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A B S T R A C T   

Municipal solid waste landfills and steelmaking industry produce large amounts of high-calorific waste gases 
which can be utilized for energy generation. The possibility of SOFC operation using model landfill and coke- 
oven gases without external steam reforming of methane was experimentally demonstrated employing a SOFC 
short-stack comprising two electrolyte-supported membrane-electrode assemblies of planar geometry. The 
current-voltage dependencies, polarization resistances and composition of the effluent fuel oxidation products 
were tested as function of time during approximately 600 h. In all cases, complete conversion of methane occurs 
at the anodes even under open-circuit conditions. The maximum power density of 183 mW/cm2 was achieved for 
the humidified landfill gas at 850 ◦C and current density of 320 mA/cm2; the fuel utilization was 67% at current 
density of 222 mA/cm2. Neither microstructural changes nor carbon deposition were revealed by microscopic 
analyses after the SOFC tests. However, thermodynamic estimations showed that local anode coking may occur 
in a narrow zone near the fuel inlet where the fuel utilization only starts. This process correlating with local 
cooling detected in the vicinity of fuel inlet, may be responsible for degradation in the SOFC performance 
observed in the waste gas utilization regime.   

1. Introduction 

The ever-growing demand for new energy sources, increasing 
amount of municipal solid wastes (MSWs) and industrial emissions in 
the atmosphere become more and more acute every year. The calorific 
waste gases produced by industry and MSW landfills can be utilized to 
generate electrical and thermal energy, thus reducing environmental 
threats [1–15]. Furthermore, over 2 × 109 tons of municipal solid waste 
are globally generated every year and this amount tends to increase 
[16]. The MSW landfills should hence be considered as sources of biogas 
formed due to the organic waste decay. The main components of these 
gas mixtures are CH4 and CO2 ([3–5,9,17,18], Table 1). The generation 
rate and composition of the landfill biogas are however unstable, 
depending on the ambient temperature, humidity, atmospheric oxygen 
access, waste components and time period after the landfill operation 
start. The methane generation potential of MSWs may vary in a wide 
range from 35 up to 164 m3/t [9,17]. The gases generated as by- 
products of steelmaking contain mainly CH4, H2 and CO [10,12–15]. 
In particular, the amount of globally produced coke-oven gas is 

estimated as 650 Mt/year; only ≤50% of this gas is re-utilized within the 
steelmaking processes [14]. The coke-oven gas consists mainly of 
hydrogen and methane (Table 1) and may be utilized for energy 
production. 

Electric power and heat cam be generated using methane-containing 
waste gases in reciprocating internal combustion engines (ICEs), gas 
turbines (GTs), fuel cells or combinations of these technologies. The 
efficiency of fuel cells is substantially higher with respect to ICEs and 
GTs. In the case of molten carbonate fuel cells (MCFCs) and solid oxide 
fuel cells (SOFCs), mixtures of H2 and CO are generated in the external 
converter or internally within the fuel cell stack due to the high oper
ating temperatures, usually >500 ◦C. SOFCs possess a higher tolerance 
to CO and impurities compared to MCFCs. The low-temperature fuel 
cells such as phosphoric acid, alkaline and proton-exchange membrane 
fuel cells requiring a complex external fuel processor to produce high- 
purity H2, are less suitable for the waste gas utilization. Although the 
gas combustion engines are currently more cost-efficient, the SOFC 
application is expedient from the environment point of view [19]. 
Important advantages of SOFCs include their high energy-conversion 
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efficiency even at low scale, fuel flexibility, environmental safety, 
noiseless operation, and a possibility to recover exhaust heat. Recent 
developments in the SOFC systems include the use of natural gas [20], 
biogas [20,21], coal mine gas [22] and ammonia [23], with significant 
efforts directed towards decarbonization and emission reduction [24]. 

The SOFC-based technologies are considered as a feasible solution 
for the waste gas utilization problems [4–8,10–12]. However, literature 
data on the SOFC performance using methane-containing fuels are 
contradictory, and were often obtained on the button cells with a small 
electrode area. For instance, the small tubular SOFCs (total cathode area 
of 2.4 cm2) operating on Cannock landfill gas after desulfurization 
reached the power output of approximately 170 mW at 850 ◦C; after the 
operation for 6 h, the performance decreased by ~30% [4]. The anode- 
supported microtubular SOFC operating on the landfill gas, produced 
from pilot-scale anaerobic bioreactors, showed a maximum power 
density of 0.11 W/cm2 at 775 ◦C [25]. The planar electrolyte-supported 
SOFC demonstrated a maximum power density of about 80 mW/cm2 in 

humidified (3% H2O) CH4 at 850 ◦C and a degradation rate of 0.08 mW/ 
h at the current density of 180 mA/cm2 [26]. The electrolyte-supported 
SOFC operating on humidified synthetic biogas (47% CH4 - 47% CO2 - 
H2O) had a maximum power density of 210 W/cm2 at 800 ◦C; the carbon 
deposition problems were acknowledged [27]. For the anode-supported 
SOFC where the anode comprised La0.6Sr0.2Cr0.85Ni0.15O3 catalyst, a 
maximum power density of as high as 0.758 W/cm2, methane conver
sion of 85.5% and stable operation were reported when using dry 50% 
CH4 - 50% CO2 fuel at 750 ◦C [28]. For the sake of comparison, the 
commercial electrolyte-supported SOFCs [29] provide a maximum fuel 
utilization of 47% at the operational voltage of 0.7 V and generate 
approximately 0.38 W/cm2 at 800 ◦C using hydrogen fuel. 

The present work was focused on the evaluation of electrolyte- 
supported planar SOFC performance using model landfill and coke- 
oven gases. The commercial-scale fuel cells were produced of conven
tional electrode and electrolyte materials. The short-stack of these cells 
was assembled and tested with a special attention to long-term stability. 

2. Experimental 

In order to study operational features of SOFCs utilizing waste gases, 
a short-stack with two membrane-electrode assemblies (MEAs) was 
produced; the design and processing techniques were reported else
where [30–32]. The solid electrolyte membrane represented a three- 
layer gas-tight plate (10 × 10 cm2), consisting of one 90 µm thick 

Table 1 
Main components of landfill and coke-oven gases.  

Gas type Composition, vol.% Ref.  

CH4 N2 CO CO2 H2  

Landfill 35–70 < 1–25 0–0.2 24–60 0–3 [3–5,9] 
Coke oven 23–34 4–6 5–10 2–5 51–60 [10,12–14]  

Fig. 1. SEM images of as-prepared MEA showing cathodic porous layer (A) consisting of (from top to bottom): LSM, LSM-GDC10 (60–40 wt%) composite and GDC10 
layers, and anodic porous layer (B) consisting of NiO, NiO-10Sc1CeSZ (60–40 wt%) composite, NiO-GDC10 (50–50 wt%) composite and GDC10 deposited onto 
6ScSZ. Photo of one stage of SOFC stack manufacturing (C). SEM micrograph of the fractured MEA consisting of a layered porous cathode, a three-layer gas-tight solid 
electrolyte and a layered porous anode, after SOFC tests using model waste gases (D). 
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internal layer of 10 mol.% Sc2O3 and 1 mol.% Y2O3 co-stabilized ZrO2 
(10Sc1YSZ) and two 30 µm thick external layers of 6 mol.% Sc2O3-sta
bilized ZrO2 (6ScSZ) [33,34]. The electrode layers (geometric area of 9 
× 9 cm2) were applied by screen-printing using an EKRA E2 instrument 
(EKRA Innovative Technologien, Germany). The electrode pastes were 
prepared by mixing of ball-milled oxide powders with an organic binder. 
After screen-printing, the electrode layers were dried and finally co- 
sintered in air at 1300 ◦C. The porous cathodes comprised a protective 
interlayer of Ce0.9Gd0.1O1.95 (GDC10) (thickness of 1.5 µm after sinter
ing), composite (La0.8Sr0.2)0.95MnO3-δ (LSM) - GDC10 (60–40 wt%, 10 
µm) functional layer, and LSM (20 µm) current-collecting layer (Fig. 1A). 
The single-phase LSM powder was synthesized via the glycine-nitrate 
process [35]; all other powders were commercially available. The 
anode consisted of successive GDC10 (1.5 μm), NiO - GDC10 composite 
(50–50 wt%, 10 μm), NiO - 10Sc1CeSZ composite (60–40 wt%, 12 µm), 
and NiO (~5 µm) layers (Fig. 1B). The protective interlayers are 
necessary to prevent chemical interaction and interdiffusion between 
the electrode and electrolyte materials. The resulting electrodes had a 
good mechanical strength and a well-developed porous microstructure 
(Fig. 1). The current collectors were fabricated of Ni-coated Crofer 22H 
stainless steel [36–38]. The contact layers of LSM and NiO pastes were 
deposited on the current collectors or nickel mesh covering the anode 
layer, respectively. A commercially available glass-ceramic sealant 
(Kerafol, Germany) was used to hermetically seal the SOFC assembly. 
One of the stack fabrication steps is shown in Fig. 1C. After assembling, 

the short-stack was installed in a laboratory test setup Evaluator C1000- 
HT (Horiba FuelCon, Germany) under mechanical load of 0.2 kg/cm2 

(Fig. 2). The measurements were performed at 850 ◦C using a 
potentiostat-galvanostat/frequency-response analyzer (FRA) Reference 
3000 (Gamry Instuments, USA) with a Reference 30 k booster. The gas 
supply rates were settled by mass-flow controllers (Bronkhorst In
struments, Germany). Atmospheric air (2500 ml/min) was supplied onto 
the cathodes; the mixtures of CH4 - CO2 or H2 - CH4 - CO - CO2 were 
supplied into anode chambers at the total flow rates of 218 and 749 ml/ 
min, respectively. The fuel gas mixtures were humidified at 65 ◦C 
(Fig. 2B). In order to study the composition of gaseous products formed 
in the SOFC anode chamber, a gas analysis system was assembled 
employing Ultramat 23 and Calomat 6 gas analyzers (Siemens, Ger
many) and a Test-1 analyzer (Boner, Russia). The scanning electron 
microscopy coupled with energy dispersive spectroscopy (SEM/EDS) 
employing a Supra 50VP microscope (CarlZeiss, Germany) equipped by 
INCA detector (Oxford Instruments, UK) was used for the microstruc
tural analysis before and after the stack testing. Surface mapping was 
carried out under standard conditions with an accelerating voltage of 20 
kV. The spectrum acquisition time was >120 min. Separately, a series of 
EDS tests were carried out from different places of the anode surface at 
an accelerating voltage of 10 kV, which makes it possible to register 
lighter elements with a higher accuracy. 

Fig. 2. Photo of the SOFC stack placed in the furnace (A), and schematic drawing of the experimental setup for SOFC testing (B).  
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3. Results and discussion 

3.1. Selection of the MEA design and operating conditions: A brief 
justification 

The choice of SOFC design depends on many factors including the 
application type, planned fuels, load profile over time and other re
quirements to the power plant. In turn, this choice largely determines 
the SOFC stack operation conditions, such as temperature and fuel pre- 
processing. Currently, there exist three most common approaches for the 
design of planar SOFCs: electrolyte-supported cells (so-called 1st gen
eration SOFCs), electrode-supported cells (2nd generation), and the cells 
with external support of porous metal or ceramics (3rd generation) 
[39,40]. These all have specific advantages and disadvantages. The high 
operating temperature of such SOFCs (800–900 ◦C) enables internal 
conversion of hydrocarbons and reduces the carbon deposition problem 
[27]. On the other hand, the relatively thick electrolyte determines up to 
a half of total internal resistance of the cell, thus increasing ohmic losses 
and decreasing power density. Furthermore, the high operation tem
peratures may be associated with accelerated microstructural degrada
tion and severe restrictions on the selection of construction materials, 
such as stainless steel for the current collectors/interconnectors. 

The 2nd and 3rd generation SOFCs require the use of solid electrolyte 
membranes with thickness up to 5 µm, which decreases ohmic losses; in 
this case, the output power density becomes substantially higher. 
Lowering of the operating temperature down to the so-called interme
diate range, 600–750 ◦C, expands the spectrum of materials which can 
be employed for current collection and hermitization. However, the use 
of thin-film technologies increases the SOFC manufacturing costs and 
may have a negative impact on the cell reliability during long-term 
operation, especially in terms of the electrolyte/electrode interface 
stability. The decrease in operating temperature hampers internal con
version of hydrocarbon fuels and promotes carbon deposition at the 
anode. Therefore, planar SOFCs with supporting electrolyte membranes 
were used in the present work centered on the utilization of methane- 
containing waste gases. 

The SOFC operating temperature of 850 ◦C was chosen to provide a 
sufficiently fast kinetics of internal methane reforming and to decrease 
probability of anode coking with respect to the intermediate- 
temperature range. Taking into account the high-temperature corro
sion of and interdiffusion between the stack components, such as glass- 
ceramic sealants and stainless-steel bipolar plates, this operation 

temperature could not be increased to a significant extent. The fuel 
mixture compositions tested in this work were selected as average in the 
ranges typical for the real waste gases (Table 1). Before humidification, 
the model landfill gas contained 45% CH4 and 55% CO2; the model coke- 
oven gas contained 57% H2, 26% CH4 and 6% CO. The steam concen
tration of 20% in the fuel was chosen as the value yielding gas-mixture 
composition close to the carbon deposition boundary, as discussed 
below. This level of humidification makes it possible to test SOFC 
durability under conditions when the anode coking risks are high 
enough. 

3.2. Utilization of model landfill and coke-oven gases in SOFCs 

Fig. 3 compares the current-voltage curves and power densities of the 
2 MEA-stack fueled by humidified hydrogen and model waste gases, 
namely landfill gas (36.2 % CH4 - 43.8 % CO2 - 20 % H2O) and coke- 
oven gas (45.6 % H2 - 20.8 % CH4 - 5.1 % CO - 8.5 % CO2 - 20 % 
H2O) at 850 ◦C. The open-circuit voltage (OCV) values are in accordance 
with theoretical calculations. The OCV values per single MEA, calcu
lated assuming instant conversion of methane at the fuel entry, are 
0.954 V for 80% H2 - 20% H2O, 0.965 V for the landfill gas and 1.024 V 
for the coke-oven gas. The levels of SOFC performance obtained for the 
landfill and coke-oven gases are similar to one another and are worse 
than that for hydrogen fuel. This behavior agrees well with the literature 
data (e.g. [27,41] and references therein). At the current density of 320 
mA/cm2, the power is approximately 183 and 227 mW/cm2 for the 
model landfill gas and 80 % H2 - 20 % H2O, respectively. In the former 
case, this value corresponds to maximum; at current densities above 
275 mA/cm2 the voltage losses related to the concentration polarization 
become significant. In the case of hydrogen fuel, the current-voltage 
dependence remains linear under the experimental conditions used in 
this work. The activation polarization is also much higher in the case of 
model waste gases with respect to hydrogen. 

Fig. 4 displays the impedance spectra of two MEAs when using hu
midified pure H2 and model waste gases under open-circuit conditions at 
850 ◦C. The spectra consist of four resolvable arcs. Both ohmic and 
polarization losses increase after switching hydrogen to the CH4-con
taining waste gases. The processes occurring at the SOFC electrodes 
make a larger contribution to the total internal resistance compared to 
the ohmic losses. One should also mention that both charge-transfer and 
diffusion processes, attributed usually to the high- and low-frequency 
signals, respectively, contribute to the increase of total electrode po
larization resistance after the change of fuels. The diffusion contribution 
to the polarization resistance for the model coke oven gas containing H2 
is close to that observed for hydrogen fuel, whilst the contribution of the 
high-frequency component of the impedance spectrum is much higher 
than that for hydrogen. The diffusion limitations to the overall electrode 

Fig. 3. Comparison of the current-voltage curves and power density of the two- 
MEA SOFC stack operating at 850 ◦C using 80 %H2 - 20 % H2O and mixtures 
simulating landfill (36.2 % CH4 - 43.8 % CO2 - 20 % H2O) and coke oven (45.6 
% H2 - 20.8 % CH4 - 5.1 % CO - 8.5 % CO2 - 20 % H2O) gases. 

Fig. 4. Impedance spectra of two MEAs (total geometric area of 162 cm2) 
fueled by 80 % H2 – 20 % H2O and model landfill and coke-oven gases at 850 ◦C 
under open-circuit conditions. 
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reaction are highest for the model landfill gas. 
In order to assess the mechanism of fuel oxidation in the course of 

SOFC operation using CH4-containing waste gases, the composition of 
the effluent gas mixtures was analyzed in real time under open-circuit 
conditions and under a load of 10, 15 and 18 A at 850 ◦C in combina
tion with total effluent flow rate measurements. Selected data are pre
sented in Fig. 5 and Table 2. In all cases, a complete conversion of 
methane occurs at the anode. When current load is applied, the fraction 
of hydrogen consumed at the anode is larger than that of CO; the total 
fuel utilization also increases with increasing current density, as 
expected. 

Fig. 6 shows the voltage vs. time dependence at the currents of 18 
and 10 A in model waste gases. Over a period of time longer than 360 h, 
voltage of the stack operating on landfill gas decreased by approxi
mately 5%. This degradation rate is much higher than the targeted 
value, 0.2% per 1000 h. When the voltage reached 1.4 V, the current 
load was reduced down to 10 A and the life tests were continued. A 

Fig. 5. Time dependences of the concentrations of anodic oxidation products recorded for the model landfill (A and B) and coke-oven (C) gases as fuels at 850 ◦C 
under open-circuit conditions (A and C) and under the current load of 18 A (B). 

Table 2 
Measured fluxes of C-containing components of the model landfill gas and their 
anodic oxidation products at 850 ◦C and various current loads, carbon balance 
and fuel utilization.  

Gas Flux, ml/min  

Inlet Outlet, 
0 A 

Outlet, 10 
A 

Outlet, 15 
A 

Outlet, 18 
A 

CH4 98.5 0 0 0 0 
H2 0 208.0 122.8 79.8 56.6 
CO2 119.3 42.7 94.4 129.7 145.8 
CO 0 168.0 116.4 83.3 68.1 
ƩC 217.8 210.7 210.8 213.0 213.9 
C imbalance, %  3.3 3.2 2.2 1.8 
Fuel utilization, 

%   
36.4 56.6 66.8  
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substantially large performance degradation was observed for the next 
110 h (Fig. 6). When using the model coke-oven gas as a fuel, the voltage 
was also lower compared to pure hydrogen; the degradation occurs, 
however, much slower compared to the landfill gas. After testing and 
disassembling of the SOFC short stack, MEAs were fractured, and their 
cross-sections and surfaces were examined by SEM/EDS (Fig. 1D). The 
results show that, after the operation on model waste gases during 
almost 600 h, no significant microstructural changes appear. In partic
ular, neither electrode delamination nor traces of carbon deposits were 
detected at the anode surface (Fig. 7). In order to identify processes 
relevant for the SOFC performance degradation, the calculated gas 
compositions along the fuel channel were analyzed with respect to the 
iso-activity lines corresponding to the unit chemical activity of solid 
carbon (aC = 1). 

3.3. Appraisal of the carbon deposition role 

Fig. 8 compares the thermodynamic boundaries of carbon deposition 
[42] and the calculated evolution of gas compositions when the fuel 
utilization varies from 0 up to 100% at 850 ◦C, shown in the C - H - O 
coordinates. The calculations were performed using the NIST thermo
chemical data. It should be mentioned that, at elevated temperatures 
(above 600 ◦C), formation of the single-walled carbon nanotubes 
(SWCNT) is energetically favorable with respect to graphite [42]. For 
the tested fuel compositions, appearance of carbon nanotubes is possible 
under OCV conditions even at 850 ◦C, or at the very beginning of the fuel 
path under current load (Fig. 8). A local decrease of temperature, 
approximately 20 ◦C, was indeed experimentally detected in the vicinity 

Fig. 6. Time dependence of voltage for the two-MEA SOFC stack operating on 
model landfill (36.2 % CH4 - 43.8 % CO2 - 20 % H2O) and coke oven (45.6 % 
H2 - 20.8 % CH4 - 5.1 % CO - 8.5 % CO2 – 20 % H2O) gases at 850 ◦C and 
current loads of 10–18 A (123–222 mA/cm2). 

Fig. 7. SEM image (A) and the corresponding element distribution maps for carbon (B), nickel (C) and zirconium (D) for the anode surface after testing in model 
waste gases. The signal accumulation time was >2 h. 
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of fuel inlet. This local cooling, which may also promote carbon depo
sition, is associated with the prevailing contribution of endothermic 
steam reforming of methane. At larger distances from the fuel inlet, 
temperature increases due to increasing roles of exothermic hydrogen 
oxidation and water-gas shift reactions. Increasing total current through 
the MEAs leads to carbon oxidation and increases fuel utilization 
(Table 2), resulting in a slower performance degradation (Fig. 6). These 
conclusions are in agreement with the results of SOFC modelling [43]. 
Since SEM/EDS analyses did not reveal carbon traces over most of the 
anode surface, coking should be essentially limited to a relatively nar
row zone near the fuel inlet. The total carbon imbalance between the 
influent and effluent gas mixtures (Table 2) is approximately 3% under 
OCV conditions and decreases with increasing current density. Such 
small amounts of carbon may be removed, for example, by applying a 
H2/H2O regeneration gas mixture as suggested in Ref.[44]. At the same 
time, the interdiffusion processes at the cathode/electrolyte and elec
trode/interconnector interfaces, known to deteriorate SOFC perfor
mance, cannot be entirely excluded. The contact resistances may also 
depend on the fuel composition; in particular, the anode current col
lector/ interconnector contact may undergo degradation. 

In summary, the results clearly demonstrated feasibility of long-term 
SOFC operation using waste gases as a fuel without external methane 
conversion. Optimization of the electrodes and experimental conditions, 
including temperature, humidity and gas flow rates, is however neces
sary to further improve the performance and durability of the SOFC 
stacks utilizing waste gases. The negative impact of local anode coking 
may be suppressed by increasing the steam/methane ratio in the influent 
gases, but any significant increase in the humidity level should 
unavoidably reduce power density. Developments of novel anode ma
terials and catalysts active towards carbon oxidation are, therefore, 
necessary as the conventional SOFC anodes exhibit rather insufficient 
performance when utilizing waste gases. 

4. Conclusions 

The possibility of SOFC operation using landfill and coke-oven gases 

without external steam reforming of methane was experimentally 
demonstrated. The SOFC stack of two planar electrolyte-supported 
membrane-electrode assemblies was produced and tested at 850 ◦C 
using humidified model waste gases, namely landfill gas (36.2 % CH4 - 
43.8 % CO2 - 20 % H2O) and coke-oven gas (45.6 % H2 - 20.8 % CH4 - 
5.1 % CO - 8.5 % CO2 - 20 % H2O). The performance of SOFC stack 
fueled by the model waste gases is worse compared to hydrogen fuel due 
to the higher ohmic and electrode polarization losses. In the case of 
landfill gas, the maximum power density of 183 mW/cm2 was obtained 
at the current density of 320 mA/cm2. In all cases, complete conversion 
of methane occurs at the anodes. Despite an apparent absence of carbon 
deposits visible for SEM/EDS analyses at the anode surface after the 
operation using methane-containing fuels for 584 h, a degradation in the 
SOFC performance was observed under testing conditions. Thermody
namic estimations showed that this degradation may be associated with 
local anode coking in the vicinity of fuel inlet, in agreement with local 
cooling detected in this narrow zone and minor carbon imbalance be
tween the influent and effluent gas mixtures. 
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