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H I G H L I G H T S  

• Coal mine gas can be directly utilized in SOFCs to produce electricity and heat. 
• The minimum steam content for stable operation was estimated as 40.6 % at 1123 K. 
• Complete internal CH4 conversion and stable operation for 170 h were demonstrated.  
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A B S T R A C T   

The possibility and regimes of coal mine gas utilization in solid oxide fuel cells (SOFCs) without external methane 
reforming were appraised using a short-stack of two membrane-electrode assemblies with the planar electrolyte- 
supported architecture. The stack fueled by model coal mine gas, namely 59 % CH4 - 5 % CO2 – 36 % N2 mixture 
humidified at 343–363 K, demonstrated a stable operation during approximately 170 h at 1123 K when the fuel 
humidity was higher than 38 vol%. The performance decreased with increasing steam concentration and was 
lower than that obtained for hydrogen fuel at the same humidity levels. The maximum power density, 157 mW/ 
cm2 at the current density of 284 mA/cm2, was observed for 38 % humidity close to the thermodynamic limit 
where carbon nanotube formation may start at the SOFC anode. Decreasing water vapor partial pressure resulted 
in a fast degradation, accompanied with increasing ohmic and polarization losses. Subsequent microscopic 
analysis confirmed that these effects are indeed associated with the carbon deposition. Beyond the coking 
domain, the current vs. voltage dependencies of the SOFC stack can be described by a simplified model assuming 
that the anode kinetics is essentially governed by the electrochemical oxidation of hydrogen.   

1. Introduction 

Despite the strengthening of environmental requirements, the global 
coal production continues growing every year [1–6]. In the course of 
coal mining, extraction of the mine gases containing CH4 is critically 
necessary for the safety reasons. Moreover, abandoned mines release 
methane for a long period of time [7,8]. Recent analysis [3] showed that 
the emissions of coal mine methane (CMM) and abandoned mine 
methane (AMM) in 2010 were as high as 103 × 109 and 22 × 109 m3, 
respectively. On the other hand, these gas mixtures present a source of 
methane that may be used for electrical and thermal energy generation. 
The utilization of mine methane is, however, still insufficient, especially 

in the case of the low-concentration drainage gas. This situation is 
associated, first of all, with explosivity, unstable composition and 
inconstant emission rates [7,8]. The gases from coal deposits comprise 
CH4 and other products of the coal metamorphism, namely heavy ho-
mologues of methane, hydrogen, hydrogen sulfide as well as the gases of 
atmospheric air origin (CO2, N2 and inert gases), which penetrate the 
coal seam due to gas weathering [9]. For the high-temperature utiliza-
tion technologies, the particulate removal, deoxygenation and sulfur 
removal are often necessary. The ventilation air methane (VAM) con-
taining typically ≤1 % of CH4 is the largest source of methane for most 
mines [6–8]. However, utilization of such diluted gas mixtures is 
problematic, mainly due to their low calorific value. Even in the case of 
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higher-concentration CMM, large variations in methane and oxygen 
concentrations may cause serious problems for its use in the conven-
tional engines, such as reciprocating internal combustion engines and 
gas turbines [9,10]. Significant efforts are hence centered on the 
development of alternative approaches [4–8,10–13]. 

The technologies based on solid oxide fuel cells (SOFCs) adapted for 
the use of coal mine gas are considered efficient to produce electrical 
power and heat [10,12,13]. Important advantages of SOFCs include 
relatively low requirements for the fuel purity and an ability to operate 
using various types of gaseous fuels, including light hydrocarbons. There 
exists, however, a lack of systematic experimental data on SOFC oper-
ation using the coal mine gases. Preliminary experiments [14] demon-
strated an operation of one SOFC stack made of the conventional 
electrode and electrolyte materials, employing a model CH4-containing 
gas mixture without external reforming. For 47 % CH4 - 53 % CO2 fuel 
humidified at 338 K, the maximum power density was 0.18 W/cm2 at 
1123 K. The methane content in the exhaust gas flux was 0.01 vol%, 
indicating a sufficiently high utilization degree. A fuel consumption of 
6.3 dm3/min in terms of dry gas was estimated for 1 kW system [14]. 

One important problem associated with the use of hydrocarbon- 
containing fuels in SOFCs, is related to carbon deposition on the con-
ventional Ni-based anodes and resultant degradation in the SOFC per-
formance (e.g. Refs. [15,16]). This factor makes it necessary to 
determine minimum steam concentration in the fuel, required to 
exclude hydrocarbon pyrolysis (cracking) and Boudouard reaction (CO 
disproportionation) in each particular case. 

Continuing previous research [14,15], the present work is focused on 
the appraisal of coal mine gas utilization in the planar 
electrolyte-supported SOFCs operating at 1123 K, with a special atten-
tion to relationships between the fuel gas humidity and fuel cell stack 
performance. Although the anode-supported SOFC architecture makes it 
possible to substantially decrease the cell resistance and operation 
temperature, the internal conversion of methane and minimization of 
coking risks require relatively high operating temperatures, above 1100 
K. Also, the supporting electrolyte membranes possess a higher me-
chanical strength with respect to those used for the anode-supported 
cells, which may be critical in case of massive carbon deposition at 
the anode/electrolyte interface. The electrochemical tests of a SOFC 
stack fueled by model mine gas were carried out, including impedance 
spectroscopy, analysis of the current-voltage (I–V) dependencies and 
power density, and life tests. One-dimensional model of a SOFC stack 
operating using coal mine gas was proposed and validated. The gas 
mixture compositions dangerous from the carbon deposition point of 
view were determined according to the C–H – O phase diagram. The 
main aims were to assess the SOFC operation regimes feasible for the 
mine gas utilization, to evaluate stability of the stack components in the 
conditions of direct methane oxidation, and to collect new experimental 
data necessary for the development of pilot SOFC-based systems. 

2. Experimental section 

In order to study the operational features of SOFCs using a model 
coal mine gas, a short-stack with two planar membrane-electrode as-
semblies (MEAs) was produced. Fig. 1A illustrates the microstructure of 
one fractured MEA. The solid electrolyte is a three-layer gas-tight plate 
(10 × 10 cm2 in size) consisting of one 90 μm thick 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-stabilized ZrO2 (6ScSZ). 
The electrode layers with geometric area of 9 × 9 cm2 were applied by 
screen printing using an EKRA Е2 instrument (EKRA Innovative Tech-
nologien, Germany). The electrode pastes were prepared by mixing of 
ball-milled oxide powders with an organic binder. After deposition, the 
electrode layers were dried and finally co-sintered in air at 1523 K. The 
porous cathodes comprised one protective interlayer of Ce0.9Gd0.1O1.95 
(GDC10), composite (Pr0.6Sr0.4)0.97MnO3-δ (PSM) - GDC10 (60–40 wt%) 
functional layer and (La0.6Sr0.4)0.97MnO3-δ (LSM) current-collecting 

layer (Fig. 1B and 2A). Single-phase PSM and LSM perovskites (Fig. 3) 
were synthesized via the glycine-nitrate process. All other powders were 
commercially available. Phase purity of all components was confirmed 
by the X-ray diffraction (XRD) analysis using a Rigaku SmartLab SE 
instrument (CuKα radiation). The anode consisted of successive GDC10, 
NiO - GDC10 composite (50 - 50 wt%), NiO–10Sc1CeSZ composite 
(60–40 wt%) and NiO layers (Fig. 1C and 2A). The current collectors 
were made of Ni-coated Crofer 22H stainless steel (Fig. 2A). The contact 
layers of LSM and NiO pastes were deposited on the current collectors 
and on the nickel mesh covering the anode, respectively. A commer-
cially available high-temperature glass-ceramic sealant (Kerafol, Ger-
many) was used to separate the anode and cathode chambers and to 
hermetically seal the assembly. 

The produced model short-stack was installed in an Evaluator 
С1000-HT (Horiba FuelCon, Germany) test setup under the mechanical 
load of 0.33 kg/cm2, as illustrated in Fig. 2B. After sealing at 1213 K, the 
measurements were performed at 1123 K using a Reference 3000 

Fig. 1. SEM images of a fractured MEA after testing (A), porous cathode (B) 
and of anode (C). 
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potentiostat-galvanostat (Gamry Instuments, USA) equipped with a 
Reference 30 k booster. The gas flow rates were settled by the mass-flow 
controllers (Bronkhorst Instruments, Germany). Atmospheric air (3000 
ml/min) was supplied onto the cathodes; H2 (600 ml/min) or the 

mixture of 59 % CH4 - 5 % CO2 – 36 % N2 (295 ml/min) humidified at 
various temperatures was supplied into the anodic chamber. The scan-
ning electron microscopy coupled with energy dispersive spectroscopy 
(SEM/EDS) employing a Supra 50VP microscope (CarlZeiss, Germany) 
was used for the microstructural and elemental analysis after the stack 
tests. Modelling of the experimental data was performed using COMSOL 
Multiphysics software. 

3. Results and discussion 

3.1. Performance and stability of the SOFC stack fueled by hydrogen 

The stack performance at 1123 K was evaluated at the fuel humidi-
fier temperatures of 343, 348, 353, 358, and 363 K, which correspond to 
the humidity of 31, 38, 47, 57 and 69 %, respectively. In order to test 
stability of the assembly when using pure hydrogen as a fuel, the model 
SOFC stack was kept for at least 6 h at a constant direct current of 15 A 
(185 mA/cm2) for the humidities of 31–57 % and 12 A (148 mA/cm2) 
for 69 % humidity after each I–V and impedance measurement. Fig. 4A 
shows the time dependencies of voltage at a constant current density for 
various steam concentrations in the influent fuel mixture. After 
switching 5 % Н2 - Ar gas mixture to 31%-humidified H2, the power 
density exhibited a continuous growth during the next 15–20 h. For the 
first 13 h, its value increased from 130 to 145 mW/cm2 at an operating 
voltage of 1.4 V (0.7 V per MEA), and from 167 to 183 mW/cm2 at a 
current density of 333 mA/cm2, Fig. 5A. On further testing, the voltage 
remained essentially constant (Fig. 4A). 

Fig. 6A displays the current dependencies of voltage and power for 
different humidity levels (31–69 %) at the inlet. The power densities 
vary from 106 to 146 mW/cm2 at an operating voltage of 0.7 V per MEA, 
decreasing when the steam content in the fuel increases (Fig. 6A). This 
behavior is in agreement with the literature data [17] and originates, 

Fig. 2. Photos of the SOFC stack components (A) and short-stack placed in the 
furnace (B). 

Fig. 3. X-ray diffraction patterns of as-synthesized (La0.6Sr0.4)0.97MnO3-δ и 
(Pr0.6Sr0.4)0.97MnO3-δ powders. 

Fig. 4. Time dependencies of the voltage for the two-MEA SOFC stack oper-
ating on pure hydrogen (A) and model coal mine gas (B) with different steam 
concentrations at 1123 K and current loads of 148–185 mA/cm2. 
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first of all, from the dependence of the open-circuit voltage (OCV) on H2: 
H2O ratio in the fuel. The anode exchange currents and overpotentials 
are also dependent on the hydrogen/steam ratio (e.g., see Refs. [15,17] 
and references therein). Moreover, excessively high humidity may 
induce local oxidation at the anode and current-collector surfaces. The 
peak power of 30.3 W (187 mW/cm2) was observed for 38-47 %-hu-
midified hydrogen at 1123 K and current of 29.5 A (364 mA/cm2). 
Testing in hydrogen atmosphere demonstrated, hence, gas-tightness of 
the model stack and its suitability for further studies in the 
methane-containing fuel. The data collected under hydrogen/air 
gradient were used as input for modelling of the SOFC operation using 
coal mine gas. 

3.2. Testing of the SOFC stack fueled by coal mine gas 

At the next stage, the fuel was changed and the model coal mine gas 
(59 % CH4 - 5 % CO2 – 36 % N2) was supplied into the stack. As expected, 
the SOFC performance obtained for the mine gas is generally worse than 
that for hydrogen fuel (Fig. 6). The use of 69 %-humidified mine gas as a 
fuel leads to complete internal conversion of methane. In the methane 
steam reforming reaction, three molecules of hydrogen and one mole-
cule of carbon monoxide are formed; all these components are then 
oxidized in SOFCs. The differences in the open-circuit voltage (OCV) 
observed when using pure hydrogen and converted mine gas as fuels 
(Figs. 5 and 6), result from the presence of CO in the latter case. The cell 
voltage was stable during the first 70 h of operation at the constant 
current load of 148 mA/cm2, and started to decrease on further exposure 
(Fig. 4B). After 113 h of operation, the voltage stabilized and became 
approximately 3 % lower compared to the initial level. Fig. 5B compares 
the current dependencies of voltage and power obtained at the initial 
step, after 70 h, and after 141 h of testing at the DC density of 148 mA/ 

cm2 in 69 %-humidified mine gas. The decrease in SOFC performance, 
especially pronounced at high current densities, may be indicative of 
irreversible changes at the anode/interconnector interface associated 
with local oxidation of metallic current collectors and/or nickel at the 
inlet zone due to excessively high fuel humidity. 

At the fuel humidities of 38–57 %, a stable performance was ob-
tained (Fig. 4B). The corresponding current-voltage characteristics are 
shown in Fig. 6(B). The maximum power density of 157 mW/cm2 was 
achieved for 38 %-humidified coal mine gas at 1123 K and current 
density of 284 mA/cm2. After decreasing humidity down to 31 %, a 
rapid degradation in the SOFC performance and an increase in the ohmic 
and polarization resistances were observed. These changes are associ-
ated with carbon deposition at the anode surface, confirmed by the re-
sults of post-operational SEM/EDS analysis (Fig. 7). Notice that, after the 
SOFC operation, no microstructural changes of the electrodes were 
observed and the percolation of nickel was retained (Fig. 1). However, a 
significant amount of carbon was deposited at the anode surface. The 
critical level of water vapor concentration in the coal mine gas should 
be, therefore, close to 38 vol%. This level corresponds to minimum 
required to enter the methane steam reforming mode and to exclude 
methane pyrolysis. Such a conclusion is consistent with the C–H – O 
phase diagram, discussed below, and were further verified by modelling 
of the current-voltage dependencies of the SOFC short-stack operating 
on coal mine gas. 

3.3. Modelling of the current vs. voltage dependencies 

The SOFC model used in this work was based on the following 
starting assumptions. As the SOFC short-stack consisted of two MEAs 
sandwiched between 2 cm thick steel plates, the temperature distribu-
tion can be considered uniform (local temperature deviations lower than 

Fig. 5. Comparison of the current-voltage curves and power densities of the 
SOFC short-stack operating at 1123 K using H2 and model coal mine gas hu-
midified at 343 K (A) and 363 K (B). 

Fig. 6. Сurrent-voltage dependencies and power densities of the SOFC stack 
operating at 1123 K using H2 (A) and model coal mine gas (B), humidified at 
343–363 K. 
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1 K). Taking into account the high electrical conductivity of the stainless 
steel and geometry of the planar gas-distribution channels, the elec-
trodes may be assumed equipotential, whilst the fuel supply along MEAs 
is homogeneous. In this case, one-dimensional approach should be 
applicable, where the presence of air crossflow can be accounted 
implicitly by reducing the Nernst potential. The binary diffusion co-
efficients were approximated by extrapolation of the tabulated data 
according to the Chapman-Enskog theory [18]. Since excess air was 
supplied onto the cathodes, the correction for decreasing oxygen con-
centration in this flow should be small. The depth of the gas channels, 
400 μm for the fuel and 800 μm for the air chambers, is small enough to 
consider the gas flows as laminar. Moreover, as the diffusion coefficients 
of the gaseous phase components are sufficiently high, the fuel compo-
sition in the direction perpendicular to its flow was assumed homoge-
neous, with the compositional deviations lower than 1 %. At the same 
time, diffusion along the fuel path can be neglected with respect to the 
convective flow rate; the diffusion flow is lower than 0.5 % of the 
convective one. In light of the above assumptions, the mass conservation 
principle is sufficient to determine the gas mixture composition along 
the fuel path: 

Ach
∂
∂t
(Ctotxi)+

∂
∂l
(NtotXi)= Si (1)  

where Ach (m2) is the total cross-section area of the gas channels, t (s) is 
the time, Ctot (mol/m3) is the total molar concentration, l is the coor-
dinate along fuel path, Ntot (mol/s) is the total fuel flow, Xi is the molar 

fraction of i-th component, and Si (mol × s− 1 × m− 1) is the generation 
rate of the i-th component per unit length. For the steady-state condi-
tions, Eq. (1) can be simplified: 

∂
∂l
(NtotXi)= Si (2) 

The calculation of Si should take into account the reactions of steam 
reforming of methane (SMR), water-gas shift (WGS) and hydrogen 
oxidation (HO): 

CH4 +H2O⟷3H2 + CO
PCOP3

H2

PH2OPCH4
= KSMR (3)  

H2O+CO⟷H2+CO2
PCO2PH2

PCOPH2O
=KWGS (4)  

H2 +
1
2
O2 ↔ H2O

PH2O

PH2P1/2
O2

= KHO (5)  

where KSMR, KWGS and KHO are the corresponding equilibrium constants 
provided in the NIST thermochemical data [19], and Pi (bar) is the i-th 
component partial pressure. Note that the CO oxidation reaction was not 
taken into account, since its rate is several times lower than the rate of 
hydrogen oxidation [20]; CO is therefore consumed in the reaction 
expressed by Eq. (4). Then Si is expressed as: 

Fig. 7. SEM image (A) and corresponding mapping of nickel (B) and carbon (C) distribution for the anode surface after testing in coal mine gas, and SEM image of the 
carbon deposits (D). 
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Si =
Ach

hch

(
nSMR

i RSMR + nWGS
i RWGS + nHO

i RHO
)

(6)  

where Rx (mol × m− 3 × s− 1) and nx
i are the rates and stoichiometric 

vectors of the corresponding reactions (Eqs. (3)–(5)), respectively, and 
hch is the depth of the fuel channels. The SMR rate is expressed as: 

RSMR = k1

⎛

⎜
⎜
⎜
⎜
⎝

k2PCH4 PH2O

[

1 −
PCOP3

H2
KSMRPCH4 PH2 O

]

PH2O + b2P2
H2

+ b3P3
H2

⎞

⎟
⎟
⎟
⎟
⎠

(7)  

where 

k2 =
3 × 1013

T3 e−
141287

RT , b2 =
8, 12 × 103

T3 e
81789

RT andb3 =
1, 82 × 107

T6,5 e
195673

RT 

R is the universal gas constant, T (K) is the temperature, the coeffi-
cient k1 (mol × m− 2 × s− 1) depends on the specific surface area and 
morphology of Ni catalyst and was hence used as a fitting parameter; k2, 
b2 and b3 are the coefficients depending on the rate constants of 
elementary reaction steps [21]. The water-gas shift reaction rate and its 
constant can be expressed as 

RWGS = k3PtotXCO

(

1 −
XCO2XH2

KWGSXCOXH2O

)

andKWGS = e4276
T − 3.961 (8)  

where Ptot is the total pressure. Since the kinetics of reaction expressed 
by Eq. (4) is very fast, its deviation from equilibrium should be negli-
gibly small. Therefore, Ptot was assumed constant along the path; the 
value of k3 = 3 × 10− 6 mol × m− 2 × s− 1 × bar− 1 was chosen arbitrarily, 
large enough to ensure that the WGS reaction is close to equilibrium 
[22]. For the hydrogen oxidation rate 

RHO =
i

2F
(9)  

where F is the Faraday constant and i (A/cm2) is the local current den-
sity. The latter quantity is directly related to the local sum of anodic and 
cathodic overpotentials η = Eeq – U, where Eeq and U are the Nernst and 
cell voltages, respectively. The empirical overpotential-current rela-
tionship was extracted from the experimental results obtained for hu-
midified hydrogen fuel (Fig. 6A): i(η)= 1.06η − 0.151tanh η

0.3754. 
The Nernst voltage corrected for the oxygen losses from flowing air 

can be determined by the first order perturbation equation: 

Eeq =E0
eq −

RT
8F

i
iO2XO2

(10)  

where 

E0
eq =E0 +

RT
2F

ln
XH2

XH2O
X1/2

O2 +
RT
2F

ln
Ptot

Pref
, iO2 =

4FfairXO2

AMEA  

and  

In these formulae, iO2 is the theoretical faradaic current expected in the 
case of 100 % consumption of oxygen supplied into the cathode cham-
ber, Pref = 1 bar is the reference pressure, fair is the air flow, fairxO2 is the 
molar oxygen flux, AMEA is the electrode area for each MEA, and E0 is the 
partial pressure-independent contribution to the Nernst potential 

approximated from NIST data in the temperature range of 1000–1700 K 
[19]. 

Equations 2–10 were used for nonlinear regression analysis of the 
experimental current-voltage curves obtained for the SOFC short-stack 
fueled by the model coal mine gas. The coefficient K1 = 29.6 mol ×
m− 2 × s− 1 was determined by minimizing the root-mean-square devia-
tion from the experimental I–V curves simultaneously at three humidity 
levels (69 %, 57 %, and 47 %). The model fits well to the experimental 
data up to the onset of carbon deposition at the anode, Fig. 8A. The latter 
process occurs already at 38 vol% humidity, which was not obvious from 
the data presented in Fig. 4B and 6B. Increasing current load and, thus, 
oxygen flux should progressively suppress coking. Consequently, the 
model and experimental data become closer to one another when the 
current increases (Fig. 8A); for 38 % humidity at the current densities 
corresponding to peak power values, these nearly coincide. The same 
reason is responsible for the fact that no performance degradation was 
observed at the current density of 148 mA/cm2 for 10 h (Fig. 4B). 
However, when the dynamic equilibrium is settled at the anode under 
open-circuit conditions, the thermodynamic data show that solid carbon 
should form at 38 % humidity and 1123 K. 

3.4. Carbon formation under equilibrium conditions 

The minimum humidity levels acceptable for the coal mine gas uti-
lization in SOFCs, can be determined by analyzing the carbon formation 
limits under thermodynamic equilibrium conditions. For these calcula-
tions, the Boudouard reaction: 

2CO⟷C + CO2
aCPCO2

P2
CO

=KBD (11)  

where aC is the chemical activity of carbon, should be taken into account 
in combination with WGS and SMR reactions (Eqs. (3) and (4)). The 
equilibrium gas mixture composition is only a function of total pressure, 
temperature, and the content of hydrogen, oxygen and carbon: 

PCH4 +PCO + PCO2 = Ptot
XC

Xtot
(12)  

PH2 +PH2O+2PCH4 = Ptot
XH2

Xtot
(13)  

PCO+2PCO2 +PH2O = Ptot
XO

Xtot
(14)  

XH2 +XO + XC= 1 (15)  

Xtot =

(
PH2+2PCO+2PH2O+3PCO2+3PCH4

Ptotal

)− 1

(16)  

where XO,XC,XH are the molar fractions of O, C and H atoms in the gas 
mixture, respectively; Xtot =

NH2+NCO+NH2O+NCO2+NCH4
NO+NC+NH 

is the ratio of the total 
number of molecules to the number of O, C and H atoms. The influent 

gas compositions with various humidity levels are shown in Fig. 8B in 
the C–H – O coordinates according to Eqs. (3), (4), (11)–(16), taking into 
account the presence of N2 in the model coal mine gas. 

One should also mention that solid carbon may be deposited in 
various forms (graphite, multi- and single-walled nanotubes, or soot) 
having different values of the Gibbs formation energy. At temperatures 

E0= 1.26481 −
3.95

T
− 0.00012125T− 2.542×10− 8T2+1.006×10− 11T3− 1.381×10− 15T4− − 0.000018071T ln T   
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above 873 K, formation of the single-walled carbon nanotubes (SWCNT) 
is energetically favorable [23]. Comparison between the carbon depo-
sition boundaries [23] at 1123 K and influent fuel compositions used in 
this work (Fig. 8B) suggests that carbon should deposit at the anode 
surface in the form of nanotubes, but not as graphite. The formation of 
carbon nanotubes was, indeed, clearly visible in the SEM micrographs 

(Fig. 7D). 
Finally, consideration of the SWCNT deposition limit at 973 K [23] 

makes it possible to assess the safe regime of SOFC stack operation using 
coal mine gas. The short-stack tested in this work is small enough and 
can hence be considered as nearly isothermal. For larger stacks, the 
temperature gradients should unavoidably increase. Such gradients, 
either along the MEAs or across the layers, may lead to thermal-induced 
cell fractures [22,24,25]. Taking into account the thermal expansion 
coefficient of the solid electrolyte ceramics, and assuming a maximum 
safe stress-induced linear strain of 0.1 %, the maximum allowable 
temperature gradient was estimated as 100 K per 10 cm length of MEA 
[24]. Modelling of temperature variations along and across the cells 
showed, however, that the gradients may exceed this limit, depending 
on the gas flow arrangement in the stack [22,25]. Therefore, possible 
coking at 973–1023 K should also be taken into account (Fig. 8B). The 
calculated critical values of water vapor content in the influent 59 % 
CH4 - 5 % CO2 – 36 % N2 fuel are 51.6 and 40.6 vol% at 973 and 1123 K, 
respectively. 

4. Conclusions 

The SOFC short-stack of two electrolyte-supported planar MEAs was 
produced and tested using model coal mine gas, 59 % CH4 - 5 % CO2 – 
36 % N2, as a fuel. The MEAs comprised 150 μm thick three-layer zir-
conia solid electrolyte membranes, manganite-based cathodes and Ni- 
containing cermet anodes. As expected, the SOFC performance ob-
tained for the humidified mine gas is lower than that for pure hydrogen 
at the same humidity levels and decreases with increasing steam con-
centration. At high fuel humidities, complete conversion of methane and 
a stable operation during approximately 170 h were observed. The 
maximum power density, 157 mW/cm2, was achieved for 38 %-hu-
midified fuel at 1123 K and current density of 284 mA/cm2. Decreasing 
humidity down to 31 % resulted in a rapid degradation in the SOFC 
performance, accompanied with an increase in both ohmic and polari-
zation losses extracted from the impedance spectra. This degradation 
originates from carbon deposition at the anode surface, as confirmed by 
SEM/EDS analyses and thermodynamic calculations. Comparison of the 
experimental results and equilibrium boundaries of carbon formation in 
various forms showed that carbon nanotube growth may start at the 
anode when the fuel humidity is too low. The experimental current- 
voltage dependencies coincide with theoretical ones derived using a 
1D SOFC model up to the onset of anode coking. The estimated mini-
mum level of the coal mine gas humidity necessary for stable long-term 
operation of SOFCs, is approximately 40.6 % at 1123 K. 

Author statement 

E.V. Tsipis: Conceptualization, Investigation, Visualization, Writing 
– original draft, A.U. Sharafutdinov: Methodology, Formal Analysis, 
Visualization, Writing – original draft, D.V. Matveev: Methodology, 
Investigation, Data curation, Writing – original draft, M.S. Dyakina: 
Investigation, D.V. Zhigacheva: Investigation, D.V. Yalovenko: Investi-
gation, A.P. Paduchev: Conceptualization, Validation, S.I. Bredikhin: 
Conceptualization, Supervision, Validation, V.V. Kharton: Conceptuali-
zation, Supervision, Validation, Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Fig. 8. Experimental (points) and calculated (lines) current-voltage curves for 
the SOFC short-stack operating on humidified coal mine gas (A), C–H – O 
ternary diagram showing the experimental influent gas compositions (points) 
and iso-activity lines at aC = 1 for different forms of carbon at atmospheric total 
pressure (B) and carbon activity (decimal logarithm) as a function of temper-
ature and fuel humidity (C). The thick red line in (C) corresponds to the carbon 
iso-activity line at aC = 1 for graphite. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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