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Abstract - Low energy conversion efficiency and high storage 
costs still hamper a successful implementation of sustainable energy 
systems. Recent theoretical studies show that reversible 
electrochemical conversion of H2O and CO2 to CH4 inside 
pressurized solid oxide cells combined with subsurface storage of 
the produced gases can facilitate seasonal electricity storage with a 
round-trip efficiency reaching 80% and a storage cost below 3 
¢/kWh. Here we present test results with a 30-cell SOFCMAN 301 
stack operated with carbonaceous gases at 18.7 bar and 700 ˚C in 
both electrolysis and fuel cell mode. In electrolysis mode the CH4 
content in the stack outlet gas increased from 0.22% at open circuit 
voltage to 18% at a current density of -0.17 A cm-2. The degradation 
observed by scanning electron microscopy studies correlate well 
with the observed electrochemical stack degradation. The 
degradation rates in both fuel cell and electrolysis mode were 
comparable to previously reported SOFCMAN stack degradation 
rates measured at ambient pressure operation with H2/H2O gas 
mixtures.  

1. Introduction
With the displacement of fossil fuels by intermittent 

renewable sources such as wind and solar power the need 
increases for seasonal electricity storage [1] and production of 
renewable transportation fuels [2]. In this context the Solid 
Oxide Cell (SOC) technology is interesting due to its potentially 
high conversion efficiency and fuel flexibility in power-to-gas 
(P2G) [3, 4] and gas-to-power (G2P) systems [5, 6]. However, 
the efficiency of hydrogen-based storage is rather low, partly due 
to thermodynamic constraints [7]. In contrast much higher 
conversion efficiencies can be obtained with pressurized SOCs 
operated with methane rich gases [8].  A system round-trip 
efficiency (electricity-gas-electricity) exceeding 70% can be 
reached [9], and several modeling studies have been undertaken 
to optimize operation conditions for similar pressurized 
methane-based reversible SOC systems [10, 11]. Coupled with 
pressurized subsurface gas storage such systems may enable 
storage cost around 3 ¢/kWh, i.e., comparable to pumped hydro  
[12]. 

An extensive body of literature address modelling of 
methane-based SOC systems for P2G and/or G2P, but papers 
dedicated to experiments with pressurized planar solid oxide 

cells and stacks are scarce, possibly due to the considerable 
technological challenges related to such tests [13]. Seal 
compression, pressure balancing, stable gas flow rates, 
controlled fuel utilization, and proper thermal management of 
the cell/stack as well as of the entire system are some of the 
related challenges [14]. 

Recently, iV curves and impedance spectra for an anode-
supported Ni-YSZǀYSZǀLSM-GDC button cell operated at 1-5 
atm and 750-850 ˚C with hydrogen and air to the fuel and air 
electrode respectively were investigated [15]. The area-specific 
resistance (ASR) was observed to decrease with increasing 
pressure, most significantly at the lower temperature because the 
pressure-dependent electrode resistances increasingly dominate 
the ASR with decreaing temperature.

LSM-YSZ and LSCF-YSZ electrodes on symmetrical cells 
were studied at oxygen partial pressure pO2 from 0.1 to 10 atm 
by impedance spectroscopy [16]. Overall, the electrode 
resistance was reduced by a factor of ~2 by increasing the oxygen 
pressure from a nominal 0.2 atm (air) to 10 atm.

Co-electrolysis of H2O and CO2 has been investigated with a 
Ni-YSZǀYSZǀGDC-LSCF button cell at pressures from 1-10 bar 
[17]. The gas analyses revealed that methane was formed when 
the cell was pressurized and polarized in electrolysis mode, and 
that mass transfer limitation through the porous electrode 
prevented the gas from fully reaching thermodynamic 
equilibrium. Similar to a previous single-cell study conducted at 
atmospheric pressure [18] it was concluded that the kinetics of 
the catalytic CH4 formation (and internal reforming) on the Ni-
YSZ electrode only to a limited degree prevent the gas from 
reaching equilibrium.

A comparison of the pressure dependence of the performance 
of an anode supported cell (ASC) and an electrolyte supported 
cell (ESC) was provided by Hsieh et al.[19]. The ASC had a Ni-
YSZ fuel electrode whereas the ESC had a Ni-GDC electrode. 
Both cells were equipped with LSM-YSZ air electrodes. The 
ESC had a 3YSZ 80-110 m thick electrolyte whereas the ASC 
had a 4-6 m thick 8YSZ electrolyte. When increasing pressure 
from 1 to 5 atm, the ASC exhibited a much larger increase in 
power density than the ESC. The measured electrochemical 
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impedance spectra (EIS) revealed that this could be attributed to 
the lower ohmic resistance of the pressure-independent 
electrolyte for the ASC compared with that of the ESC.

Bernadet et al. [20] tested two commercial single cells with a 
diameter of 35 mm at 1-10 atm. The cells were Ni-
YSZǀYSZǀGDCǀ  half-cells with respectively an LSCF and an 
LSC air electrode. Based on the measured iV curves and a 
microstructural analysis of the cells, a deconvolution as function 
of current density and pressure was provided for the two cells. 

The performance of a 5x5 cm2 Ni-YSZǀYSZǀLSM-YSZ cell 
was examined at 1-15 atm by Sun et al.[21] with various H2/H2O 
ratios. Both impedance and i-V curves were measured to confirm 
decreasing electrode resistance and increasing open curcuit 
voltage. The cell was sealed with glass and interestingly no 
significant pressure dependence of the measured leak rate was 
observed. 

Santhanam et al.[22] conducted a pressure test from 1.4-8 bar 
on a commercially available SOC stack with 10 ESCs. A model 
was provided describing the temperature change in the stack as 
function of endothermal/exothermal conversion of H2O to/from 
H2. Based on the model, the maximum achievable round-trip 
efficiency was discussed.   

Jensen et al. [14] recently conducted a pressure test from 1-
25 bar with an 11-cell SOC stack where each ASC had an active 
electrode area of 87.8 cm2. The test provided iV curves, leak 
rates and impedance as function of pressure. In addition the stack 
was tested for 200 h at 10 bar to assess degradation rates when 
operated in electrolysis mode using H2O/H2 as inlet gas for the 
fuel electrodes. The stack was demonstrated to survive a full 
pressure and thermal cycle, and to have a degradation rate 
comparable to that of stacks tested at ambient pressure. Above 3 
bar steam condensation negatively affected the operation 
stability. In a later stack test  this was resolved by heat tracing of 
the gas pipes [23].  

Finally, pressurized operation up to 15 bar has been reported 
with a prototype of a larger stack with 30 ESCs, each with an 
active electrode area of 127.8 cm², and a nominal DC input 
power of 10 kW supplied to the electrolysis stack [13]. Thermal 
management and heat losses to the surroundings were some of 
the observed challenges to be addressed in future experiments.

The results presented in this paper addresses one of the major 
challenges related to an efficient upscaling of sustainable energy 
systems: Efficient conversion and storage of renewable 
electricity. More specifically it is demonstrated that it is possible 
to reversibly convert methane inside a pressurized planar solid 
oxide cell stack. This represents an important step towards 
realizing cost- and conversion-efficient large-scale electricity 
storage systems utilizing existing natural gas infrastructures [12] 
since the thermodynamics of methane conversion potentially 
enables storing electricity with an efficiency exceeding 70% [9]. 
In contrast the efficiency is limited to around 50% when based 
on hydrogen conversion [7].

2. Material and Methods
An SOFCMAN 301 stack with 30 NiO-YSZǀYSZǀGDC 

ǀLSCF-GDC cells [24, 25]  having 63 cm2 active electrode area 
per cell was operated in a dedicated pressure test setup. The stack 
design is outlined in Fig. 1. 

Fig. 1. Sketch of the internal structure in a 30-cell SOFCMAN. Figure 
taken from reference [26].

The test setup is sketched in Fig. 2 and described in detail 
elsewhere [23]. 0.8 mm thick sheets of Thermiculite® 866 were 
used to seal the stack and compression/gas manifold plates. A 
compression force of 300 kg was applied using a spring-load (not 
shown in Fig. 2).

First the stack was heated to 750 ˚C followed by reduction of 
the NiO in the fuel electrodes. Subsequently the temperature was 
reduced to 700 ˚C. The following stack test was conducted in 
four consecutive parts. Gas compositions for the central 
measurements in each part are specified in Table 1. Afterwards 
a scanning electron microscope (SEM) study was carried out.

Fig. 2. Test setup used for pressurized operation of a 30-cell stack from 
SOFCMAN. 

The central measurements in each part of the test are briefly 
described below. 
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Part A: The pressure was increased in four steps from 1 to 18.7 
bar. Impedance spectra and iV curves were recorded at each step. 
Impedance was measured with a Solartron 1260 in combination 
with a Kepco 4-50 bipolar power supply. A Delta Electronica 
SM6000 power supply and a EA 80-600 Electronic load was 
used to control the current to the stack. The pressure drop across 
the stack and heat exchangers was measured during 
pressurization using APR-2000ALW differential pressures 
sensors.
Part B: An equilibrium fuel gas mixture (neglecting higher 
hydrocarbons than CH4) with an H/C ratio of 7 was fed to the 
stack. The inlet composition, and the outlet composition at open 
circuit voltage (OCV) as well as at current densities of -0.09 A 
cm-2 and -0.17 A cm-2 was measured with an Agilent micro gas 
chromatograph (GC) 490 with a Molsieve 5Å and a PoraPlot Q 
column. Helium was used as a carrier gas.
Part C: The oxygen concentration at the air side was reduced to 
minimize oxygen leaking from the air side to the fuel side. 
Subsequently the stack was operated at -0.10 A cm-2 for about 
100 hours.
Part D: Next the stack was operated in fuel cell mode. Inlet gas 
composition and the stack outlet gas composition were measured 
at OCV, 0.09 A cm-2 and 0.15 A cm-2. The stack was operated at 
0.09 A cm-2 for about 12 hours.

The current density was chosen to keep the cell polarization 
within 100-200 mV to reflect operating conditions adequate for 
high round-trip efficiencies. With a decrease in internal 
resistance higher current densities can be obtained while keeping 
the cell polarization constant. 

Table 1 Gas flow rates in Normal Liters Per Hour (NLH) during test
Fuel side Air sideTest Part

H2 H2O CO CO2 CH4 O2 N2

A 200 200 0 0 0 126 474
B 31.5 140 6.2 36.8 1.3 126 474
C 31.5 140 6.2 36.8 1.3 40 1800
D 64.2 40.9 5.9 6.1 42.1 170 1800

3. Results
The test results are presented with reference to the parts of the 

overall test outlined in Table 1. 

3.1. Pressure drop, iV and Impedance as Function of Pressure
In Part A (Table 1), the relative inlet and outlet pressure of 

both the fuel and oxidative gases was measured against the 
pressure in the autoclave using differential pressure sensors (Fig. 
2). Fig. 3 shows the pressure drop (dP) across the stack and heat 
exchangers, calculated as the difference between the inlet and 
outlet pressures. The air flow to the stack was kept constant 
during the entire measurement whereas the fuel flow was varied 
above 3 bar. 

iV curves were recorded at 1, 3, 10 and 18.7 bar. The iV 
curves are presented in Fig. 4(a). Surprisingly, the slope of the 

iV curves did not gradually decrease with increasing pressure. 
This is reflected by the almost constant average cell resistance 
(ASR) shown in Fig. 4(b).

Fig. 3. Pressure drop across the SOFCMAN stack and heat exchangers 
as function of pressure. The air dP between 1 and 3 bar is fitted with a 
power law expression. The inset shows the power law expression. 

The measured average cell OCV is shown in the inset in Fig. 
4(a). As found in previous stack tests, the difference between the 
theoretical cell OCV (the line) and the measured average cell 
OCV (the dots)  increases with pressure[23]. Based on the 
measured OCV the H2O concentration (with H2 as balance) was 
52.2, 55.5, 57.6, and 57.9% at respectively 1, 3, 10 and 18.7 bar.

Fig. 4. (a) SOFCMAN stack iV curves recorded at various pressures. 
The inset show the OCV vs. pressure. The red dots are measured stack 
OCV divided with the number of cells in the stack. The line is the 
theoretical Nernst cell voltage. (b) Average cell ASR.
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The ASR in Fig. 4(b) is calculated as the voltage difference 
between stack OCV and the stack voltage at the given current, 
divided by the current, the number of cells in the stack and the 
active electrode area. 

Stack impedance spectra were recorded at OCV just before 
and after the iV curve measurements. The impedance spectra are 
presented in Fig. 5. Note how the size of electrode arc (high 
frequency part) decreases with increasing pressure. The 
electrode polarization (here taken as difference in the real part of 
the impedance at 2.5 kHz and 9.6 Hz.) was respectively 125, 83, 
63, 54 m  cm2 at 1, 3, 10, 18.7 bar. In contrast the ohmic 
resistance seems to fluctuate with pressure. The low-frequency 
intercept with the x-axis was obtained by modeling the low-
frequency arc in the frequency range from 0.1 Hz to 1.7 Hz with 
an RC-circuit in series with a resistor. At 1, 3, 10 and 18.7 bar 
the resistance was respectively 1.25, 1.37, 1.28 and 1.51  cm2. 

Fig. 5. (a) Bode plot and (b) Nyquist plot of impedance spectra recorded 
at 1,3,10 and 18.7 bar with the gas composition in Table 1, Test Part A. 

3.2. Internal Methanation in the Stack
After the pressurization, iV and impedance measurements in 

Test Part A, the stack was operated with a carbonaceous gas 
supplied to the fuel electrodes and air to the air electrodes (Table 
1, Test Part B). The fuel inlet gas composition is the equilibrium 
composition at 18,7 bar, 700 ˚C, neglecting higher hydrocarbons 
than CH4. The inlet gas composition was analyzed using the GC 
and used as calibration for the measurement of the outlet gas 
compositions. 

The GC measurements revealed ~20 vol% N2 in the stack fuel 
outlet gas. The dry equilibrium gas composition corrected for the 
N2 content and neglecting higher hydrocarbons than CH4 is 
presented in Fig. 6(a). Importantly the measured CH4 
concentration in the outlet gas increased from 0.22 vol% at OCV 
to 18 vol% at -0.17 A cm-2. The lines show the equilibrium 
concentration adjusted for the Faradaic removal of O-atoms. The 
equilibrium concentration was calculated with Factsage 7.1.

The N2 measured with the GC most likely entered the fuel gas 
from the air electrodes via leaks in the electrolytes (and seal). 
The oxygen from the air leak partially oxidizes the fuel. Further, 

the oxygen concentration in the air electrode increases near the 
electrolyte/electrode interface. Hence, the oxygen leak is 
expected to increase with increasing electrolysis current density. 
In Fig. 6(b), the measured gas concentrations are corrected for 
the estimated fuel gas oxidation by shifting the measurement 
points to the right on the x-axis to account for an additional 
parasitic current density related to the oxygen leak. Specifically, 
the adjusted current density used to present the measurement 
points in Fig. 6(b) is calculated as iadj = c1 + c2 im where im is the 
actually measured current density (presented in Fig. 6(a) and c1 
and c2 are fitting constants obtained by minimizing the sum of 
errors between the measured (dots) and calculated (line) CO2 
concentration.

With the correction for the internal leak, it can be observed 
that the outlet gas approximately reaches the equilibrium 
composition before it exits the stack. Arguably, part of the 
measured deviation from equilibrium concentration also relates 
to kinetic limitations of the methane formation, although this 
deviation is expected to be of less importance [17, 18]. This point 
is further discussed in Section 4.2.

Fig. 6. (a) measured gas composition (dots) as function of electrolysis 
current density. (b) Same gas compositions as above but shifted on the 
x-axis to correct for an internal leak in the stack. Lines in (a) and (b) 
represent the theoretical equilibrium concentration calculated using 
Factsage 7.1 corrected for the Faradaic current, i.e. the supply/removal 
of O-atoms to/from the gas in fuel cell/electrolysis mode 
(positive/negative current density). The concentrations are shown after 
removal of H2O and an N2 leak. Uncertainty bars reflect the GC 
measurement uncertainty.
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3.3. Long-term Electrolysis Test
A substantial increase in the internal leak in the stack was 

observed after the measurements presented in Fig. 6. In order to 
continue the stack test the oxygen concentration at the air side 
was reduced to minimize oxygen leaking to the fuel side. 

In Test Part C, the stack voltage was measured as function of 
electrolysis test time (Fig. 7). During the test, the stack was 
exposed to a pressure cycle. The pressure cycle did not affect the 
stack OCV (not shown) and the stack voltage reached the same 
level as before the pressure cycle after a few hours of operation 
at -0.10 A cm-2. The stack voltage as a function of time gradually 
increased at a rate of 14% per 1000 hours (green line in the 
figure).

Fig. 7. Stack voltage during electrolysis operation at -0.10 A cm-2 
operated with the gas flow rates specified in Test Part C, Table 1. At the 
end, the steam supply gradually decreased to 84 NLH. The green line 
indicates the trend in the voltage in electrolysis mode during stable 
operation.

At the end of Test Part C, a decreasing steam supply caused a 
decreasing stack voltage. At the same time the fuel gas inlet and 
outlet temperature increased as shown in Fig. 8.

Fig. 8. (a) Stack voltage and steam flow rate, (b) fuel gas inlet and outlet 
temperature, during the last part of the electrolysis test shown in Fig. 7. 

3.4. Fuel Cell Operation and Internal Methane Reforming
After the electrolysis operation presented in Fig. 7 and Fig. 8, 

the stack was operated in fuel cell mode at 0.09 A cm-2 and 18.7 
bar with a methane-rich gas as specified in Table 1, Test Part D. 
The stack voltage as function of time is shown in Fig. 9. After 
the first five hours of operation the stack exhibited a degradation 

rate of 3.2% per 1000 hours (green line in Fig. 9). 
The stack inlet and outlet gas composition at OCV were 

measured using the GC prior to the measurements presented in 
Fig. 9. The outlet gas composition was measured at 0.09 A cm-2 
and 0.15 A cm-2 after, the voltage measurements presented in 
Fig. 9.

Fig. 9. Stack voltage as function of time at 0.09 A cm-2 and 18.7 bar 
operated with the gases shown in Table 1, Test Part D. The green line 
indicates the trend in the voltage after 5h test in fuel cell mode.

The H2 measurement signal is not used for the calculation of 
the gas concentrations due to major uncertainties in measured H2 
concentration signal. Instead the theoretical equilibrium H2 
concentration is used for to obtain the gas concentrations. As for 
Fig. 6(a), the dry gas concentration corrected for N2 is presented 
function of current density in Fig. 10. The figure shows a 
decreasing CH4 and increasing CO2 concentration with 
increasing fuel cell current density. The presence of N2 in the 
fuel gas indicates oxygen leaking from the air electrode to the 
fuel electrode. Air (with an oxygen content of 21%) was used as 
oxidizing gas in the electrolysis test (Fig. 6). In the fuel cell test 
(Fig. 10) the oxygen content was reduced to 170/(170 + 1800) = 
9%. This decreases the oxygen leak to the fuel electrodes. 
Adjusting for the additional parasitic current density related to 
the oxygen leak will move the points to the left in the figure. 
However, it is evident that the deviation between the measured 
and equilibrium CH4 and CO2 concentrations cannot be 
explained by an oxygen leak through the electrolytes. 

Fig. 10. Measured gas composition (dots) as function of fuel cell current 
density. The lines represent the equilibrium concentrations for the 
individual gases. Uncertainty bars reflect the GC measurement 
uncertainty. No uncertainty bars are given for the H2 concentrations 
since it is a calculated equilbrium concentration and not a meaured 
concentration.
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Due to a very high uncertainty for the H2 concentration 
measurements (low signal-to-noise level in the GC), the 
presented H2 concentration is not the measured concentration but 
the equilibrium concentration. This impacts the presented 
normalized concentrations for the remaining gases since the sum 
of the presented concentrations is normalized to 100%. 
Consequently this increases the uncertainties which are reflected 
in the relatively large uncertainty bars. 

3.5. Post-mortem SEM
Fig. 11 provide representative overview SEM images of cell 

15 at contact points near the fuel gas inlet (a), middle part (b), 
and fuel gas outlet (c). The various layers/features in the stack 
are indicated with red arrows and text. Interconnect (IC) layers 
are seen in top and bottom of Fig. 11(a,b). At the fuel gas outlet 
the stack was cut at a gas channel explaining why no IC is seen 
(Fig. 11(c), bottom). Corrosion scales/protective coatings are 
observed on the IC surface on the air and to some extent on the 
fuel side. A cathodei current collector (CC) layer is seen on top 
of the air electrode. The air electrode is separated from the 
electrolyte with a barrier layer. An anodei current collector (AC) 
layer is sandwiched between the fuel electrode support layer and 
the IC. This is the porous Ni layer seen in Fig. 1. The insets show 
representative magnifications of (a) the electrolyte part at gas 
inlet, (b) the gap between CC and IC coat at center, (c) electrolyte 
and fuel electrode delamination at gas outlet.

 Fig. 12 provides higher magnification SEM images of the 
fuel electrode/electrolyte interface for the middle part of cell 5 
(a), middle part of cell 15 (b), and fuel outlet part of cell 15 (c). 
In (a) the approx. 10 micron thick fuel electrode can be 
distinguished from the support layer, by observing the particle 
size distribution in the two layers. 

Multiple cells in the stack were investigated revealing the 
same type of damage visible in the two figures. The various 
generic types of damage observed in the SEM images are listed 
below: 

1. Contact loss. On the air side, some contact loss seems to occur 
between the IC coating and the CC layer. Loss of contact is 
evident at the middle part, Fig. 11(b) whereas the interface seems 
intact for the inlet and outlet part, Fig. 11(a, c). On the fuel side, 
an oxidation scale can be observed between the Nickel AC layer 
and the IC. In Fig11c, the fuel electrode is not in direct contact 
with the IC so it cannot be concluded whether there is loss of 
contact here.
2. Vertical cracks in air electrode and electrolyte. At the fuel 
outlet, Fig. 11(c), several vertical lines of breakage can be 
observed in the oxygen electrode and electrolyte. Such cracks 
were also seen in other places, e.g., Fig. 11(a), inset.

i Referring to operation in fuel cell mode

Fig. 11. Representative SEM overview images of cell 15 at contact 
points at fuel gas inlet (a), middle of the cell (b) and fuel gas outlet part 
of the cell (c). Interconnect/oxygen electrode contact in top part of each 
image.
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3. Delamination between electrolyte and fuel electrode. At the 
fuel gas outlet, the fuel electrode is delaminated from the 
electrolyte, Fig. 11(c) and Fig. 12(c). No delamination was seen 
in the inlet and middle part of the cell.
4. Fuel electrode oxidation. Fig. 12(a) provides an example of a 
“still-reduced” middle part of a cell with a structure that on a 
microstructure level appears intact. Fig. 12(b) shows an oxidized 
fuel electrode at the middle part of cell 15. The oxidation of the 
outlet part of the fuel electrode, Fig. 12(c) is similar – perhaps 
even slightly less pronounced – to what was observed for the 
middle part of cell 15, Fig. 12(b). 

4. Discussion

4.1. Pressure drop, iV and Impedance as Function of Pressure
In Fig. 3 a continuously decreasing pressure drop with 

increasing pressure is observed for the air side. The air flow to 
the stack was kept constant during the entire measurement 
whereas the fuel flow was varied above 3 bar. The fluctuations 
in the fuel side dP above 3 bar are most likely caused by 
condensation in the differential pressure sensor pipes. The iV 
curve measurements considerably affect the fuel dP due to the 
condensation related change in H2/H2O concentration in the 
stack outlet gas. 

The dependence of the air pressure drop on the pressure is not 
a simple power law (corresponding to a straight line in Fig. 3), 
indicating the pressure drop deviates from an isentropic pressure 
drop across the stack and heat exchangers [14, 23]. An isentropic 
air pressure drop should exhibit a power law dependence with  
an exponent of -0.71 [14]. 

The fit in Fig. 3 for low pressures gives an exponent of -0.724, 
i.e. in relatively good agreement with theory. The deviation from 
the straight line above 3 bar is possibly related to a decreasing 
flow uniformity in the stack with increasing pressure [27]. 
Additionally, the air in the corners of each cell is likely more 
stagnant at high pressure than at low pressure [28] which would 
also decrease the measured exponent. Computational Fluid 
Dynamics (CFD) calculations could be used to investigate this 
further, but is beyond the scope of this paper. 

The lower dP at high pressure enables operation of stacks with 
larger foot prints since more gas can pass the gas channels at a 
certain maximum allowable pressure drop in the gas channels. In 
fact, to a first approximation the cell side length scales with the 
square root of the pressure [14]. This means that if the maximum 
cell side length achievable today in planar SOC stacks is ~20 cm, 
it could be ~100 cm at 25 bar, thereby truly enabling MW SOC 
stacks!

The OCV in the inset in Fig. 4(a) shows an increasing 
difference with increasing pressure between the Nernst cell 
voltage and the measured average cell OCV. This has previously 
been observed, and explained as the result of electrolyte pin-
holes and/or gas leaks at the internal stack manifolds [14, 23]. 
The result emphasizes the importance of a Fig. 12. Higher magnification SEM images of the middle part of cell 5 

(a), middle part of cell 15 (b) and fuel outlet part of cell 15 (c). All 
images show electrolyte/fuel electrode interface part of the cells. 
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careful minimization of gas leaks at the electrolytes and 
manifolds when designing stacks for pressurized operation. It 
should be noted that to some extent low flow uniformity could 
also lower the measured average cell OCV. however 
delamination of the fuel electrode is observed in (c).

In contrast to previously reported stack tests, the ASR did not 
systematically decrease with increasing pressure, Fig. 4(b). This 
is most likely related to the changes in the ohmic part of the 
impedance, Fig. 5(b). The change in ohmic part of the impedance 
is possibly related to loss of (electric) contact at the various 
interfaces between interconnects and electrodes, see also Section 
4.5. Thermomechanical stresses during endothermic steam 
electrolysis operation could possibly explain the occurrence of 
such a delamination. 

It should be noted that the low-frequency intercept with the x-
axis obtained by modeling of the low-frequency arc in Fig. 5(b) 
is about a factor of 1.5 larger than the ASR measured at low 
current densities in Fig. 4(b). This is possibly due to an 
inaccurate measurement of the impedance shunt resistance. 
However, this will only affect the overall magnitude of the 
impedance, whereas the relative size and shape of the measured 
impedance spectra remains valid. 

Similar to previous tests the summit frequency fs of the gas 
conversion arc [29] (low frequency part, Fig. 5(a)) decreases 
with increasing pressure [14, 23]. The summit frequency vs. 
pressure obtained from the modelling is presented in Fig. 13. It 
should be noted that gas conversion at both the fuel and the air 
electrode contribute to the gas conversion impedance arc and 
consequently to the measured summit frequency.

Based on the ideal gas law, a P-1-depencency of the summit 
frequency of the gas conversion arc was previously predicted for 
the fuel electrode [29]. A similar continuous stirred-tank reactor 
(CSTR)-model would predict a P-1-depencency for the summit 
frequency of the oxygen (in air) conversion arc at the air-
electrode. The fit shows an exponent of -0.753. This is lower than 
the -0.90 exponent value obtained with a previous stack test [14]. 
The deviation from an exponent of -1 is possibly related to 
decreasing gas flow-uniformity with increasing pressure, i.e. 
higher flow rates at some cells than others, and stagnant gas in 
cell corners. 

Fig. 13. Summit frequency fs for the gas conversion arc as function of 
pressure. The line represents the best fit using the expression in the 
figure.

For a constant molar flow rate (NLH) the resistance related to 

gas conversion impedance is predicted to be independent of 
pressure [29]. As expected the size of the gas conversion arc, see 
Fig. 5(b), is seen to be relatively independent of pressure. 

4.2. Internal Methanation in the Stack
The methane concentration in the stack outlet gas clearly 

increases with increasing pressure, Fig. 6. Unfortunately the 
stack voltage was not stable during operation at -0.17 A cm-2. 
After ~2 hours of operation the current was switched off. 
Subsequently the OCV had dropped significantly indicating a 
substantial increase in the internal leaks. The leak formation is 
possibly related to a low flow uniformity combined with a high 
total CO2 and H2O utilization of 88% at -0.17 A cm-2. The 
operation conditions (700 ˚C, 18.7 bar, and a H/C ratio = 7) 
should not result in carbon formation – even with a local 
utilization approaching 100%. However, if the utilization 
approaches 100% the YSZ may be reduced which can 
permanently damage the cells. Further, the higher diffusivity of 
H2 relative to that of H2O, CO, CO2, and CH4 could possibly 
decrease the H/C ratio near the triple phase boundaries (3PBs) in 
the fuel electrode, which again could cause local carbon 
formation. As discussed below, in Section 4.5, post mortem SEM 
microscopy suggests coking occurred near the fuel 
electrode/electrolyte interface in cell areas near the fuel gas 
outlet of the stack. 

It is not clear to what extent the lower methane content 
relative to the equilibrium content is dominated by oxidation of 
the fuel due to internal leaks or by kinetic limitations of the 
methane formation. However, at OCV the methane content in the 
outlet gas was 0.22%, i.e. less than the (dry) equilibrium 
concentration of 1.7 %. This indicates that oxidation of the fuel 
gas via internal leaks in the stack substantially decreased the 
methane concentration. Besides the substantial amount of 
micron-scale Ni-particles in the fuel electrodes and cell supports, 
the SOFCMAN stack is equipped with Ni foam components 
(Fig. 1) which provides additional catalyst area for the methane 
formation.

4.3. Long-term Electrolysis Test
The constant current electrolysis operation exhibited a 

gradual stack voltage increase corresponding to a 14% kh-1 
degradation rate. This is comparable to a degradation rate of 
~12% kh-1 for an SOFCMAN 30-cell stack tested at -0.15 A cm-2 
and 800 ˚C in a H2/H2O mixture [25]. The referenced 
SOFCMAN stack had LSM-YSZ air electrodes whereas the 
tested stack had cells with LSCF-GDC electrodes. The 
difference in electrodes, operation temperature and in current 
density clearly affects the degradation rate. Despite the high 
uncertainty it is encouraging that relative to ambient pressure 
steam electrolysis, pressurized operation with internal methane 
formation seems to have limited impact on the degradation rate. 

At the end of the constant-current operation, the steam supply 
was gradually decreased. If the stack had been operating on a 
pure H2O/H2 mixture, decreasing steam content would have 
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increased the stack voltage. Instead the stack voltage started to 
decrease. When the stack voltage decreases the electrolysis 
operation becomes increasingly endothermic and this would 
decrease the gas inlet and outlet temperature. Contrary to this, 
the gas inlet and outlet temperature increased when the steam 
supply decreased. With a decreasing steam supply, the 
equilibrium methane concentration increases which again make 
the overall reaction more exothermic. This will increase the inlet 
and outlet gas temperature (the former via the heat exchanger). 

4.4. Fuel Cell Operation and Internal Methane Reforming
The constant current fuel cell operation shows a degradation 

rate of 3.2% kh-1. Despite the high uncertainty on the estimation 
of the degradation rate due to the short test period, it is interesting 
to compare it with degradation rates measured at ambient 
pressure. A degradation rate of 2.3% kh-1 have been reported for 
a 5-cell SOFCMAN stack equipped with Ni-YSZ/YSZ/LSC-
YSZ cells when operated at ambient pressure, 700 ˚C and 0.4 A 
cm-2, and with H2 and air to the fuel and air electrodes 
respectively [26]. Obviously, the higher current density and the 
different air electrodes hamper a direct comparison of the 
degradation rates. Nevertheless, it is encouraging that the 
operation with a methane rich equilibrium gas show comparable 
low degradation rates. 

Although the GC measurements are very uncertain it is clear 
that the CH4 concentration decreases with increasing fuel cell 
current density which confirm internal reforming. The CH4 
concentration seems to decrease less with increasing current 
density than what would be expected if the gas reached 
equilibrium. This could indicate that CH4 reforming kinetics to 
some extent limit the conversion and full equilibration is not 
obtained. 

4.5. Post-mortem SEM
The SEM images in Fig. 11 and Fig. 12 shows four generic 

types of damage observed inside the stack. The damages are 
discussed below.
1. Contact loss. Loss of contact between IC coating and current 
collector layer was observed at the air side. The contact loss is 
possibly caused by thermomechanical stress occurring during, 
e.g., the endothermic H2O electrolysis operation/exothermic fuel 
cell operation conducted in Test Part A (Table 1). In Test Part A 
the air flow rate was 600 l/h. Increasing the air flow rate could 
help reducing the curvature of the temperature gradients inside 
the stack, and decrease the related thermomechanical stress. 
2. Vertical cracks in air electrode and electrolyte. The cracks 
observed in Fig. 11(c) and the inset in Fig. 11(a) indicate that the 
stack have been exposed to too high a mechanical compression 
which compromised the cell structure. The stack was 
sandwiched between two compression/gas manifold plates and 
sealed using Thermiculite® 866 seals between the stack and the 
plates. A compression force of 300 kg was applied using a spring 
load system. 

The measured OCV in Test Part A - in particular at 1 bar - was 
only slightly lower than the theoretical EMF (Inset, top Fig. 4). 
This indicates limited stack leaks in the beginning of the test. The 
leak in the stack - and most likely the associated vertical cracks 
in the electrolyte - predominantly occurred during Test Part B. 
Had the cracks been formed due to mechanical load on the stack, 
one would expect to observe a low OCV at the beginning of Test 
Part A. 
In Test Part B small inaccuracies in the fuel gas composition 
could result in catalytic formation of methane/reforming when 
the gas enters the stack. This will cause significant changes in 
the local temperature inside the stack which in turn could cause 
mechanical stress and crack the cells. A combination of 
excessive mechanical compression and steep temperature 
gradients induced by catalytic reactions inside the stack most 
likely explains the high leak rate observed after Test Part B.
3. Delamination between electrolyte and fuel electrode. At the 
fuel gas outlet, the fuel electrode is delaminated from the 
electrolyte, in contrast to the inlet and middle part,  Fig. 11(c) 
and Fig. 12(c). Comparing with Fig. 12(b) we conclude that 
oxidation of Ni or mechanical treatment during SEM sample 
preparation (see point 5 below) is unlikely to cause the fuel 
electrode to delaminate completely from the electrolyte in this 
fuel outlet part of the cell. Two possible origins for the observed 
delamination is the mechanical load on the cells and/or carbon 
formation during test. Carbon formation causing delamination at 
the electrolyte/fuel electrode interface has previously been 
observed in a single cell SOEC test [30]. Besides electric 
overpotential, flow non-uniformity (as discussion in Section 4.1) 
and gas diffusion constraints by, e.g., high tortuosity of the gas 
phase in the fuel electrode may cause local carbon formation 
even though the overall carbon activity is below formation 
threshold [31, 32]. However, since the overall H/C ratio was 7, 
enough to avoid carbon formation at 700 ˚C and 18.7 bar, it is 
believed that preferential diffusion of H2 from the 3PBs towards 
the gas channels lowered the H/C ratio near the 3PBs. Possibly 
the carbon formation at the electrode/electrolyte interface also 
led to electrolyte crack formation. This could be part of the 
explanation for the low OCV after Test Part B. 
4. Fuel electrode oxidation. Even though the fuel electrode in the 
middle part of cell 15, Fig. 11(b) and Fig. 12(b), is clearly 
oxidized (which can be confirmed by EDX) the adhesion 
between the fuel electrode and electrolyte is surprisingly intact – 
even after the SEM sample preparation. This indicates that the 
fuel electrode/electrolyte interface has not weakened. In this 
middle part of cell 15 not only the part of the fuel electrode 
closest to the electrolyte is oxidized but more or less the entire 
fuel electrode support layer (Fig. 12(b). Middle pieces of several 
cells were subjected to SEM images and several of them had 
oxidized fuel electrodes. The oxidation is most likely related to 
the electrolyte cracks and associated gas leaks formed in Test 
Part B. 
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5. Conclusion
A 30-cell 301 SOFCMAN stack was operated at gas pressures 

up to 18.7 bar. 
Impedance spectra recorded during pressurization indicates 

loss of contact inside the stack during pressurization. Loss of 
contact between IC and current collector layers is confirmed by 
post-mortem SEM analysis. The contact loss is possibly caused 
by thermomechanical stresses in the stack.

The air pressure drop across the stack and heat exchangers 
increasingly deviates from an isentropic pressure drop above 3 
bar. This possibly indicates decreasing flow uniformity with 
increasing pressure. The gas conversion summit frequency 
obtained from the impedance spectra decreases with P-0.753, 
where P is the total absolute gas pressure. The absolute value of 
the exponent is substantially smaller than 1, which further 
indicates limited flow uniformity at the higher pressures.

Internal CH4 formation and reforming in solid oxide fuel cells 
can potentially enable system conversion efficiencies (power-to-
gas-to-power) reaching 70-80%. When operating the 
SOFCMAN 30-cell stack with a carbonaceous gas equilibrated 
at 700 ˚C and 18.7 bar, the CH4 concentration in the stack outlet 
gas (after condensation of H2O) increased from 0.22% at OCV 
to 18% at -0.17 A cm-2. The outlet gas did not fully reach 
equilibrium. This is most likely related to a) partial oxidation of 
the fuel gas due to electrolyte crack formation during the 
electrolysis operation, and b) to limiting methane formation 
kinetics. Post mortem SEM analysis shows vertical cracks across 
the electrolytes. This is possibly related to excessive mechanical 
compression and/or local heating/cooling inside the stack due to 
methane formation/reforming with gases not fully equilibrated. 
Further, delamination was observed at the fuel gas outlet 
between the fuel electrode and the electrolyte. This suggests that 
carbon was formed at this interface. Although the H/C ratio 
shouldn’t allow carbon formation the H/C ratio at the triple phase 
boundaries at the fuel electrode/electrolyte interface might be 
lower when the stack is operated in electrolysis mode, due to 
preferential H2 diffusion. The carbon formation and electrode 
delamination possibly also promoted the electrolyte crack 
formation.  

Fuel cell operation with a CH4 rich carbonaceous gas 
equilibrated at 700 ˚C and 18.7 bar shows a decrease in the CH4 
concentration when increasing the current density from 0 A cm-

2 to 0.15 A cm-2, thus confirming internal methane reforming. 
Although the test period in both electrolysis and fuel cell 

modes was rather short, the estimates of the degradation rates 
seem comparable with ambient pressure degradation rates. 

6. Nomenclature 

Abbreviations
3PB Triple Phase Boundary
AC Anode Current Collector
ASR Area Specific Resistance
CC Cathode Current Collector

CFD Computational Fluid Dynamics
CSTR Continuous Stirred Tank Reactor
G2P Gas To Power
GDC Gadolinium-doped Ceria
GC Gas Chromatograph
H/C ratio Hydrogen/Carbon ratio
IC Interconnect
iV curve Current density – Voltage curve
kh One thousand hours
LSCF Lanthanum Strontium Cobalt Ferrite
LSM Lanthanum Strontium Manganite
NiO Nickel Oxide

NLH Normal Liter per Hour (volumetric flow rate 
at 0 °C, 101.325 kPa)

OCV Open Circuit Voltage
SEM Scanning Electron Microscopy
P2G Power To Gas
SOC Solid Oxide Cell
SOEC Solid Oxide Electrolysis Cell
YSZ Yttria Stabilized Zirconia

Variables
dP pressure drop across the SOC stack
fs Summit Frequency
P Total absolute gas pressure (measured in bar)
T Temperature (measured in Celcius)

Z’ Area Specific Real part of the impedance 
(measured in cm2)

Z’’ Area Specific Imaginary part of the impedance 
(measured in cm2)
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