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Abstract

Internal dry reforming (IDR) of methane for biogas-fed solid oxide fuel cell (SOFC)
applications has been experimentally investigated on planar Ni-GDC (cermet anode)
electrolyte-supported cells. This study focuses on the effect of CO, concentration,
current density, operating temperature, and residence time on internal methane dry
reforming. A single cell is fed with different CH,/CO, mixture ratios between 0.6
and 1.5. Extra CO, recovered from carbon capture plants can be utilized here as
a reforming agent. The I-V characterization curves are recorded at different oper-
ating conditions in order to determine the best electrochemical performance while
the power production is maximized, and carbon deposition is suppressed. The outlet
gas from the anode is analyzed by a micro gas chromatograph to investigate meth-
ane conversion inside the anode fuel channel and to understand its influence on the
cell performance. Relatively long-term experiments have been performed for all gas
mixtures at 850°C under a current density of 2000 A m ™2 The results indicate that
when the cell is fed with biogas with an equimolar amount of CH, and CO,, carbon

deposition is prevented, and maximum power density is obtained.
KEYWORDS
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(IC) engine can be used to produce heat and power simultane-
ously in combined heat and power (CHP) systems.8 Based on

Waste to energy conversion is one of the most important tech-
nology to improve sustainability as it simultaneously reduces
the fossil fuel consumption and greenhouse gas emission.
High concentration of nutrients in wastewater streams is in-
teresting for energy recovery.1 Waste stream contains organic
compounds that can be converted to biogas through anerobic
digestion (AD) process.2 Biogas consists of methane, carbon
dioxide, and traces of contaminants like hydrogen sulfide
and volatile organic compounds (VOCs).>® Biogas produced
is commonly flared in conventional wastewater treatment
plants (WWTPs) hence increasing greenhouse gas emis-
sions.” For the large-scale WWTPs, an internal combustion

AD conditions and the source of the wastewater stream, the
concentration of methane is in the range of 50-70 mol.% and
this might be different for different seasons due to different
ambient temperatures.9’lo High concentration of CO, brings
down the energy density of biogas fuel which leads to power
de-rating of biogas fuelled IC engine.11 Moreover, fluctua-
tion of methane concentration also influences the IC engine
performance and NOx emission is significantly high at high
combustion temperature. 12

Replacing the IC engine with Solid Oxide Fuel cell
(SOFC) can improve the power production and makes the
whole system more sustainable in terms of energy efficiency
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TABLE 1 Overview of some of experimental studies on internal dry reforming of biogas in SOFC
Cell anode Current density/
material Temperature (°C) Cell type/size Potential Fuel Ref.
Ni-ScSZ (ASC) 800 Button cell 5000 & 2000 (A m_z) Actual biogas 2
2000 A m~> Simulated (R = 1.5)
Ni-GDC (ESC) 850 Circular cell 3000 A m~2 R=0.55 28
Ni-YSZ (ASC) (D = 80 mm) 5000 A m~> R=0.67
Ni-YSZ 875 Noncommercial 045V R=10 2
Ni-GDC 700 045V
Ni-YSZ 875 Button cell 1300 A m™> R=10 30
(noncommercial)
Ni-YSZ (ASC) 800 Button cell 4000-16 000 A m~> R=3.0 3
Ni-YSZ 850 Tubular cell 07V R=0.82 22
Ni/YSZ (ASC) 800 Tubular cell 1600 A m™> R=0.43 33
Ni(Au)-GDC 600-640 Tubular cell Up to 2000 A m ™2 R=10 &
Ni-YSZ (ASC) 800 Circular cell 1600 A m™2-0.6 V R = 1 with 6% humidity 3

(D =56 mm)

and emission levels."> SOFCs are more efficient and fuel
flexible in comparison with IC engines.14 However, biogas
should be reformed to a hydrogen-rich gas either internally
or externally for a biogas-SOFC system.15 SOFC can tolerate
high concentration of CO, because this is not a toxic gas for
SOFCs. Additionally, it aids methane dry reforming reaction
at high operating temperatures.16 The R ratio is defined as the
partial pressure of CH, to CO, (R = CH,/CO,) and indicates
the amount of dry reforming agent (CO,) present in the bio-
gas. The R ratio may change at different biogas production
conditions. On the other hand, concentrations of H,S and
other contaminants such as siloxanes in biogas should be re-
duced to a few ppm levels (even less than 0.5 ppm).”’lg High
concentration of contaminants has an influence on the elec-
trochemical performance and increases the cell degradation
rate. Using a gas cleaning unit is essential for biogas-SOFC
systems.?*%!

Internal reforming is more efficient and cost-effective
method in comparison with external reforming.22’23 Generated
heat through the electrochemical reactions of fuel is used for
the endothermic reforming reactions, which decreases the
cooling demand of SOFC stack.”** However, some chal-
lenges such as slow kinetics, high thermal stresses, and risk
of carbon deposition make this a complex method.” There
are relatively few research studies on biogas fuelled SOFCs
specifically operating under internal reforming conditions,
with limited experimental investigations on dry reforming.26

Shiratori et al*’ have used actual biogas (with R fluctuating
between 1.4 and 1.9) and simulated biogas (R = 1.5) fuels for
Ni-ScSZ button cell. No carbon deposition was observed for
the simulated biogas under a current density of 2000 A m™?
whereas, severe carbon deposition took place during the long-
term experiment with actual biogas. Lanzini and Leone®® have
recommended using an extra 1.2 mole of CO, to each mole

of biogas (R = 0.55) in order to achieve a stable voltage in
biogas-dry reforming for Ni-GDC (ceramic-metallic compos-
ite) electrolyte-supported cell (ESC) at a current density of
3000 A m™% The same experiment has been conducted for a
Ni-YSZ anode supported cell (ASC) and the operating condi-
tion with R = 0.67 at a current density of 5000 A m™~ has been
advised. An equimolar CH,/CO, feed gas composition (R = 1)
is recommended by Yentekakis et al”® to maximize the electri-
cal power output for Ni-YSZ and Ni-GDC SOFC at 875 and
700°C, respectively. This maximum power is achieved at a cell
voltage of 0.450 V. In this study, a noncommercial cell was de-
signed with an electrolyte tube with a thin film coated inside
(anode) and outside (cathode) of the tube. On the other hand,
a negligible carbon deposition has been observed by Goula
et al*” for the methane dry reforming experiments with R > 1.0
performed for a Ni-YSZ anode supported cell in open-circuit
voltage (OCV) condition at 800°C. The stability (stable voltage
at constant current density) of an ASC with Ni-YSZ anode was
studied for rich-methane biogas (R = 3.0).>" The stability was
improved by increasing the CO, concentration by 20% and the
operating current density (CD) to 16 000 A m™2. It has also
been reported that adding CO, to general biogas composition
decreases the operating voltage of the cell which results in re-
duced system efficiency.3 ! Staniforth and Ormerod*” have stud-
ied the impact of methane concentrations on the performance of
a small tubular SOFC with Ni-YSZ anode. They found that at a
methane concentration of 45% (R = 0.82), the obtained power
was maximum corresponding to the high concentration of H,
and CO through internal dry reforming at 850°C. Direct inter-
nal dry reforming of biogas in a tubular (Ni-YSZ anode) SOFC
was performed with different R ratios of 0.43, 0.32, and 0.25
where the number of moles of CO, was varied. Performance
maps of the SOFC for a wide range of current densities under
different fuel flow rates were determined. It is claimed that dry
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reforming is more effective for an R-value of 0.43.* The results
of these experimental studies are summarized in Table 1.

There are also some studies carried out to evaluate the effect
of CO, partial pressure on dry reforming reaction for different
catalysts. Xu et al® proposed an R ratio of 0.77 as an optimum
gas composition for dry reforming over a Ni-Co bimetallic cat-
alyst. It is claimed that a higher amount of CO, is not beneficial
in preventing gradual catalyst deactivation and it might increase
the risk of Ni re-oxidation.”” Guerra et al*® have assessed dry
reforming on Ni/YSZ catalyst. A range of 0.5 < R < 0.75 has
been suggested to obtain a high methane conversion and pre-
vent carbon deposition. These contradictory recommendations
for operating SOFC under internal biogas reforming conditions
have shown that further experimental investigations are re-
quired, especially for the Ni-GDC anode.

Ni-GDC as an anode has certain advantages when used
in the biogas-SOFC system. This type of SOFC anode shows
better performance under methane dry reforming in compari-
son to Ni-YSZ anode because of its higher ionic and electronic
conductivity.29 Also, Ni-GDC can tolerate higher levels of
H,S contamination (2 ppm) which can be present at the out-
let of the biogas gas cleaning unit (GCU).¥ Zhang et al®
examined the impact of sulfur poisoning on the operational
behavior of Ni-YSZ and Ni-GDC cermet anodes. The results
revealed that Ni/GDC cermet anode exhibited better electro-
chemical performance during the exposure to H,S-containing
gas. The GDC can still support the electrochemical reactions
while the Ni surface is blocked due to H,S poisoning. This is
attributed to mixed ionic-electronic conductivity and better
hydrogen adsorption on the anode surface.*' It is also ob-
served that sulfur poisoning is slower during dry methane
reforming in comparison with steam methane reforming.“z’43

The objective of this research is to experimentally explore
the influence of the SOFC operating conditions on direct inter-
nal dry reforming and the electrochemical performance of cell.
The experimental study with a commercial Ni-GDC anode,
electrolyte-supported cell is conducted at different operating
temperatures (800-900°C). The impact of fluctuation of CH,/
CO, ratio (due to the biogas production conditions) on the
methane reforming and the cell electrochemical performance
is studied. Additionally, the influence of the current density
in suppressing carbon deposition, which is predicted through
the thermochemical equilibrium calculations, is evaluated. The
relatively long-term experimental study presented here inves-
tigates the optimum and safe operating conditions in terms of
both power production and in preventing carbon deposition.

2 | BIOGAS REFORMING

In biogas-SOFC systems, methane should be reformed to
provide H, and CO, since direct electrochemical oxidation
of methane does not practically contribute to the power

generation.'"** External steam reforming technique is com-
monly used for biogas-SOFC systems in order to provide an
appropriate fuel, which increases the cost and complexity of
the biogas-SOFC systems.“j’46 Through an external steam re-
forming unit, hydrogen-rich gas is produced for the electro-
chemical reaction on the anode side (Equation 1). Due to the
high operating temperature of SOFCs and existence of appro-
priate catalysts (eg, Ni), internal reforming of methane is also
feasible. However, carbon deposition is still a challenge.35
Carbon deposition can limit the cell catalytic properties and
increase the cell polarization caused by anode structure dam-
age.47 Steam reforming also takes place in direct internal re-
forming (DIR) of methane. In this case, a high concentration
of steam is required to be mixed with biogas. Steam to carbon
ratio (SC) between 0.5 and 4 (on a molar basis) is proposed
in order to prevent the carbon df:position.20’48’49 On the other
hand, the high concentration of steam decreases the energy
density of mixed fuel and dilutes the H, and CO concentra-
tions. Furthermore, generation of the high-temperature steam
is an energy-demanding process and reduces the overall ef-
ficiency of the whole system.50

CH, +H,0 « 3H, + CO, AH_,,. =206 kJ mol~" (1)

=298

It is possible to take advantage of the high concentration
of CO, in biogas to reform methane through internal dry re-
forming (IDR).>! In this case, one greenhouse gas (CO,) is
used to reform another greenhouse gas (CH,) into hydrogen
and CO and this helps in reducing the CO, emission per kWh
power generation (Equation 2). For instance, the impact of
the dry reforming reaction on methane conversion is more
dominant when SC ratios is lower than 3 in a biogas com-
bined reforming.52 Ni anode is also an appropriate catalyst
for IDR.*?

CH, + CO, « 2H, +2CO, AHI_,,, =247 kI mol™'(2)

=298

Dry reforming is a highly endothermic reaction that
causes thermal stress on the cell, possibly resulting in cell
cracking.31 The H,/CO ratio in the products of methane dry
reforming is less than that of steam reforming (Equation 1).
In operating SOFC (under a current density), steam and CO,
are produced through the electrochemical reactions of hy-
drogen and CO in the anode fuel channel. In the presence
of these gas species at high temperature, the reverse water
gas shift (RWGS) reaction also takes place simultaneously
(Equation 3).

H, + CO, & CO+H,0, AH)_,,, =41kImol™" (3)

The RWGS reaction is sensitive to temperature. Due to
the moderate endothermic nature of this reaction, high hy-
drogen conversion is thermodynamically favored at higher
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temperatures. So, when the temperature is above 830°C, it
results in a higher CO concentration in the gas mixture.”*>

One of the major concerns of biogas-SOFC operation
with IDR is the high risk of carbon deposition since the Ni
is an active catalyst, which promotes carbon formation as
well. From the thermodynamics point of view, for biogas-
SOFC, carbon deposition is predicted for SOFC operating
at OCV even at very high operating temperature (900°C).
The carbon deposition within the SOFC operation tempera-
ture range (600-1000°C) is in the form of gralphitf:.47 In the
case of DIR of biogas, steam reforming is more effective
than dry reforming in preventing carbon deposition. Even
though adding CO, as a reforming agent to the SOFC fuel
increase the concentration of oxygen (to reform methane),
on the other hand, it increases the concentration of carbon
in the fuel. The high concentration of CO, is more sus-
ceptible to coking.S("57 However, using CO, for methane
reforming is an effective technique to reduce greenhouse
gas emission. Carbon deposition leads to cell degradation
because of catalyst deactivation of anode. This can happen
through the following reactions.

CH, & 2H,+C,, AH)_,,.=756kImol™!" (4)

T=298

2C0 < CO, +C,, AHY_,..=-173kImol™! (5)

T=298

Formed carbon can fill in the pores and destroy the sup-
port of the anode catalyst which also can lead to anode de-
lamination.”®*® High concentration of steam in inlet gas fuel
can suppress the rate of carbon deposition or carbon removal
through the following reaction that is not the case in IDR at
open-circuit voltage (OCV).

H,0+C, & CO+H,, AH)_,.=131kImol™" (6)
3 | THERMODYNAMIC
APPROACH

Cell voltage depends on the mole fractions of reactants (H,
and CO) and products (H,O and CO,) at the inlet and outlet
of the fuel channel. The Nernst voltage is calculated based
on oxygen partial pressure in the anode and cathode sides
(Equation 7).10

Vst = L ( £02eat %)
Nernst nF P 09an0

where R is the universal gas constant, 7 (K) is the cell operating
temperature, F is the Faraday constant and  is the number of O,
electrons participating in the electrochemical reactions (n = 4).
The partial pressure of the oxygen in the cathode side is 0.21
as air is fed to the cathode side, and the oxygen partial pressure

* R=1.5 (Biogas)@OCV
+ R=1.2 @OCV
* R=1.0 @OCV
e R=0.8 @OCV
* R=0.6 @OCV
= R=1.5 @CD=2000(A/m2)
= R=1.2 @CD=2000(A/m2)
= R=1.0 @CD=2000(A/m2)

FIGURE 1
based on equilibrium calculation at atmospheric pressure

Carbon deposition limits in a C-H-O ternary diagram

for the anode side depends on the biogas composition and it
is calculated based on the equilibrium condition by FactSage
software (V. 5.4.1, Thermfact/CRCT and GTT-Technologies).

The cell efficiency is defined to evaluate the cell perfor-
mance for different type of fuel and various operating tem-
perature. The efficiency is calculated based on the operating
voltage and the maximum electrical work (the Gibbs free
energy Agy) as shown in Equation (8),” where the term of
(Agf/ n-F ) is the maximum cell voltage possible for the fuel
and V_ is the cell operating voltage

Neen = Veen/ (AZs/n - F) (8)

The maximum cell efficiency (V¢ = Vyernst) for hydrogen
fed SOFC operating at 850°C (LHV (lower heating value)
based with Aﬁf =248.5 kJ mol ™ 1) is around 75% and this de-
creases with a drop in the cell operating voltage.

The carbon deposition threshold can be predicted by ther-
modynamic calculations at equilibrium condition. Thus, the
C-H-O ternary diagram for different gas compositions with
different CH,/CO, molar ratios (R) and operating tempera-
tures have been illustrated in Figure 1. Increasing the oper-
ating temperature and concentration of CO, can decrease
the risk of carbon deposition. The circular points in Figure 1
show the fuel cell operating condition at OCV (assuming no
oxygen transfers from cathode to anode). At closed-circuit
operating conditions, oxygen ions transfer through the elec-
trolyte layer. Steam and carbon dioxide are produced on the
anode side due to the electrochemical reactions of hydrogen
and carbon monoxide. These products can again contribute
to the methane reforming reactions (Equations 1 and 2).
This can prevent carbon deposition to some extent (square
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points in Figure 1). The concentration of transferred oxygen
ions is indicated based on the operating current. The influ-
ence of increasing current density on carbon deposition for
biogas fuel (R > 1.0) is also shown in Figure 1. It is also
claimed that carbon formation under operating condition
(high current density) can be hydrogenated and removed
from anode surface.”’

However, there are two issues that should be addressed
for the internal methane dry reforming in SOFC under
closed-circuit operating conditions. The first major issue
is that the kinetics of IDR is not very well known and very
little attention has been paid to the role of CO, on meth-
ane conversion in the biogas fuelled SOFCs.* Chemical
equilibrium condition might not be completely achieved
inside the anode fuel channel because of the low residence
time in contact with catalyst.?’3 Understanding the kinet-
ics of dry reforming can also help in suppressing thermal
stress on the cell surface.’' The second issue is attributed
to the uniform distribution of fuel gas, steam, and CO,
(generated through electrochemical reaction) on the anode
surface. It should be considered that the distribution of
current density is not uniform along the fuel channel in-
side the SOFC and increasing rapidly from the inlet of
fuel channel, reaching to maximum in the middle and then
decreasing again at the outlet.%” Therefore, the risk of car-
bon deposition increases significantly at the inlet of fuel
channel.

Experimental studies have shown the feasibility of bio-
gas (60 mol.% methane) internal reforming for Ni-YSZ anode
with a high concentration of H,O (SC > 1.5) in fuel gas.”
However, there is no agreement on additional CO, required
for a safe long-term operation of biogas fuelled SOFCs.
Moreover, the relative importance of current density is still
debated and should be experimentally inv«:stigat«sd.28'30’36

4 | EXPERIMENTAL

4.1 | Setup and cell specifications
Experimental research is adopted to investigate the feasibility
of biogas internal dry reforming in an operational SOFC. A
schematic of the experimental test bench is shown in Figure 2.
Simulated gas is prepared by mixing the required gases stored
in gas cylinders and the CH,/CO, ratio (R) is adjusted by
using mass flow controllers (MFC) (Bronkhorst High-Tech
BV). The total flow rate of simulated gas for anode fuel is
1000 Nml min~" and for the cathode side, air is simulated
by mixing 1200 Nml min~! nitrogen and 320 Nml min~!
oxygen. The anode inlet gas is preheated (by trace heating)
to 120°C. Simulated air is also preheated inside the alumina
tube which is exposed to the furnace electrical heaters and the
off-gas is vented out to the environment. The anode outlet is
also trace heated (130°C) in order to prevent steam condensa-
tion inside the pipe.

In this experimental study, the composition of the anode
outlet gas is analyzed to calculate the methane conversion. A
gas chromatograph (Agilent 490 microGC) device is used for
this purpose. The anode outlet gas should be dried for this
analysis in microGC columns (Molsieve SA and PoraPLOT
U). First, the anode outlet gas is bubbled through a steam
condenser unit in order to remove steam and cooled down
to the ambient temperature. It is then dried further in a silica
gel bottle. A gas sample is then automatically taken by the
MicroGC for analysis and the composition of the gas (dry
based) is determined. It is considered that the silica gel ad-
sorbs CO, at the beginning of the test and saturation time
has been noted for sampling. A mass flow meter (MFM)
(Bronkhorst High-Tech BV) is used for an indicative measure-
ment of the flow rate of outlet gas to assess the gas leakage

Weight é Cathode Outlet
Furnace Controller unit

MFC ______________________________________________________
o I e 1| |
Cathgdg|Inlet mzimziciiibidicils
N,
2 Anode Outlet
H, Anode Inlet © d
W—\
N
W—\
CO,
W—)
CHa L] Exhaust to vent Micro GC

FIGURE 2 Schematic of the
experimental test bench
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in this setup. All electrochemical measurements, including
the current-voltage (I-V) characterization, is performed in the
potentiostatic control mode by an electronic impedance spec-
troscopy (EIS) device (Gamry FC-350). EIS measurements
are also performed periodically in Galvanostatic mode to ex-
amine the electrochemical performance of the cell at different
operating conditions.

Commercial planar Ni-GDC electrolyte-supported cells
(ESC) manufactured by H.C Starck are used to conduct
the experimental investigation on IDR at atmospheric pres-
sure. This square cell consists of a 35 um thick NiO-GDC
(Ni-Gd; Ceyg O 95) anode, 100 um YSZ electrolyte, and
a 40 um LSM (La,_,Sr,MnO;_s) cathode. The anode acti-
vated area is 81 cm? with about 57% wt. NiO and 23 wt.%
cerium. The electrolyte area is 100 cm®. The cell is placed
between two alumina blocks and the gas tightness is achieved
with a ceramic sheet in the anode side and a mica (thermic-
ulite) sheet in the cathode side. To ensure the gas sealing,
extra weight is added on the top of the block as shown in
Figure 2. Anode off-gas flow rate can be measured by an
MEM. Comparison of the anode flow rate and the expected
flow rate (after reforming) shows the gas tightness of seal-
ing. The expected flow rate of the anode can be calculated
based on the nitrogen balance and equilibrium calculation
(with FactSage software). Current collectors for the anode
and cathode sides are nickel and platinum mesh respectively.
The cell temperature is measured with a k-type thermocouple
(RS PRO, —50°C/+1200°C), placed inside the anode block
and very close (2 mm) to the anode surface.

4.2 | Experimental method

After preparing the setup, the furnace is heated up to 1000°C
with a ramp rate of 40°C/hr while nitrogen is fed into the
anode and cathode sides. After stabilization of the cell
temperature at 950°C, the Nickel oxide in the anode is re-
duced to Nickel by hydrogen while simulated air is fed to
the cathode. In this procedure, the concentration of hydro-
gen is gradually increased from 2% to 100% during 4 hours
of operation. At the beginning of the test, pure hydrogen
was fed to the cell and an I-V characterization test was per-
formed as a reference, and the area-specific resistance (ASR)

TABLE 2 Anode inlet gas

Energy Science & Engineering
Op

was calculated around 1.5 Q cm? at high current densities
(1000 A m™ < CD < 2500 A m™2). The anode off-gas flow
rate measured by the MFM showed that less than 10% hydro-
gen leakage takes place inside the setup (including the cell
holder block, pipes, and the steam condenser).

Based on SOFC stack operating temperature in commer-
cial systems, the experiments are carried out at three different
cell temperature ranges, 900, 850, and 800°C. Since the heat-
ers are positioned close to the four furnace walls and the cell
holder is placed at its center, the cell temperature is around
60°C less than the furnace setpoint temperature. In these ex-
periments, the furnace temperature is adjusted to obtain the
desired operating temperature (900/850/800°C) with biogas
fuelled in equimolar ratio (R = 1.0) at OCV and the furnace
temperature is kept constant for each operating temperature.
The cell is fed with CH,, CO,, and N, mixtures with different
R (CH,/CO,) ratios. This ratio is varied between 0.6 and 1.5
to simulate both methane-rich and poor biogas. When the R
ratio is 1.5, the gas composition is similar to both CO, pre-
dominant and CH4 predominant biogas. When the R ratio is
1.5, the gas composition is similar to the real biogas with
60% methane concentration. Changing the gas composition
through R values of 0.6—1.5 resulted in a change in cell tem-
perature by +5°C in comparison to the biogas fed with equi-
molar composition. This is because of the change in the rate
of the endothermic methane reforming reactions.

For different gas compositions, the flow rate of the main
fuel (CH,) and the total flow rate of fuel are kept constant in
order to cancel the influence of residence time (Table 2). So,
the N, gas is added to the biogas gas composition as an inert
gas. Considering the geometry of the fuel channels of the ce-
ramic block in the anode side and the porosity of the current
collector (¢ = 0.5), the residence time was 410 ms according
to the total flow rate of 1000 Nml min™".

The I-V characterizations were performed from OCV to
0.6 V with a rate of 30 mA s~'. All EIS measurements are
carried out in the frequency range from 100 Hz to 0.1 Hz. In
order to understand the influence of methane conversion on cell
electrochemical performance, the anode off-gas was analyzed
at OCV and under specific current densities between 500 and
2000 A m™2 with a current density interval of 500 A m™2. The
methane conversion (Xqyy,) is calculated based on the carbon
balance of outlet gas composition at different current densities.

compositions for the total flow of Gas Total flow rate
1 w

p .1 composition CH, (%) CO, (%) N, (%) (Nml min_l) R 0/C

1000 Nml min
A 30 50 20 1000 0.6 1.25
B 30 37.5 32.5 1000 0.8 1.11
C 30 30 40 1000 1.0 1.00
D 30 25 45 1000 1.2 0.91
E 30 20 50 1000 1.5 0.80
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FIGURE 3 Equilibrium calculations at 850°C for different biogas
compositions, (A) Nernst voltage and H,/CO ratio, (B) reformed gas
compositions, (C) methane conversion and carbon deposition at open-
circuit voltage

Based on the methane (dry and steam) reforming reactions, one
mole of methane produces in total four moles of CO and H,.
The H,/CO ratio changes based on the operating condition due
to the contribution of the RWGS reaction. Therefore, the meth-
ane conversion is calculated by the following Equation **

Yoo + Ya,

€))

X =
M A Yoy, + Yoo + Ya,

where Y; is the mole fraction of gas species i. It is important to
mention that the concentration of the outlet gas was measured

when the operating conditions (the cell voltage and the cell
temperature) were stabilized. This condition is obtained after
4 hours of cell operating at a certain gas composition, current
density, and cell temperature. This is mainly because of stabili-
zation of the cell temperature. The gas composition at the outlet
was sampled and analyzed every 4 minutes.

5 | RESULTS AND DISCUSSION

In order to understand the influence of the CO, concentra-
tion on biogas-fed SOFC, Nernst voltage for different gas
compositions has been calculated based on equilibrium con-
ditions. The Nernst voltages for various inlet gases at 850°C
are shown in Figure 3A. The Nernst voltage decreases with
increasing the CO, concentration in the fuel (decreasing
the R ratio). Adding CO, dilutes the fuel and the concentra-
tion of H, in the reformed gas decreases, which is shown in
Figure 3B. Although the concentration of fuel (H, and CO)
for SOFC in the reformed gas is higher with lower R ratios
(Figure 3B), the Nernst voltage is lower. This is attributed to
the low concentration of hydrogen and lower H,/CO ratios
for R < 1, as illustrated in Figure 3A. When the R ratio is
more than one (equimolar CH,/CO,), the hydrogen partial
pressure is higher than the CO.

The methane conversion at the equilibrium condition of
850°C is calculated by Equation (9). Methane conversion is
higher than 96% for all gas compositions (Figure 3C) and it
is above 99.7% when the R ratio is 0.6. Nevertheless, it is
not possible to operate an SOFC for a long-term operation
at OCV condition due to the carbon deposition for gas com-
position with low CO, concentrations (R > 1.0), as shown in
Figure 3C based on the equilibrium condition.

5.1 | Influence of gas composition

Biogas-dry reforming experiments with various R ratios are
conducted according to gas compositions in Table 2. First,
the influence of gas composition on the performance of the
cell has been investigated at 900°C. These tests have been
conducted for a short period of time (around a half an hour)
for each gas composition and repeated at 850 and 800°C as
well.

The I-V characteristics for different gas compositions
(0.6 <R < 1.5) at 850°C (the oven temperature) have been il-
lustrated in Figure 4A. Results show that in short-term exper-
iments, increasing the CO, concentration decreases the cell
voltage for all current density ranges, as it is expected based
on the thermodynamic calculations presented in Figure 3A.
The OCV for gas composition with high concentration of
CO, (R = 0.6) was higher (around 20 mV) than the calculated
Nernst voltage shown in Figure 3A. This is attributed to the
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FIGURE 4 Influence of gas composition on the cell performance

at different current densities at 850°C (A) the cell voltage, (B) the
power density

lower cell temperature (840°C), because of the endothermic
dry reforming reaction at higher partial pressure of CO, in
biogas. The voltage difference between OCV and calculated
Nernst voltage decreases (to a few mV) with the decreasing
CO, concentration (R > 1). However, the ASR of the cell for
all gas compositions was the same and with this short-term
operation, there was no major degradation and increase of the
cell resistance.

An I-V characteristic with pure H, fuel is also shown in
Figure 4A as a reference. The ASR was slightly less for this
test in comparison with biogas fuelled cell due to a higher
cell operating temperature (858°C) and lower activation
overpotential because of higher hydrogen concentration in
the anode. Moreover, a relatively low concentration resis-
tance was observed because of the higher H, concentration.
The cell efficiency for the H, fed cell at the current density
of 2000 A m™2, was 63% (E = 0.81 V) and for the cell
operating with the gas composition of R = 1.0 was 58.3%
(E=0.75V).

The I-P characteristics are calculated for different gas
compositions based on the results of the I-V characteristics
and illustrated in Figure 4B. The power density decreases
with increasing CO, concentrations. The power density of
the cell fuelled with gas composition C (R = 1.0) is around
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FIGURE 5 Influence of gas composition and current density on

(A) methane conversion (B) H,/CO molar ratio at 850°C

19% less than the hydrogen-fuelled one at a cell voltage of
0.7 V.

After I-V characterizations for different gas composi-
tions, methane conversion has been studied for different R
ratios at 850°C. Methane conversion at different current
densities has been calculated based on the analyzed out-
let gas compositions in order to understand the influence
of gas composition and operating conditions on methane
conversion. Considering the configuration of the setup, it
takes 1 hour for each gas composition and current density
to achieve stabilization (at a certain cell operating tempera-
ture), both in terms of the cell voltage and the gas com-
positions at the outlet. These tests have been conducted
at current densities of 500-2000 A m~> with an interval
of 500 A m~? since carbon deposition is predicted for gas
composition E (biogas with R = 1.5) at OCV according to
chemical equilibrium (see Figure 1).

Methane conversion is calculated by Equation (9) and
shown in Figure 5A. Methane conversion increases by in-
creasing CO, concentration at closed-circuit conditions.
However, at high current densities, the methane conversion
is above 95% for all gas compositions. For instance, meth-
ane conversion for gas compositions with R < 1 was the
same at current density of 2000 A m™> and increasing the
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FIGURE 6 Cell stability testing results under hydrogen and various biogas compositions. (A) Gas composition A, B. (B) Gas composition C,

D, and E, at a current density of 2000 A m~2 and 850°C

CO, concentration does not influence on the methane con-
version rate. Analysis of the outlet gas shows that H, con-
centration at high current densities is higher (Figure 5B).
Results are in agreement with equilibrium calculations
shown in Figure 3A. For simulated biogas composition (E),
the methane conversion is increased by 25% when the cur-
rent density is increased to 2000 A m™>.

It is claimed that the methane conversion is maximized for
gas composition with R = 1.0 for a tubular cell** whereas, in
this study, higher methane conversion is achieved with higher
CO, concentration (R < 1) at open and closed-circuit condi-
tions. During these tests, it is observed that rapidly changing
the operating conditions (the CO, concentration and current
density) increases the rate of cell degradation (dropping the
cell voltage at a constant current density). This might be
because of the thermal stress, which is due to endothermic
(steam and dry) reforming reactions and the exothermic elec-
trochemical reactions. This thermal stress can influence the
anode electrolyte contact and increase the cell resistance.
Therefore, for the rest of experimental tests, a current ramp of
5 mA/s is considered to increase and decrease the operating

current density. The CO, flow rate also is varied with a ramp
of 5 ml/min.

5.2 | Cell degradation tests

During the short-term methane conversion tests in the previ-
ous section, it is noticed that the cell performance was de-
graded (cell voltage decreased at a constant current density)
specifically for gas compositions D and E, with R > 1. In
this section, cell degradation is investigated with a new cell
placed inside the ceramic block. The test is conducted for all
gas compositions mentioned in Table 2 at a current density of
2000 A m~2 and around 850°C (at constant furnace tempera-
ture). These conditions have been selected since biogas-SOFC
stacks are commonly operated in this range of temperature
(800 < T < 850°C) and the cell voltage (0.6 < V < 0.8). First,
a reference test has been conducted with H,/N, mixture with
equivalent hydrogen (1200 Nml min~") similar to the biogas
composition (CH, = 300 Nml min™"). This is due to the fact
that one mole of methane produces four moles of equivalent
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hydrogen (H, and CO) regardless of either steam or dry re-
forming reactions taking place in the anode fuel channel.

The cell degradation with dry hydrogen at the current den-
sity of 2000 A m~ has been monitored for 24 hours (see
Figure 6A). The cell voltage is measured every 5 seconds.
The cell temperature at this current density increased to
860°C and the cell degradation with this gas composition is
attributed to normal aging of the anode (see Table 3). After
measurement of the cell degradation rate with H,, the cell is
then fed with gas composition A at the same current density
for 25 hours. Due to the endothermic reaction of methane re-
forming, the cell temperature decreased to 840°C which took
approximately 1 hour to get it stabilized. The I-V and EIS
measurements (at the current density of 2000 A m_z) were
conducted when the cell voltage stabilized. After roughly
every 24 hours of operation at current density of 2000 A m~2,
the measurements were repeated in order to evaluate the cell
electrochemical performance. Before changing the gas com-
positions to gas composition B, the experiment was continued
by feeding dry hydrogen for 12 hours at the same current den-
sity in order to recover the cell electrochemical performance
in case of a minor amount of carbon deposition (Figure 6A).
I-V measurements were performed at the beginning and the
end of each step. The same procedure at the current density of
2000 A m~2 was applied for all gas compositions mentioned
in Table 2.

To the best of our knowledge, this is the first time that
the cell voltage degradation under different dry reforming
conditions (CO, concentration) has been reported as shown
in Figure 6. It is important to mention that the I-V and EIS
tests performed during the degradation experiments change
the cell voltage. These parts of the experiment have not been
shown in Figure 6.

During this experiment, the temperature of the furnace is
kept constant. The cell temperature is higher with hydrogen
in comparison with biogas fuels. The cell temperature drops
due to the endothermic reforming reaction on the anode sur-
face. The cell temperature influences the cell resistance and
methane reforming rate. After changing the inlet fuel, it takes
roughly 1 hour to reach a stable cell voltage. Different deg-
radation rates were observed for different gas compositions
(Table 3). Cell voltage fluctuation was observed for all gas
compositions which was negligible (+1 mV) for gas compo-
sition C and D (only first 20 hours). The voltage fluctuation
for gas compositions might be because of steam condensa-
tion in the anode outlet which causes a pressure gradient at

TABLE 3 Cell degradation rates and

ASR for different biogas compositions o
. - Gas compositions
under current density of 2000 A m™~ at
850°C Degradation rates

(V/1000 h)
ASR (Q cm?)

Energy Science & Engineering
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the anode outlet pipe. The cell electrochemical performance
was partially recovered after using H,/N, gas mixture for
gas composition A, B, and C. It should be noted that the part
of the cell degradation is because of normal cell aging. For
instance, the degradation rate (extrapolation of the short-
term experiment) for hydrogen-fuelled cell was 0.125 V in
1000 hours. The cell voltage fluctuation for gas composition
D was significant only at the end of the test period. The cell
voltage suddenly dropped by 12 mV and started fluctuating.
Changing the inlet gas composition to H,/N, gas mixture
could not improve the cell performance; however, the voltage
stopped fluctuating after changing the gas composition to H,/
N, gas mixture. The cell voltage declined to 0.755 V with this
gas mixture and dropped by 40 mV in comparison with the
same gas composition before feeding composition D. In case
of gas composition E (simulated biogas with 40% CO,), the
voltage fluctuation was not observed (less than +3 mV) but, a
continuous degradation rate occurred which was dramatically
higher than other gas compositions.

The I-V characteristics for different gas compositions at
the beginning and at the end of each period (see Figure 6)
have been illustrated in Figure 7. For gas composition A with
R = 0.6, negligible cell degradation was observed and the [-V
curves before and after feeding gas composition A were iden-
tical (see Figure 7A). The cell degradation for gas composi-
tion B (R = 0.8) for 25 hours test at similar conditions was
minor as it is shown in Figure 7A. In comparison with the
cell voltage at initial phase, at high current densities, the cell
voltage at the end of the 25-hour operation was only 10 mV
lower than at the beginning of the test with the gas composi-
tion B. Subsequently, for gas composition C with equimolar
CH, and CO,, the cell degradation is in the same order of
that for Gas B (though slightly lower), which is attributed to
normal cell aging. The cell voltage at OCV for the final I-V
curve of gas composition C is slightly (3 mV) higher than
the initial one (Figure 7A), this might be because of a small
amount of carbon deposition, which was reversible and did
not influence on the cell performance during the long-term
experiment. The ASR of the cell operating with different gas
compositions is calculated based on the I-V curve measure-
ments at the beginning of each test and shown in Table 3. The
higher ASR for gas composition D and E, could be related to
the lower concentration of H, and CO in the reformed gas.

As discussed at the beginning of this subsection, a sudden
cell degradation was observed for gas D after 20 hours oper-
ation under the current density of 2000 A m™2. The influence

Gas
Hydrogen Gas A Gas B Gas C Gas D E
0.125 0.16 0.16 0.14 0.625 0.630
1.52 1.71 1.73 1.74 1.76 1.98
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FIGURE 7 TheI-V characteristics, for the cell stability test under
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of voltage fluctuation (with a tendency to decrease the volt-
age) is also visible on the I-V characterization after relatively
long-term experiment (see Figure 7B). The current density
achieved at 0.6 V was 250 A m™ less than the beginning of
the long-term test. In the case of gas composition E (simu-
lated biogas), the voltage fluctuation of +5 mV was observed
during the whole experiment period. The degradation at the
end of this experiment was also in the same order of degra-
dation for gas composition D. Increasing the cell voltage at
OCV after the 25 hours experiment for gas compositions D
and E might be because of the solid carbon oxidation at the
high operating temperature which is generated during the rel-
atively long-term test. This is more visible in gas composition
E in Figure 7B.

Figure 8 shows the measured electrochemical impedance
spectra (EIS) for gas compositions with various R ratios mea-
sured between 100 and 0.1 Hz, before and after relatively
long-term experiments, operated at 850°C. A steady current
density of 2000 A m™? was imposed in all EIS measure-
ments. The intercept with the real axis at high frequency in
the left-side of Nyquist arcs corresponds to the purely ohmic
resistance of the cell. The low frequency in the right side is
activation and mass transfer losses due to the gas conversion,

FIGURE 8 The EIS measurements, for the cell stability
tests under various biogas compositions (0.6 < R < 1.5) (A) Gas
composition A, B. (B) Gas composition C, D, and E, under current
density of 2000 A m™ at 850°C

diffusion, and oxidation through the electrodes. Carbon depo-
sition causes a gradual filling of the anode porosity, which
depresses the charge transfer process and results in higher
losses. In Figure 8, the shape of arcs showed only minor
changes by varying the fuel composition. Low-frequency
experimental data were found to be slightly noisy, which is
because of the gas transport limitation.

Decreasing the CO, concentration in the fuel gas increases
the cell temperature due to less endothermic dry reforming.
This leads to a higher electrolyte cell ionic conductivity
and the Nyquist curve shifts to the left at high-frequencies
(Figure 8A). This should be mentioned that the cell tempera-
ture increases (roughly 5°C) by decreasing CO, concentra-
tion from gas composition A to B. The ohmic resistance is
higher for gas compositions D and E. This could be because
of the lower methane conversion and lower H, and CO con-
centrations (as already shown in Figure 5A) at the current
density of 2000 A m™>.

Afterrelatively long-term experiments, the high-frequency
intercept shifts to the right for all gas compositions, meaning
higher resistance, which is negligible for gas composition A,
B, and C (Figure 8A). This is partially attributed to normal
cell aging for the gas compositions with R < 1.0. The cell
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resistance increases dramatically after the relatively long-
term experiment for gas compositions D and E (Figure 8B).
This is mainly attributed to cell degradation due to carbon
deposition. A gradual filling of the anode porosity impacts
the charge transfer process and results in higher losses in low
frequency. This results in a decrease in the active triple phase
boundary (TPB) area. The formation of carbon fibers can re-
sult in the removal of Ni particles from the electrode. This
occurs when the nickel catalyst is physically lifted from the
electrode by its attachment to the growing carbon fibers. Ni
delamination reduces the electrolyte ionic conductivity and
thereby increases the cell ohmic resistance, as observed in
Figure 8B.

After this long-term experiment, the furnace was cooled
down, and the cell was taken out of the furnace. Anode de-
lamination and nickel reoxidation were observed on the anode
surface close to the fuel inlet (Figure 9). Carbon deposition
occurred at the fuel inlet when R > 1, although a safe oper-
ation was predicted based on chemical equilibrium calcula-
tions at a current density of 2000 A m™> (Figure 1). This is
in agreement with the findings of Baldinelli et al® and Yong
Jiao et al.®

5.3 | Influence of cell temperature

In order to evaluate the influence of operating temperature on
cell electrochemical performance, the same I-V and methane
conversion measurements have been conducted for gas com-
position C (with equimolar CH, and CO,) at different current
densities at 900 and 800°C as well. This gas composition is

Fuel outlett

Fuel inlet

FIGURE 9 A photo of the anode side of cell operated under
biogas internal dry reforming with various biogas compositions
(0.6 < R < 1.5) after the long-term experiment

selected because the produced power was maximum during
the degradation test (See Figure 6). The methane conversion
of gas composition C at the chemical equilibrium condition
(at 850°C) is around 98%. Decreasing the cell temperature,
substantially decreases the methane conversion.®” After ob-
taining a stable performance of SOFC fuelled by gas com-
position C, the methane conversion for this gas composition
at different current densities has been investigated at differ-
ent operating temperatures and illustrated in Figure 10A. At
OCV, the methane conversion increases by 23% by increas-
ing the operating temperature from 800 to 900°C. However,
at high current densities (2000 A m_z), the difference is negli-
gible, around 5%. This shows that a high methane conversion
(97%) is achieved at the operating of 850°C and high current
density (2000 A m?), and a further increase in operating tem-
perature is not required to obtain a high methane conversion.

The H,/CO ratio of the outlet gas for different operating
temperatures is shown in Figure 10B. At OCV (when there
is no steam produced through the electrochemical reaction
of hydrogen), the H,/CO ratio is less than one for all operat-
ing temperatures. Increasing the operating temperature more
than 850°C (at OCV) promotes the methane reforming, but
this does not improve the H,/CO ratio anymore as it is ob-
served in Figure 10B.
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At a low operating temperature (800°C), the H,/CO ratio
increases by increasing the current density. However, in-
creasing the current density does not affect the H,/CO ratio
for the cell operating at 900°C and current densities above
1000 A m™. At this temperature, the methane reforming
is already high, and increasing the current density does not
change the methane reforming rate (see Figure 10A).

Moreover, the cell temperature also influences the cell
electrochemical performance which increases the conductiv-
ity of the cell electrolyte, and this reduces the ohmic losses
within the cell.”> At higher operating temperatures, higher
current densities can be achieved with the same gas composi-
tion. Impact of the cell temperature on the performance of the
cell fed with gas composition C has been shown in Figure 11.

For hydrogen-fed SOFCs, the OCV is normally lower at a
higher operating temperature, according to the Nernst equa-
tion. However, for biogas fuelled SOFC, the OCV at higher
operating temperature is higher. This is because of a higher
rate of methane dry reforming and a higher concentration of
H, and CO. It should be emphasized that operation at high
temperature (above 900°C) increases the aging (degrada-
tion) rate of electrolyte due to loss of ionic (:onductivity.ﬁ&69
Thus, it is not advised to increase the cell temperature even
though a higher current density can be achieved. Moreover,
for SOFC stacks, cell sealing is more challenging at high op-
erating temperature.

5.4 | Influence of residence time
In this section, the influence of residence time on methane
conversion and electrochemical performance of cell was in-
vestigated. These experiments were conducted for gas com-
position C with different inlet flow rates (20% higher and
lower than reference test) and residence time (Table 4) at
850°C and different current densities.

The outlet gas composition (dry-based) was analyzed by
the MicroGC. Increasing the residence time by decreasing
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FIGURE 11 The I-V characteristics, influence of operating

temperature on the cell performance for gas composition C

the total flow rate increases the methane conversion as shown
in Figure 12. Decreasing the residence time from 512 ms (C-
1) to 410 ms (C-2) does not impact on methane conversion
dramatically. However, decreasing the residence time to
340 ms (C-3) decreases the methane conversion by roughly
5%, which is also in the same range for high and low current
densities. Results showed that using a longer residence time
(C-1) can slightly promote the methane conversion; however,
this is limited by fuel utilization (Uy). It is advised to keep the
overall U; around 80% in the SOFC stack operation.

The I-V characterizations of this gas composition with
different flow rates (different residence times) have been il-
lustrated in Figure 13. Higher cell voltage and higher current
density have been achieved with longer residence time due to a
higher methane conversion. However, the difference is negli-
gible. In these experiments at a current density of 2000 A m>,
the fuel utilization was around 19% at a methane flow rate of
300 Nml min™" (gas composition C-2). Decreasing the fuel
utilization by increasing the inlet flow rate, can decrease the
cell voltage and power production at higher current densities
due to decreasing the methane conversion rate. This has not
been seen in this experiment since the residence time was
long enough for these gas compositions.

6 | CONCLUSIONS

Internal dry reforming of biogas in electrolyte-supported
solid oxide fuel cell, with a Ni-GDC anode has been stud-
ied at different operating conditions. After preliminary ther-
mochemical equilibrium prediction of carbon deposition for
specific gas compositions and conditions, experimental in-
vestigations were conducted. One of the main objectives of
this study was to determine the minimum amount of extra
CO, required to obtain maximum power density at stable cell
performance (in comparison to hydrogen-fuelled one) and at
the same time prevent carbon deposition.

Complete characterization of biogas-SOFC with different
CH,/CO, molar ratios (0.6 < R < 1.5) has been performed
for short-term studies in order to understand the influence of
CO, concentration and current density on methane conver-
sion. Methane conversion increases by increasing CO, con-
centration. Steam produced through electrochemical reaction
of hydrogen impacts the methane reforming when R > 1 and
the methane conversions were above 95% for all gas compo-
sitions at a current density of 2000 A m™%. However, a high
degradation rate has been observed with simulated biogas
(with 60 mol.% methane) fed, due to carbon deposition at
850°C. In this experiment, carbon deposition led to an anode
Ni re-oxidation and delamination of the cell surface close to
the fuel inlet. Furthermore, the results showed that changing
the residence time does not significantly influence methane
conversion at 850°C. This implies that the kinetics of the



SAADABADI ET AL.

1245

Energy Science & Engineering
Op

TABLE 4 Anode inlet gas compositions and inlet flow rate for different residence times at 850°C

CH, co, N,

Gas composition (%) (%) (%) R
C-1 30 30 40 1
C-2 30 30 40 1
C-3 30 30 40 1

100

=o—C-1 (800 mln.min-*)
=#=C-2 (1000 ml.min-*)
~o=C-3 (1200 ml.min-*)

=
a

Methane conversion (%)

75 ¥
70 T T T )
0 500 1000 1500 2000
Current Density (A.m™2)
FIGURE 12 Influence of residence time and current density on

methane conversion at 850°C
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FIGURE 13 TheI-V characteristics, influence of operating
temperature on the cell performance

reforming reactions is fast enough for the internal reforming
of methane.

Continuous, relatively long-term operation (more than
215 hours) under a current density of 2000 A m~2 has been
conducted for gas compositions with different CO, concen-
trations. This represents the novelty of this research on direct
dry reforming of methane with a Ni-GDC anode (with a com-
mercial cell size). Stable cell performance (in terms of volt-
age decrease at constant current density) has been achieved
when R < 1 and carbon deposition observed when R > 1.
The best performance has been achieved with R = 1 since
the degradation was minimum and power production was

Total flow rate U; Residence time
(Nml min~") (@ 2000 A m™) (ms)
800 0.24 512
1000 0.19 410
1200 0.16 340

maximized. With this R ratio, more than 97% of the methane
reformed at a current density of 2000 A m~2, and the highest
H,/CO molar ratio was achieved in comparison with SOFC
fuelled with safe operating condition (R < 1). However,
biogas-fuelled SOFC system's power density is around 19%
less than hydrogen-fuelled one, and this should be considered
while designing the biogas-SOFC system.

NOMENCLATURE

Acronyms

AD Anerobic Digestion

ASC  Anode Supported Cell
ASR  Area specific resistance
CHP  Combined heat and power
CD Current density

DIR Direct internal reforming
EIS Electrochemical impedance spectroscopy
ESC Electrolyte-supported cell
GC Gas chromatograph

GCU  Gas cleaning unit

GDC  Gadolinium-doped ceria
IC Internal combustion

IDR Internal dry reforming

LHV  Lower heating value

LSM  Lanthanum strontium manganite
MFC  Mass flow controller

MFM  Mass flow meter

OCV  Open-circuit voltage

RWGS Reverse water gas shift

SC Steam to carbon ratio

ScSZ  Scandia-stabilized zirconia
SOFC  Solid oxide fuel cell

TPB Triple phase boundary
VOC  Volatile organic compound
WGS  Water-gas shift

WWTP Wastewater treatment plants
YSZ Yttria-stabilized zirconia

Greek letters

AG Gibbs free energy change of reaction, (kJ mol ™)
AH Enthalpy change of reaction, (kJ mol™)

Aeell Cell efficiency (%)
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Symbols

F

Faraday constant (C/mol)

1 Current (A)

n Number of electrons participating in the electro-
chemical reactions (-)

P Power (W)

Po, ., Equilibrium oxygen partial pressure at cathode

Po, .., Equilibrium oxygen partial pressure at cathode

R Universal gas constant (J/mol K)

T Temperature (°C)

U; Fuel utilization (%)

Veen  Cell voltage (V)

VNemst Nernst voltage (V)

Xcms  Methane conversion (%)

Y; mole fraction of gas species i (—)
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