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Abstract: The integration of solid oxide fuel cells (SOFCs) with biomass gasification reactors raises the
possibility of solid particle contamination of the gaseous fuel entering the cell. Technical specifications
from SOFC manufacturers, among other sources, claim that SOFCs do not tolerate the presence of
solid particles in fuel. However, there is very limited literature on the experimental investigation
of feeding SOFCs with particulate matter aerosols. In this study, a standard 5 × 5 cm anode-
supported SOFC was fueled by two types of aerosols, namely, (1) inert powder of grain sizes and
concentration equivalent to gasifier fly ash and (2) a real downdraft gasifier fly ash, both suspended
in a gaseous fuel mixture. For reference, cells were also investigated with a dust-free fuel gas of the
same composition. A straightforward negative influence of the inert powder aerosol could not be
confirmed in experiments with a duration of 6 days. That said, the introduction of carbonaceous
fly ash aerosol caused slow but irreversible damage to the SOFC. The degradation mechanisms
were studied, and the presence of carbon-containing particles was found to clog the pores of the
SOFC anode. The maximum measured power density of the SOFC equaled 855 mW/cm2 (850 ◦C,
reference fuel). Feeding inert aerosol fuel caused no rapid changes in power density. A moderate
drop in performance was observed throughout the experiment. The contamination of fuel with fly
ash resulted in an initial performance gain and a ca. 25% performance drop longer term (43 h of
contamination). Post-mortem analysis revealed contamination on the walls of the gas channels, with
some visible alumina or fly ash spots in the anode area.

Keywords: SOFC; contamination; poisoning; fly ash; gasifier; biomass

1. Introduction

The thermochemical conversion or, specifically, gasification of solid fuels, such as
biomass, waste or coal, is a source of valuable gaseous fuel for further utilization, which,
unfortunately, contains particulate matter in the form of fly ash, condensed tars and
small char particles, among others. The morphology and chemical composition of the
particles are related to the raw solid fuel material and the specific parameters of the
process of thermochemical conversion. There is scarce available knowledge in the form of
published results of experimental or theoretical works regarding the effect of particulates in
gaseous fuels on processes occurring in the SOFC anodic part. Din and Zainal [1] state that
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the problem has not been addressed in the literature, whether systematically or, indeed,
even superficially.

R. Bernat et al. investigated the influence of feeding dust (tale) into a molten carbonate
fuel cell (MCFC) electrode. Their task was to feed dust into the cathode stream of an MCFC
in a single-cell arrangement. In their short duration experiment, the fuel cell operated
for 27 h in total with no visible voltage drop. The authors observed that the fine powder
talc (5 µm) formed a porous structure on the surface of the cathode, which was easily
penetrated by cathodic gas [2,3].

Numerous results regarding coupling biomass gasification reactors with SOFCs might
be found in the literature, including the investigation of impurity tolerance and cleanup
methods [4–7], the technical aspects of coupling itself [8–14] and review papers [1,15–17].
Various teams have made attempts to characterize the particulate matter present in the
biomass gasification product gas, particularly in papers summarizing specific reactor
prototypes [18–20]. The investigations address, among others, particulate size distribution
and chemical composition [21]. These analyses indicate the ranges of size distributions
(1 ÷ 10 µm) and concentrations (600 ÷ 1000 mg/Nm3) of particles present in the gaseous
gasification product; values that were used as a starting point to design the experimental
approach presented in this work.

The effects of supplying particulate matter-containing gaseous fuel to SOFCs vary in
nature. Firstly, the fuel supply channels in SOFCs (in both research test systems and semi-
technical scale ones) are usually rectangular or trapezoidal in shape with a cross-sectional
area of 1–5 mm2. This corresponds to the flow velocity of the fuel gas through a channel in
the range of 0.1÷ 0.4 m/s and a Reynolds number of about 1 (estimated for the temperature
of 750 ◦C) [22]. At such low flow velocities and a fully laminar flow, dust particles are
expected to precipitate from the suspension and to deposit inside the fuel supply ducts
(channels). This would cause an increase in the pressure drop of the gas, leading to lower
fuel cell system efficiency and, eventually, complete blockage of the particular channel,
resulting in parts of the anode being deprived of fuel supply and, therefore, being excluded
from the electrochemical process.

Secondly, a relatively wide range of grain sizes of the solid particles entrained by
the gaseous fuel (0.01–100 µm) [23,24] could theoretically clog the pores in the porous
cermet layers of the SOFC anode. In consequence, this would impede the mass transport of
the gaseous fuel to the active site of the electrochemical reaction and the discharge of the
reaction products. This phenomenon could possibly be detected by means of a detailed
analysis of the electrochemical impedance spectra (EIS) and cell polarization measurements
(I–V). In the case of the deposition of particulate matter in the anodic pores, both of these
measuring techniques should detect an increase in cell concentration polarization. An
observable deposition of particles should be expected in the pore volume of the anode.

Thirdly, if the particulate matter entrained by the gaseous fuel contained carbonaceous
particles, for example, if the fuel gas came from the thermochemical conversion of solid
matter (e.g., the gasification of biomass) and entered the anodic compartment of the SOFC,
carbon could undergo processes similar to those occurring in direct carbon solid oxide
fuel cells. These processes can be divided into three groups as proposed by [17], namely,
(1) electrochemical oxidation at the SOFC surface of the free carbon particles [25–28] or
(2) electrochemical oxidation of the carbon deposited in the anode [29–32], or (3) a Boudouard
reaction (Equation (1) to generate CO in situ, which was studied by many [8,25,33,34]).

C + CO2 → 2CO (1)

This phenomenon is likely to positively affect the process of electrochemical oxidation
of the particulate-rich fuel, lowering the concentration of the carbon particles in the exhaust
gas released from the SOFC. Furthermore, the solid carbonaceous fuel has a heating value
of ca. 160 kJ/Nm3 at a particle concentration of 5000 mg/Nm3, which corresponds to a
ca. 3% increase in the heating value of the fuel, generated through the air gasification
of biomass.
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Additionally, chemical degradation of the anode material by solid–solid interaction
and the erosive wear of the anode layer could also occur, but both phenomena are long-term
processes and were not expected to be measurable in the experiments conducted in this
campaign, which did not exceed a couple of hundred hours.

2. Materials and Methods
2.1. Experimental Setup and Cell

The experimental campaign was performed with the use of flat geometry square
cells of 5 × 5 cm size and thickness of ca. 1 mm, manufactured in-house (Ceramic
Department CEREL, Institute of Power Engineering). The cells consisted of the Ni|Ni-
YSZ(support)|YSZ|GDC|LSCF (Figure 1) layers and are described elsewhere [35]. The
active (cathode) area of the cell was 16 cm2.

Energies 2022, 15, x FOR PEER REVIEW 3 of 17 
 

 

3% increase in the heating value of the fuel, generated through the air gasification of bio-
mass. 

Additionally, chemical degradation of the anode material by solid–solid interaction 
and the erosive wear of the anode layer could also occur, but both phenomena are long-
term processes and were not expected to be measurable in the experiments conducted in 
this campaign, which did not exceed a couple of hundred hours. 

2. Materials and Methods 
2.1. Experimental Setup and Cell 

The experimental campaign was performed with the use of flat geometry square cells 
of 5 × 5 cm size and thickness of ca. 1 mm, manufactured in-house (Ceramic Department 
CEREL, Institute of Power Engineering). The cells consisted of the Ni|Ni-YSZ(sup-
port)|YSZ|GDC|LSCF (Figure 1) layers and are described elsewhere [35]. The active 
(cathode) area of the cell was 16 cm2. 

 
Figure 1. The structure of the anode-supported SOFC used in the experimental campaign. 

A test bench dedicated to the investigation of SOFCs with aerosol-contaminated fuels 
was previously presented at a local conference [36], but some modifications were made as 
detailed below. The setup concept is based on state-of-art SOFC test benches, consisting 
of a high-temperature electric furnace (IZO), cell housing (developed in-house), mass flow 
controllers (Bronkhorst BV, AK Ruurlo, Nietherlands,), electrochemical test station (Zah-
ner IM6ex equipped with PP240 interface, Zahner-elektrik Gmbh, Kronach – Gundelsdorf, 
Germany) and voltage and temperature monitoring integrated with a Lab-View-based 
data acquisition system. A simplified chart of the test setup is presented in Figure 2. 

Figure 1. The structure of the anode-supported SOFC used in the experimental campaign.

A test bench dedicated to the investigation of SOFCs with aerosol-contaminated
fuels was previously presented at a local conference [36], but some modifications were
made as detailed below. The setup concept is based on state-of-art SOFC test benches,
consisting of a high-temperature electric furnace (IZO), cell housing (developed in-house),
mass flow controllers (Bronkhorst BV, AK Ruurlo, Nietherlands), electrochemical test
station (Zahner IM6ex equipped with PP240 interface, Zahner-elektrik Gmbh, Kronach–
Gundelsdorf, Germany) and voltage and temperature monitoring integrated with a Lab-
View-based data acquisition system. A simplified chart of the test setup is presented
in Figure 2.

The setup was equipped with a solid aerosol generator designed and built in-house as
part of the project. It was installed on the anode gas supply line, directly before entering
the SOFC housing. The device, shown schematically in Figure 3a, consisted of a container
filled with dried powder up to 5–10% volume. Inside the container, a 3-blade rotor was
installed on a shaft fixed by a sealed bearing in the top cover in such a way that the rotor
was close to the container bottom, and the top end of the shaft was connected to a DC
motor. The rotor diameter was ca. 96 mm, and the container diameter was ca. 115 mm.
The rotor speed was kept at ca. 2500 rpm. The locations of the inlet and outlet of inert
gases (CO2 and N2) in the generator are shown in Figure 3a. The container was attached
to an electromagnetic vibration mount (50 Hz) to ensure that the dust did not stick to the
walls but fell downwards to the rotor zone. The system produces aerosols with powder of
1000 ÷ 5500 mg/Nm3 concentration at the inlet to the SOFC housing.



Energies 2022, 15, 1469 4 of 17Energies 2022, 15, x FOR PEER REVIEW 4 of 17 
 

 

 
Figure 2. Chart of the test setup used to investigate SOFC with aerosol-contaminated fuel, based on 
[36]. 

The setup was equipped with a solid aerosol generator designed and built in-house 
as part of the project. It was installed on the anode gas supply line, directly before entering 
the SOFC housing. The device, shown schematically in Figure 3a, consisted of a container 
filled with dried powder up to 5–10% volume. Inside the container, a 3-blade rotor was 
installed on a shaft fixed by a sealed bearing in the top cover in such a way that the rotor 
was close to the container bottom, and the top end of the shaft was connected to a DC 
motor. The rotor diameter was ca. 96 mm, and the container diameter was ca. 115 mm. 
The rotor speed was kept at ca. 2500 rpm. The locations of the inlet and outlet of inert 
gases (CO2 and N2) in the generator are shown in Figure 3a. The container was attached 
to an electromagnetic vibration mount (50 Hz) to ensure that the dust did not stick to the 
walls but fell downwards to the rotor zone. The system produces aerosols with powder 
of 1000 ÷ 5500 mg/Nm3 concentration at the inlet to the SOFC housing.  

 
 

(a) (b) 

Figure 3. Test setup: (a) schematic chart of the vertically arranged sample holder and aerosol gen-
erator; (b) photograph of the anodic current collector (visible 25 mm2 area fuel channels). 

The standard single SOFC test housing was replaced with housing developed for di-
rect carbon operation, as described in [37]. The unique, vertical arrangement of the hous-
ing, together with its fuel channels (seven in total) with a cross-sectional area of 25 mm2 
each (order of magnitude higher than for standard housing), is less prone to clogging of 
the gas channels and gravitational fall of solid matter on various cell holder elements. The 
fuel flows downwards, as do the solid particles and steam generated in the 

Figure 2. Chart of the test setup used to investigate SOFC with aerosol-contaminated fuel, based
on [36].

Energies 2022, 15, x FOR PEER REVIEW 4 of 17 
 

 

 
Figure 2. Chart of the test setup used to investigate SOFC with aerosol-contaminated fuel, based on 
[36]. 

The setup was equipped with a solid aerosol generator designed and built in-house 
as part of the project. It was installed on the anode gas supply line, directly before entering 
the SOFC housing. The device, shown schematically in Figure 3a, consisted of a container 
filled with dried powder up to 5–10% volume. Inside the container, a 3-blade rotor was 
installed on a shaft fixed by a sealed bearing in the top cover in such a way that the rotor 
was close to the container bottom, and the top end of the shaft was connected to a DC 
motor. The rotor diameter was ca. 96 mm, and the container diameter was ca. 115 mm. 
The rotor speed was kept at ca. 2500 rpm. The locations of the inlet and outlet of inert 
gases (CO2 and N2) in the generator are shown in Figure 3a. The container was attached 
to an electromagnetic vibration mount (50 Hz) to ensure that the dust did not stick to the 
walls but fell downwards to the rotor zone. The system produces aerosols with powder 
of 1000 ÷ 5500 mg/Nm3 concentration at the inlet to the SOFC housing.  

 
 

(a) (b) 

Figure 3. Test setup: (a) schematic chart of the vertically arranged sample holder and aerosol gen-
erator; (b) photograph of the anodic current collector (visible 25 mm2 area fuel channels). 

The standard single SOFC test housing was replaced with housing developed for di-
rect carbon operation, as described in [37]. The unique, vertical arrangement of the hous-
ing, together with its fuel channels (seven in total) with a cross-sectional area of 25 mm2 
each (order of magnitude higher than for standard housing), is less prone to clogging of 
the gas channels and gravitational fall of solid matter on various cell holder elements. The 
fuel flows downwards, as do the solid particles and steam generated in the 

Figure 3. Test setup: (a) schematic chart of the vertically arranged sample holder and aerosol
generator; (b) photograph of the anodic current collector (visible 25 mm2 area fuel channels).

The standard single SOFC test housing was replaced with housing developed for
direct carbon operation, as described in [37]. The unique, vertical arrangement of the
housing, together with its fuel channels (seven in total) with a cross-sectional area of
25 mm2 each (order of magnitude higher than for standard housing), is less prone to
clogging of the gas channels and gravitational fall of solid matter on various cell holder
elements. The fuel flows downwards, as do the solid particles and steam generated in the
electrochemical reaction on the anode, eventually entering a tight reservoir, which has an
outlet pipe directed upwards, allowing pre-dried exhaust gas to escape during operation.
The condensate and powder remain at the bottom of the compartment until the end of the
experiment. A conceptual sample holder chart and a picture of the anodic current collector
installed in the anode chamber are presented in Figure 3.

2.2. Impedance Spectra Analysis

EIS measurements were conducted at a constant current density of 0.375–0.5 A/cm2

in the frequency range 0.01 . . . 104 kHz. The data gathered were treated in a dedicated
home-brew software toolbox, subjected to DRT treatment of the spectra according to the
procedure proposed in [38] and fit to the equivalent circuit models. One special feature
of this software toolbox is its ability to use equivalent circuits, whose impedances are
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formulated in a manner that maintains direct compatibility with the formalism used in
the DRT approach. It is likely that, due to the special design of the cell housing, the low-
frequency domain for all spectra had sufficient noise (see Results and Discussion Section),
so the direct usage of DRT for the analysis results was impossible. As a result, a custom
approach was applied to analyze impedance data. EIS spectra were treated using DRT to
determine the characteristic relaxation times, and then an equivalent circuit model was
fitted to these time constants, with respect to the possible appearance of the RC, RQ circuits
and Gerischer elements.

Moreover, R∞ and L0 elements were added to compensate for the ohmic resistance of
the cell parasitic inductance of the wires [39]. Preliminary results demonstrated that the
presence of the Gerischer element could not be confirmed statistically.

In general, polarization of the cell can be described using four regular time constants,
namely, (3 . . . 3.5) × 10−5 s, (5 . . . 7) × 10−4, 0.015 . . . 0.025 s, and 1.6 . . . 2.6 s, and few
constants whose presence in the spectra correlated with the C/H ratio (Figure 4).
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While distortion of the low-frequency region prevented clear separation of the anodic
and cathodic processes, analysis of the spectra in conjunction with I–V curves made it
possible to separate polarization (Rp) and ohmic (R∞) resistances:

Rp = ASR− R∞, (2)

where ASR is the area-specific resistance, calculated by linear fit from the I–V curve in
proximity to the current density, at which EIS was collected:

U(I) = U0 − ASR·I, (3)

where I is the current density, and U0 is a constant, the result of the continuation of the linear
zone of the I–V curve to zero current, which should not be associated with OCV due to the
existence of a narrow nonlinear activation region while the cell is polarized with a small
current [40]. The use of this procedure mitigated the impacts of parasitic inductance L0 and
the noise in the low-frequency zone for the calculated values of polarization resistance.

2.3. Preparation and Characterization of Powders
2.3.1. Powder A—Ceramic

An alumina powder HVA (Almatis Gmbh, Ludwigshafen, Germany) was ball milled
for 3 h, and a bimodal distribution fine powder was obtained (Figure 5). Then, the powder
was sieved on a 32 µm sieve to cut out the right peak in Figure 5. As a result, an inert ceramic
powder was prepared with a grain size distribution lying almost completely between 1
and 20 µm.
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The powder was dried in a laboratory drier followed by short final grinding in a
mortar prior to testing with the aerosol generator.

2.3.2. Powder B—Real Fly Ash

Fly ash at the gasification product gas outlet of the KAJOT gasifier, described else-
where [41], was collected with a cyclone during standard gasification reactor stable oper-
ation. The wood chip feedstock and experiment details are published in [42]. The black
fly ash, indicating high carbon content, was analyzed using a LECO AC 500 automatic
calorimeter, LECO TruSpec automatic elemental analyzer and a muffle furnace according to
standards PN-81/G-04513, PN-80/G-04511 and PN-80/G-04512. The results of the ultimate
and proximate analysis are presented in Table 1.

Table 1. Ultimate and proximate analysis for the applied fly ash.

Parameter Unit Value

Humidity (analytical) % 2.7
Ash % 9.8

Volatile matter % 6.06
Heat of combustion kJ/kg 30,783

LHV kJ/kg 30,486
Carbon % 85.1

Hydrogen % 1.36
Nitrogen % 0.3

Sulfur % 0.11

To eliminate agglomerates and increase its ability to form aerosols, the powder was
ground for 2 h in a Pulverisette 6 planetary ball mill (Fritsch, Idar-Oberstein, Germany).
A 30 mL sample was mixed with 40 mL of ethyl alcohol and 250 zirconium oxide milling
balls (5 mm diameter). Later, the sample was separated from the grinding balls and dried
in a laboratory drier for 2 h in air at 105 ◦C. Thereafter, the powder was further ground in
a pestle and mortar until a fine powder was obtained with no visible agglomerates. This
preparation procedure enabled problem-free aerosol generation.

2.4. Detailed Procedure of SOFC Experimental Campaign

The experimental campaign was divided into three experiments:

• Experiment I: Verification of the test setup operability and stability with hydrogen fuel.
• Experiment II: Investigation of aerosol generation with inert powder and impact of

inert particles on the performance of the SOFC.
• Experiment III: Studies with fly ash powder, originating from gasification of the wood

chips, on the performance of the SOFC.

In every experiment, a new cell, as described in Section 2.1, was placed in an identical
sample holder and heated up (heat-up ramp 50 ◦C/h, anode flow 200 Nml/min N2,
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cathode flow 500 Nml/min of air). For each test, a new anodic Crofer 22 APU current
collector was used. The cathode contact surface (reusable cathode housing) was prepared
identically each time, by applying gold ink (Fuelcellmaterials, USA) on a pre-oxidated
housing surface. The cell was pneumatically compressed with about 25 kg of force during
the whole test run. After reaching and holding the sealing temperature (885 ◦C) for 15 min,
the system was cooled down to 850 ◦C, the anode reduction temperature. Next, cell
reduction was realized by introducing hydrogen into the fuel mixture. The H2 flow was
increased gradually to 800 Nml/min in four equal 15 min steps. The air flow was increased
in parallel to 2000 Nml/min. In the next step, the cell was stabilized at 0.375 A/cm2. The
steady-state process was kept untouched for ca. 24 h and followed by I–V measurement
and EIS characterization.

Experiment I was devoted to confirming the operability of the setup in an intermediate-
term experiment. After stabilization, a preliminary SOFC characterization was performed
at temperatures of 850, 800 and 750 ◦C, after which, the cell was operated at constant
current (3 A) for ca. 144 h followed by acquiring I–V curve and EIS spectrum at reference
temperature 750 ◦C and at flows of 200 Nml/min of hydrogen (anodic), 200 Nml/min of
nitrogen (anodic) and 2000 Nml/min of air (cathodic).

During Experiment II, after the preliminary characterization described in Section 2.3,
the aerosol generator was turned on and stabilized for 2 h, emitting dry aerosol to a water
bubbler (nitrogen flow 200 Nml/min through the aerosol generator), and then it was
connected to the fuel supply line substituting a clean nitrogen flow. After that, the cell was
operated in constant current mode (0.375 A/cm2), using 800 Nml/min H2 + 200 Nml/min
N2 gas mixture as fuel, contaminated with 1000 mg/Nm3 alumina micro-powder for 144 h.

Experiment III was designed as a sequence of measurements, aimed at investigating
the operability of the SOFC with a fly ash-contaminated fuel gas. Similar to Experiment II,
preliminary characterization was carried out at various temperatures (850, 800, 750 and
700 ◦C). After that, the cell was subjected to constant current (3 A) for 120 h at 750 ◦C,
followed by I–V and EIS scans to investigate setup stability during this crucial experiment.
Next, the influence of fuel composition on SOFC electrochemical behavior was studied.
Changes in fuel compositions sought to simulate the expected Boudouard reaction, which
might occur at elevated temperatures according to Equation (1). Multiple gas compositions
involving hydrogen, CO2 and CO were fed to the cell (see Table 2).

Table 2. Summary of measurements performed for various fuel compositions for investigation of
presence of CO on cell performance; CC3A 66 h means constant current load of 3 A for 66 h.

H2 Flow
(Nml/min)

CO2 Flow
(Nml/min)

CO Flow
(Nml/min) Measurements

200 800 0 I–V, EIS
200 800 20 I–V
200 700 100 I–V
200 600 200 I–V
250 500 250 I–V
500 500 20 I–V, EIS, CC3A 66 h
500 500 0 I–V, EIS, CC3A 66 h

After the initial characterization described above, the cell was operated with fly
ash-contaminated fuel. For the experiment, fuel gas flows were set to 200 Nml/min H2
+ 800 Nml/min CO2. Part of the CO2 flow (100 Nml/min nominally, 200 and 300 Nml/min
for short-term sensitivity tests) was fed through the aerosol generator, carrying the fly ash
to the anode compartment of the cell. The rest of the CO2 gas was added to keep the total
CO2 flow constant at 800 Nml/min. The flow of 100 Nml/min CO2 through the aerosol
generator was sufficient to obtain a stable concentration of fly ash in the fuel entering the
cell holder of 5500 mg/Nm3. The tuning of this parameter and the powder preparation path
were robust tasks performed before the experimental campaign with the SOFC. The aerosol
generator demonstrated good stability of dust concentration at the outlet during 72 h of
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validation carried out prior to the tests with the SOFC. During Experiment III, aerosol
feeding was maintained for 43 h. At the end of the experiment, reference measurements
(I–V, EIS) were repeated for selected gas compositions.

3. Results and Discussion
3.1. Reference Measurements (H2+N2) and Temperature Influence

The set of reference measurement parameters performed for all experiments is pro-
vided in Table 3.

Table 3. Fuel mixture flows, temperatures and basic results for reference measurements.

Experiment
No. Temperature H2 Flow

(Nml/min)
N2 Flow

(Nml/min) OCV I @ 0.7 V
(A)

I
850
800
750

1000 0
1.105
1.121
1.131

14.14
11.15
7.919

II 850 800 200 1.081 10.87

III
850
800
750

800 200
1.120
1.132
1.144

17.80
14.69
11.94

The impact of fuel composition was studied in the course of Experiment III. As
might be expected, H2-based fuels supported much higher cell voltages than H2-CO2 and
H2-CO2-CO mixtures (Figure 5). Nevertheless, the slope (and therefore cell ASR) of the
I–V curves for fuel mixtures containing carbon oxides was smaller than that for H2-N2
fuels. Moreover, a significant difference was observed after nitrogen was substituted by
carbon dioxide in the fuel containing 50% H2. This can be assigned to achieving close to
the chemical equilibrium of the (R)WGS reaction (Equation (4)) in the anodic compartment.

H2O + CO = CO2 + H2 (4)

Due to reaction (7), at a temperature of 750 ◦C and pressure of 1 atm, a chemical
equilibrium state would produce a mixture of H2O (23.3 mol%), CO (23.3 mol%) and CO2
(26.7 mol%) + H2 (26.7 mol%), which is a close composition to the family of black lines
presented in Figure 6.

3.2. Setup Stability

The stability of the measurement was considered a crucial parameter for correct
realization of the mid-term testing campaign. The evolution of the voltage under load was
studied under various conditions (Figure 7). In the first course, it was demonstrated that
H2-based fuel did not cause apparent degradation during a one-week-long test (Figure 7,
Experiment I). Contamination of the fuel with chemically neutral aerosol (Al2O3) resulted
in an observable decrease in cell voltage with some minor irregularities, which might be
attributed to the migration of the solid deposits in the housing (Figure 7, Experiment II).
The presence of CO2 and CO in the fuel did not result in a noticeable degradation of
performance (Figure 7, Experiment III).

3.3. Operation with Carbon-Containing Powder B (Fly Ash)

The cell was fed with fly ash at 42:57 h after a long characterization course (approx. 300 h
of stability and performance tests). The evolution of the voltage is presented in Figure 8.
The curve can be clearly separated into three zones: initial increase in voltage (Zone A),
intense degradation (Zone B) and damped degradation (Zone C).
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Figure 8. Voltage evolution during fly ash aerosol contamination.

The Zone A results might be attributed to the introduction of additional fuel due to
the gasification of carbon via the Boudouard reaction (1). For the applied inlet conditions
and fuel composition (including solid carbon content), the chemical equilibrium did not
contain solid carbon, which means that the present molar flow of carbon of ca. 0.9% of the
aerosol molar flow tended to gasify the carbonaceous fly ash. However, full gasification
could not be achieved due to kinetics and short residence times: only ca. 150 ms in the cell
anode chamber and ca. 2 s in the >700 ◦C zone of the cell setup. Zone B is likely a result
of the blocking of the most sensitive channels for gas diffusion in anode support. Zone C
is the result of the continuation, but less intense, of the diffusion blocking. There is no
evidence of possible voltage stabilization.

The degradation of the SOFC performance by the contamination with carbon-containing
fly ash has a complicated mechanism. A small exposition dose (Zone A in Figure 8 and
corresponding points in Figure 9) did not lead to a decrease in cell voltage under current
load. Initially, for the small concentration of the fly ash, polarization resistance slightly
increased, likely due to the partial blocking of the pores of the anode support (AS). For
higher concentrations, this effect was overrun, to some extent, by the Boudouard process,
which allowed the support of the anode with additional fuel from carbon in in situ gasifica-
tion. This additional fuel supply allowed the Rp value to remain relatively low (Figure 9),
comparable with values that can be found for H2/CO/CO2 mixtures. However, further
exposition to fly ash led to a steady development of the degradation, likely as a result of
the depletion of the consumable carbon in the deposits and by further blocking of the AS
pores. After depletion of the carbon in the fly ash deposits, such blocking might result in a
partial reduction of nickel in the anode. Such a reduction can explain the rise of the R∞,
observed in Figures 10 and 11.

The EIS spectra demonstrate only a moderate change during the initial measurements,
even in extended time operation (Figure 10, 165 h vs. 312 h), and rather drastic changes
in the low-frequency domain after 43 h of exposure to ash (Figure 10, 314 h vs. 356 h).
Moreover, there are evident fluctuations of the EIS measurement recorded during aerosol
feeding (Figure 10, gray points), which are associated with the influence of chemically
active solid particles on the anode process.
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Figure 11. Impact of aerosol application on SOFC performance. Lines are for visual guidance only.
Rp(H2): polarization resistance in fuels containing 80% and 50% H2 in N2; Rp(H2/CO2): polarization
of the cell in 20% H2 in CO2 fuel; Rp(ash): polarization resistance for H2/CO2 fuel contaminated with
fly ash (see text for details); R∞: ohmic resistance of the cell.

For segregation of the aerosol impact, two cases were selected, namely, H2 as fuel (80
and 50% H2 in N2) and a mixture of H2 and CO2 1:4, which was actually used as the dust
carrier medium during application of the aerosol. The results are presented in Figure 11.
As one can note, there is negligible degradation of the electrochemical activity during short-
term operation, while R∞ rises at a clearly observable but modest rate (approx. 0.04%/h).
Exposure to the aerosol resulted in an approx. 25% increase for both polarization (Rp) and
ohmic (R∞) resistances. The scatter of Rp(ash) data at the beginning of the contamination
time (Figure 11) is related to the variation in the aerosol concentration in the fuel flow, as
discussed earlier.

3.4. Post-Mortem Analysis

The post mortem analysis of each experiment was performed with SEM/EDX methods
(Zeiss Ultra Pus equipment). Analysis of the cell after Experiment I did not reveal any
unusual issues. The anode support was properly reduced and consisted of Ni and YSZ
grains, and no deposits were detected on the surface. The only visual outcome of cell
operation was dark stripes, originating from the contact layer detaching in the area, where
the current collector was pressed against the cell.

After Experiment II, the cell was different from the one above. Firstly, during disas-
sembly of the cell and the holder, the walls of the gas channels were found to be heavily con-
taminated with white dust, whereas the cross-section of the pipes and channels remained
open. It is important to mention that most of the cell area was visibly not contaminated.
Only several small white deposits were observed on the anode support surface near the
gas outlet. SEM/EDS analysis of those spots confirmed that Al2O3 grains were present
on the surface (Figure 12). In these places, a coverage of ca. 30% of the area was detected
by graphical analysis of the SEM/EDS map image. A sample of the deposited powder
was collected from the anode and analyzed separately (Figure 13a). The grain size of the
alumina corresponded to the particle size distribution of the milled HVA powder, which
was additionally studied with SEM (Figure 13b). Since the grain size of the alumina powder
was within the range of 1–10 µm, their presence was detected only on the small surface
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area, not deep inside the pores of the anode support. Therefore, the expectation to perform
as the inert media follows.
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Finally, during the disassembly of the cell and the housing after Experiment III, the
walls of the gas channels were found to be heavily contaminated with black dust, but
the cross-section of the pipes and channels remained open. No clear black deposits were
visible on the anode support surface, which looked quite typical. Precise detection of the
presence of carbon on the surface using EDS methods proved problematic, since the cell
sample was sputter coated with carbon for the purpose of performing the SEM analysis.
In another study carried out by the authors, there was clear evidence of soot deposition,
and an SE detector captured micro-deposits of amorphous carbon consisting of nanometric
particles all over the anode support [42]. The similar procedure of analysis of the sample
undertaken in the present work did not yield similar results. The microstructure of the
anode support is shown in Figure 14, including the typical surface of the Ni contact layer
over the Ni/YSZ support surface (Figure 14a), and the bare support surface on the spots of
contact layer deficiency resulted from the disassembly procedure (Figure 14b). No grains
other than Ni and YSZ are visible. However, SEM/EDS analysis of the fly ash used for the
experiment revealed the presence of large blocks containing mostly carbon (Figure 15a), as
well as amorphous carbon consisting of fine grains (Figure 15b), which is prone to deposit
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on porous matter. The SEM/EDS analyses also detected deposits of Al2O3 on the anode
surface, and it is highly probable that a significant number of pores were clogged with fly
ash dust during Experiment III.
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4. Conclusions

Three independent experiments involving 5 × 5 cm anode-supported SOFCs were
conducted during the experimental study. The cells were fueled with a hydrogen–nitrogen
mixture (Experiment I), aerosols of inert power (Experiment II) and carbon-containing fly
ash powder originating from the gasification of biomass (Experiment III). The experimental
campaign was realized using a test setup equipped with a solid aerosol generator developed
in-house. The system was calibrated and verified experimentally, enabling repeatable
cell performances. Contamination of the fuel with inert powder resulted in stable cell
operation with only a minor decrease in performance, which can be attributed to multiple
causes. Contaminating the cell with a chemically active powder (fly ash) produced a clearly
observable negative impact, which can be divided into three stages:

1. First 12 h—minor increase in performance, likely due to enrichment of the fuel by the
Boudouard process;

2. Intense ~24 h degradation;
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3. Visible decrease in the degradation rate without any observable stabilization of perfor-
mance during further short-term observation.

The general impact of 43 h of exposure of the anode to fly ash can be viewed as a 25%
irreversible rise in cell ASR, both in ohmic and polarization resistances. A post-mortem
analysis revealed the presence of a small amount of both types of powder on the anodes’
surfaces. The decrease in performance can be assigned to the blocking of pores in the anode
support and to a plausible but undetected reaction of ash components with the anode,
resulting in its deactivation. The results confirm and underline the need to thoroughly
remove solid aerosol impurities from SOFC fuels.
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