC700 151,5 136,4 68,2 15,2 386,4 60,2 2,9 750 30,0 syngas
1 0,
H:S high 0867  ASC4 250 0 417 62,5 0 1245 6 750 209 PIRS0%
conc. biogas
- 0,
HS low 0,078 ASC4 250 0 41,7 62,5 0 124,5 6 750 20,9 DH.{ >0%
conc. 0,174 biogas
HCI 1-1000  ASC700 348 133,7 62,1 5 1365 658 750 299  blogas
reformate
biogas
D4 0,11-1,92 TOFC 348 133,7 62,1 5 136,5 6,58 750 20,8
reformate
C,Hg 3,8-24,2 ASC700 151,5 136,4 68,2 15,2 386,4 269,8 13 750 30,0 syngas
CoHsg 0-9,3 ASC700 151,5 136,4 68,2 15,2 386,4 269,8 13 750 30,0 syngas
0,
CH, 371,2 ASC700 250 0 42 63 0 0,0 0 750 20,8 Pcb)i);;;)f
0,
H,S 1,34 ASC700 250 0 42 63 0 0,0 0 750 20,8 PO.X 0%
biogas
H,S +C,Cl, 0-4/1,7-0 ASC700 151,5 136,4 68,2 15,2 386,4 269,8 13 750 30,0 syngas
0,
H,S +C,H, 1,34/371,2  ASC700 250 0 42 63 0 0,0 0 750 20,8 Pgi);;;)s/o
H,S + C;H; 4/3,7 ASC700 151,5 136,4 68,2 15,2 386,4 269,8 13 750 30,0 syngas
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Figure captions

Figure 1 — Equivalent fuel cell circuit: Re, Ruigh and CPEwign are associated with the high frequency

semi-circle, Riow and CPEjow with the low frequency semi-circle.

Figure 2 — Nyquist diagram for variations of the H2S concentration — ASC700.

Figure 3 — Nyquist diagram for variations of the H2S concentration — ASC4.

Figure 4 — Re and Rp values for variations of the H2S concentration — ASC700.

Figure 5 — Re and Rp values for variations of the H2S concentration — ASC4.

Figure 6 — Nyquist diagram for the H>S threshold concentration value — ASC700.

Figure 7 — Nyquist diagram for the H>S threshold concentration value — time variation — ASC700.
Figure 8 — Nyquist diagram for variations of the H2S “low concentration level” — ASC4.

Figure 9 — Re and Rp values for variations of the H>S “low concentration level” — ASC4.

Figure 10 — Nyquist diagram for variations of the HCI concentration — ASC700.

Figure 11 — Re and Rp values for variations of the HCI concentration — ASC700.

Figure 12 — Nyquist diagram for variations of the D4 concentration — TOFC.

Figure 13 — Re and Rp values for variations of the D4 concentration — TOFC.

Figure 14 — Nyquist diagram for variations of the C1oHs concentration FU 30% — ASC700.
Figure 15 — Re and Rp values for variations of the CioHg concentration — ASC700.

Figure 16 — Nyquist diagram for variations of the C7Hg concentration — ASC700.

Figure 17 — Re and Rp values for variations of the C7Hsg concentration — TOFC.

Figure 18 — Area specific resistance diagram for variations of the C7Hg concentration — ASC700.
Figure 19 — Nyquist diagram for variations of the C2Hx concentration — ASC700.

Figure 20 — Re and Rp values for variations of the the C2H> concentration — ASC700.

Figure 21 — Nyquist diagram for variations of the C2H> and C2H2+H:S concentrations — ASC700.
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Figure 22 — Re and Rp values for variations of the C2Hz and CoH>+H»S concentration — ASC700.

Figure 23 — Area specific resistance diagram for variations of the C;H> and CoH>+H»S
concentrations — ASC700.

Figure 24 — Nyquist diagram for variations of the C2Cl4+H:S concentration — ASC700.
Figure 25 — Re and Rp values for variations of the C2Cls+H>S concentration — ASC700.

Figure 26 — Area specific resistance diagram for variations of the C>Cls+H2S concentration —

ASC700.
Figure 27 — Nyquist diagram for variations of the H>S + C7Hg concentration — ASC700.
Figure 28 — Re and Rp values for variations of the H>S + C7Hg concentration — ASC700.

Figure 29 — Area specific resistance diagram for variations of the H>S + C;Hg concentration —

ASC700.
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