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Abstract

In this study, methane steam and dry reforming have been investigated, from the
perspective of methane conversion, hydrogen yield and the formation of solid carbon.
Different ratios between methane, steam and carbon dioxide were used in order to
simulate the methane internal reforming in a Solid Oxide Fuel Cell (SOFC) with anode
off-gas recirculation. Thermodynamic equilibrium modelling was first employed to
determine the concentrations of each gas in the equilibrium state. Crushed anode
substrate material of a commercial SOFC half-cell was used as catalyst in the practical
experiments. The modelling results showed that at 750°C (1023K), above 90% of
methane conversion was found in all cases and carbon was formed when the oxygen
to carbon (O/C) ratio was lower than 1.2. The experimental results showed that poor
methane conversion rates (around 20%) were found within the steam reforming. The
performance was highly affected by the total fuel flow rate and carbon formation could
still be found in cases for the O/C ratio above 1.5.

Keywords: methane steam reforming, methane dry reforming, carbon deposition,
thermodynamic equilibrium, solid oxide fuel cell, anode off-gas recirculation

1. Introduction

In solid oxide fuel cells (SOFCs), hydrocarbons can be directly reformed into
hydrogen-rich gases inside the cell due to their high operating temperature [1].
Additionally, the energy required for the strongly endothermic reforming reactions can
be derived from the heat generated inside the cell. Natural gas, for example, which
mainly consists of methane, is a prime choice of fuel for SOFCs employed as
residential combined heat and power units (microCHP) due to the well established
natural gas distribution infrastructure in households. SOFCs running on natural gas can
be applied widely for both nCHP and decentralised generation (DG) in the drive to
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reducing electricity transmission losses and increasing the efficiency of electricity
supply.

Two methods are regularly used for converting methane into hydrogen-rich gases:
steam methane reforming (SMR, Equation 1) and dry methane reforming (DR,
Equation 2) [2].

CH, + 2H,0 < CO, + 4H, Equation 1
CH, + CO, & 2CO + 2H, Equation 2

However, solid carbon can be formed during the reforming process through methane
cracking (MC, Equation 3) and the Boudouard reaction (BD, Equation 4). The carbon
deposited will increasingly reduce the porosity in the anode and cover the nickel
catalyst thus lowering the performance.

CH, & C+ 2H, Equation 3
2C0 & C+ CO, Equation 4

In order to overcome this problem, additional H,O or CO, needs to be added to the fuel,
lowering the concentrations of CH, or CO from the SMR or water gas shift reactions
(WGS, Equation 5).The formed solid carbon, though, can theoretically be removed by
syngas formation (SF, Equation 6).

CO + H,0 & CO, + H, Equation 5
C+ H,0 & CO+H, Equation 6

Both CO; and H,0 can be found in the SOFC anode exhaust as they are the products of
CO and H, oxidation. As a result, anode off-gas recirculation (AOGR) is an option to
be applied in SOFC uCHP and DG systems, where the addition of purified water or
carbon dioxide are undesired since they increase the system complexity and the
requirements for maintenance. Moreover, the fuel cell system can further benefit from
the exhaust gas recycling since the returned gas has a similar temperature as the cell,
and thermal gradients can be prevented without or with reduced requirements on a
pre-heater.

On the other hand, a more complex reaction system is formed due to the competition
between H,O and CO, for reacting with methane.Also, a lower system performance
results from the lower fuel partial pressure due to the introduced non-fuel gases. As a
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result, a detailed inspection of the interaction among CH4, H,O and, CO is required for
a more in-depth investigation.

A study of methane dry reforming from the point of view of thermodynamics was
carried out by Nikoo and Amin [3]. Al-Nakoua et al [4] reported, that the combined
methane steam and dry reforming had the ability to improve the catalyst stability, but
the carbon formation and ratios among the reactants were less addressed. Kinetic
modelling work was carried out by Maestri [5]. The conclusion that the water
concentration could have a significant effect on the combined methane reforming was
obtained by Soria et al [6]; however, the carbon dioxide concentration was fixed in their
experiments. A nickel-silica core@shell catalyst used for methane tri-reforming was
reported by Majewski and Wood [7]. Research towards methane internal reforming
with gold doped Ni/GDC was carried out by Niakolas et al. [8], which resulted in a
higher tolerance to carbon formation; however, the amount of gold needs a further
investigation. Goula et al. [9] investigated the methane internal reforming with a Ni
based anode from the catalyst and electrocatalytic point of view. Their results suggest
that a closed-circuit operating SOFC could operate stably for an extended period of
time due to the carbon electro-oxidation reactions. A similar result was obtained by
Lin et al. [10], who suggests that the current density has a strong effect on carbon
formation. This is particularly obvious when pure methane is used as fuel and the
temperature is below 700 °C. Oyama et al. [11] report that the methane dry reforming
performs less efficient than steam reforming since the produced hydrogen can be
consumed with carbon dioxide through the reversed WGS reaction. Additionally, a
higher hydrogen yield can be obtained by steam reforming as the produced carbon
monoxide (reacting with water) boosts the hydrogen yield. An investigation towards
SOFC direct internal reforming of biogas was conducted by Lanzini and Leone [12].
The results suggested that a SOFC running on biogas without degradation is possible
when the correct amount of oxidant is added, which is also agreed by Shiratori et al.
[13]. The later ones suggested that the ratio of 1.5 between methane and carbon
dioxide can enhance the electrochemical consumption of methane. A kinetic equation
of hydrogen vyield was derived and then verified by Fan et al. [14] when
Ni-Co/MgO-ZrO, is used as the catalyst for the dry reforming of methane. Some
dynamic modelling work relating to the control aspects were carried out by Gorgln et.
al [15], Varigonda and Kamat [16], and Pukrushpan et. al [17]. In these three papers,
the chemical reactions were considered from a Kinetic viewpoint and the heat
management was also included. A controller could be designed based on these
modelling resutls.

In this study, combined methane steam and dry reforming was investigated, from both
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thermodynamic equilibrium modelling and experiments. The aim of this work was to
find the interactions among the reforming reactions, carbon formation, and the ratio
among the reactants.

2. Experiments

2.1 Modelling

The National Aeronautics and Space Administration (NASA) Chemical Equilibrium
with Applications (CEA) was employed to carry out the thermodynamic equilibrium
calculations. In this software, the concentrations at equilibrium are obtained based on
the minimised Gibbs free energy from a variety of initial conditions [18]. The
reforming product compositions are not affected by the catalyst material and particle
size used in the experiment. The reforming results can be calculated by the software
from the given conditions including the reactants, temperature, pressure and expected
products. The equilibrium results are expected to relate to the long-term operation of
an SOFC system.

2.2 Experimental Study

2.2.1 Catalyst Preparation and Characterisation
A commercial anode-supported SOFC half cell that consisted of anode and electrolyte
was used in this experiment as the catalyst to represent the SOFC internal reforming
conditions. These SOFC half-cells were used due to their availability as standardised
and commercial components with reproducible properties. They consisted of a 400
um nickel- Yttria-stabilized zirconia (Ni-YSZ) anode and a 8 to 10 um thick
Yttria-stabilized zirconia electrolyte. This material was chosen because of its facile
availability. For the experiments, the electrolyte half-cells were ground into powders
to make the nickel accessible to the gas stream, since this is regarded as the catalyst
for methane reforming. From the point of view of the reforming experiment, anode
substrates would have been sufficient. Nevertheless, the YSZ electrolyte is inert to the
reforming reactions and thus did not harm the experiments.

The cells were examined using a Burker S8 Tiger X-Ray Fluorescence (XRF) to
determine their composition. Then the Micromeritics Autochem Il Chemisorption
Analyser was applied for Temperature Programmed Reduction (TPR) to find the
proper reduction temperature. In the Temperature programmed reduction, the analysis
was conducted on a plain 0.1 g half-cell (anode substrate and electrolyte) in a helium
atmosphere and heated at a rate of 10°C min™ from room temperature to 500°C, then
cooled down to 25°C. This stage was employed to remove the impurities. The sample
was then heated up again at the same rate to 750°C under an atmosphere consisting of
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10% hydrogen and 90% helium. The reduction process was monitored from the thermal
conductivity detector signal.

An amount of 0.2 g of the cell was ground into particles with diameters smaller than
600 um. This powder was then mixed with 1.8 g silicon carbide (SiC) to form the
catalyst bed and placed in the centre of the reaction tube with quartz wool stuffed at
both ends. SiC was selected due to its high heat and wear resistance, and its chemical
inertness to all alkalis and acids. The mix of SiC and catalyst was used to allow the
system to behave more isothermally and to avoid gas pressure drops, particle clogging,
and catalytic bypassing. This procedure is commonly used for testing a sample of a
catalyst in a fixed bed reactor. The pure SiC at the gas entrance was used to distribute
and heat up the fuel flow to allow homogenous reaction conditions, and the pure
SiC at the gas exit was used to support the whole catalyst bed. Glass wool was placed
as additional support, as shown in Figure 1. The whole tube was then placed in the
centre of a tubular furnace. The gas flow rate was controlled by Brooks 5850S Mass
Flow Controllers (MFCs). After cooling and water condensation the exhaust was
connected to an on-line Agilent Technologies 7890A Gas Chromatograph (GC) to
examine the reformed gas, as shown in Figure 2.

<Fig. 1 near here>
<Fig. 2 near here>

Prior to the reforming reactions, the catalyst was heated to 200°C at a rate of 20°C
min™, with 10 sccm of hydrogen flow. The heating rate was then decreased down to 5
‘C min™ until the system reached 750°C (1023 K). Slowing of the heating rate was
used to prevent the aggregation of nickel. The system was kept for 1 hour at 750 °C
and 10 sccm hydrogen flow to allow the nickel to be fully reduced. After that, 100
sccm of helium was given for 5 minutes before the reforming started.

2.2.2 Reforming Reaction
The parameters of the gas flow used in the experiments are listed in Table 1. Case 3
was not experimentally tested because the modelling results had shown good abilities
in methane conversion and no carbon formation. The O/C ratio was defined as the
atomic ratio between oxygen and carbon in the inlet fuel stream, which ratio will also
be used in the further discussion. Water was added in liquid form through a pump
with a range between 0-0.04 g min™ to represent 0-50 sccm of steam flow rate and
then heated up to 120°C in a pre-heater before mixing with the other gases. Helium or
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other inert gases were not added to unify the total fuel flow rate in each case. This is
because the total flow highly depends on the recycling rate in the SOFC AOGR.
Moreover, the composition of the anode exhaust is affected by the cell operating
status. The total flow rate is thus not consistent under the different conditions.

Table 1 Parameters of methane reforming reactants.

CH, (sccm) H,0 (g min™) CO; (sccm) O/C ratio
Case 1 25 0.02 0 1
Case 2 25 0.03 0 1.5
Case 3 25 0.04 0
Case 4 25 0 25
Case 5 25 0 37.5 1.2
Case 6 25 0 50 1.333
Case 7 50 0.04 50 1.5
Case 8 25 0.02 25 15
Case 9 25 0.04 50 2
Case 10 25 0.02 37.5 1.6
Case 11 25 0.03 25 1.75

2.2.3 Carbon Deposition

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to examine the solid carbon formed from
the reforming reactions. The sample is heated in a constant air flow, and as the
temperature increases, carbon is oxidised and forms carbon dioxide gas which escapes
into the atmosphere, thus reducing the weight of the sample. In the experiment, a
NETZSCH TG209F was employed to examine the carbon in the sample. In this
analysis, the used half-cell catalyst was first separated from the mixture with SiC, and
then a small amount (around 25 mg) was used for the analysis.

However, the metallic nickel was also oxidised in the analysis. This also led to further
weight increase. In order to remove this influence, the same amount of unused
catalyst was reduced and then oxidised to measure the weight change attributed to
oxidation of nickel. That sample was used as a reference to the spent catalyst to
calculate the carbon deposition. For the reduction, the sample was heated up from
room temperature to 1000°C at a rate of 10°C min™ with a hydrogen flow rate of 40
sccm. The results are shown in Figure 7 and will be discussed below.

The samples for the oxidation process were heated up at 20°C min™ to 900°C with
40 sccm of air flow. The weight change in percentage against the reference was then
6



turned into the numerical data, for comparison with the Temperature Programmed
Oxidation (TPO) results.

Temperature Programmed Oxidation

The amount of 1 g of the catalyst bed (mixture of catalyst and SiC) used in the
methane reforming experiment was placed in the centre of a quartz tube inside a
furnace, as shown in Figure 3. The exhaust from the tube was connected to an on-line
MKS minilab LM80 Mass spectrometer (MS). A mixture of gas consisting of 40 sccm
helium and 10 sccm oxygen was fed at room temperature for 1 hour to remove the
impurities. The tube was then heated up with the same gas condition at a rate of 10°C
min™ to 900°C and kept for 30 minutes or longer until no carbon dioxide signal was
observed anymore in the MS. This allowed the solid carbon formed from the
reforming experiment to be oxidised into carbon dioxide gas and then detected by the
MS connected at the exhaust. The tube was then cooled down naturally under a 50
sccm helium gas flow. The catalyst bed was separated into SiC and the ground
half-cell catalyst, for which the weight was used to work out the amount of carbon
formed per gram of the catalyst, reasonably assuming that no carbon was formed on
the SiC.

<Fig. 3 near here>

The total amount of carbon dioxide generated during the oxidation of the spent
catalyst was calculated by summing all the carbon dioxide signals from the MS during
the TPO. Signals from carbon dioxide 25 minutes before and after the peak,
respectively, were added and used for further calculation.

2.3 Performance Evaluation

The study aimed at investigating the methane internal reforming in an SOFC with
anode off-gas recirculation. For SOFCs, the cell performance highly depends on the
hydrogen partial pressure. Despite methane can be theoretically directly oxidised fully
or partially to generate electricity [19], the reaction speed is much slower than with
the SMR and WGS reactions [20, 21]. Moreover, Ni et al. [22] also pointed out that
the WGS reaction speed is much faster than the carbon monoxide oxidation. As a
result, the methane conversion and hydrogen yield were the two indicators for
examining the reforming performance in this study. The conversion and yield rates
were defined as following [23, 24].



VCH,,in — VCH,4,out

Methane conversion = Equation 7
VCH,,in
\Y .
Hydrogen yield = YHa,out Equation 8
VCH,,in

The term v; (i =CH4, H,) represents the mole flow rate of the two species,
respectively.

3. Results and Discussion

3.1 Modelling
Figure 4(a) and (b) present the results from thermodynamic modelling. The residual
water and formed solid carbon were included in Figure 4 (a), and excluded in Figure
4(b), which was then used to compare with the experimental results. At 750°C, carbon
was formed in the cases 1, 4, and 5 (steam reforming, H,O:CH,4 = 1; dry reforming,
CO2:CH,4 = 1 and 1.5), when the O/C ratio was below 1.2. All the remaining cases
were free from the formation of carbon.

Steam Reforming of Methane

For the methane steam reforming (cases 1, 2, and 3 in Table 1), the hydrogen
concentration decreased, from 69% down to 63%, with the increase of the steam to
methane (S/C) ratio, as shown in Figure 4(a). This is due to the higher residual steam
concentration left from the higher steam input. This can be seen from Figure 4(b):
when the water is removed, the hydrogen concentration increases from 72% to 75%.
In general, the methane conversion improves with a higher S/C ratio.

Dry Reforming of Methane

For methane dry reforming (cases 4, 5, and 6 in Table 1), the hydrogen concentrations
(45%, 38%, and 33%) are significantly lower than the concentrations in steam
reforming, as shown in Figure 4(a). Moreover, the hydrogen concentration decreases
with the increase in carbon dioxide to methane ratio, even though the methane was
converted more completely (Figure 4(b)). This is because unlike water, which
contains one molecule of hydrogen, carbon dioxide in dry reforming does not contain
additional hydrogen to be released during the reforming reactions. The higher residual
carbon dioxide concentration lowers the concentration of other gases. The results
from case 6 correspond to the report from Santarelli et al.[25], in which their
modelling results showed 31.3%, 21.1% and 17.5% in molar fraction of hydrogen,
carbon monoxide and carbon dioxide, respectively, when the CO,/biogas ratio is set to
be 1.0. This case has an O/C ratio of 2.33, and this is the reason why it is compared
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with the case 6 in from this work.

The Effect of Flow Rate

Cases 7 and 8 are used to examine how the fuel flow rate affects the reforming
performance. The ratios among methane, steam and carbon dioxide are kept the same
in both cases (2:2:2 and 1:1:1). However, the thermodynamic equilibrium minimises
the Gibbs free energy thus is only affected by the ratios among the reactants. As a
result, the concentrations of all species at equilibrium are identical in both cases, as
shown in Figure 4(a) and (b).

Combined Steam and Dry Reforming of Methane

Cases 9, 10, and 11 represent the combined methane steam and dry reforming (shown
in Table 1). Case 9 has the lowest hydrogen partial pressure among these three (34%
or 44%). This is due to the higher ratio between carbon dioxide to methane and steam
to methane (the value of 2 in each ratio, respectively). The high O/C ratio leads to a
more complete conversion of methane (0.08% or 0.11% of residual methane pressure
in Figure 4(a) or (b)); meanwhile, this also leads to a higher steam and carbon dioxide
residual pressure. This phenomenon is improved in cases 10 and 11, when the ratios
are decreased (H,0:CH,4 = 1.0 and CO2:CH4 = 1.5 in case 10, H,0:CH; = 1.5 and
CO,:CH4 = 1.0 in case 11). However, with the O/C ratio still above 1.5 (1.6 and 1.75,
respectively), these two cases still have a good methane conversion (only 0.32% and
0.33% or 0.37% and 0.40% residual methane concentration, Figure 4 (a) and (b)).
This is even better than the methane conversion in case 3 (0.52% of residual methane
concentration) when the steam to methane ratio and the O/C ratio were 2. And since
case 11 has a higher steam to methane ratio (1.5) than the ratio in case 10 (1.0), case
11 displays a higher hydrogen concentration produced (46.97% or 56.20%), as shown
in Figure 4(a).

<Fig. 4 near here>

3.2 Practical Experiments
3.2.1 Catalyst Analysis
The XRF spectrum in Figure 5 shows that the catalyst contained 50% nickel, 47%
zirconium and 3% yttrium. Oxygen was not selected for examination because the
oxygen was removed during the reduction reaction before the reforming experiments.
Additionally, nickel was the element used as the catalyst for the reforming, so as a
result, the XRF was employed to show the ratio between nickel and other elements.

<Fig. 5 near here>



The TPR results presented in Figure 6 show that the catalyst was almost fully reduced
into nickel metal at 750°C, which was the temperature then used to reduce the catalyst

to supply full reforming catalytic activity before the reforming reactions started.

<Fig. 6 near here>

Figure 7 shows the mass change of the catalyst during the reduction process. It can be
seen that the mass decreased with increase in temperature. The reduction process
started at around 350°C. The reduction rate was faster between 550 and 750°C, and
then slowed down at temperatures above 800°C . This indicates that the nickel oxide in
the catalyst was reduced above 550°C. The reduction reaction was almost completed
at 800°C. This result supports the outcome of the TPR analysis shown in Figure 6.

<Fig. 7 near here>

3.2.2 Reforming Performance

Figure 8 presents the methane conversion and the hydrogen yield results from both
experiments and modelling. As discussed before, these two results can affect the
SOFC performance significantly. The hydrogen yield was based on the hydrogen
moles produced per mole of methane, thus can be more than 100% in cases including
water feed.

Steam Reforming of Methane

The experimental results (Figure 8) were different from the modelling approach in the
case of methane steam reforming. In the experiments, a lower methane conversion
rate was obtained with a higher steam to methane ratio. The methane conversion rate
was 22% in case 1. This was even worse in case 2 (higher steam to methane ratio),
which had only 8% of methane reformed. This was due to three issues. Firstly, the
experiments were highly affected by the reaction time. Unlike the thermodynamic
equilibrium, which requires unlimited time to be achieved, the gases had limited time
to react on the catalyst in the experiments. The short reaction time led to incomplete
reactions. This corresponds to the situation in an SOFC cell with a given geometry
(gas channel length) and gas flow rate. Secondly, the higher steam partial pressure
reduced the methane concentration. Thirdly, water has a relatively high adsorption
enthalpy change (88.68 kJ mol™), compared to methane (-38.28 kJ mol™), or carbon
monoxide (-70.65 kJ mol™) as pointed out by Xu [26]. This also lowers the reaction
rate, leading to a reduced methane conversion, and thus a lower hydrogen yield. The
hydrogen yield was 96.7% and 49.6% in the cases 1 and 2, respectively, comparing to
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138.5% and 169.6% from the modelling results.

It can be seen from the results that a higher S/C ratio could benefit the methane
reforming from the thermodynamic point of view. Nevertheless, in the practical
experiment, the high S/C ratios lowered the methane conversion and the higher fuel
flow rate decreased the reaction time and also reduced the reforming performance.
These findings are also supported by Wang et al. [27].

Dry Reforming of Methane

The experimental results in the cases 4, 5, and 6, reached 59.6%, 72.2%, and 66.6%
methane conversion rate, respectively, despite the fact that from equilibrium
modelling the methane conversion should reach 96.8%, 97.2% and 98.6%. The
methane conversion in case 4 corresponds to the results from Nikoo and Amin [3], in
which the methane conversion reached 97.9%. However, this had improved
comparing to the steam reforming cases. With a higher carbon dioxide concentration,
a better methane conversion rate was obtained. This could be seen from cases 4 and 5.
The reason why the rate decreased when the ratio between carbon dioxide and
methane was increased to 2 was because of the higher fuel flow rate. The high flow
rates diluted the methane concentration and shortened the reaction time and thus
reduced the methane conversion rate. However, in general, the hydrogen vyield
increased, from 133.9% in case 4 to 138.8% and 142.7% in cases 5 and 6,
respectively.
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<Fig. 8 near here>

A noteworthy issue is the higher hydrogen yields in the experiments than expected
from the modelling (87.2 %, 95.5%, and 96.9%, respectively). This was due to the
fact that the thermodynamic modelling assumed high conversion of produced
hydrogen into water. The mildly exothermic WGS reaction, which is likely to react
backwards at this temperature, would be turning the hydrogen produced and the
carbon dioxide into carbon monoxide and water. However, as mentioned, the reaction
time was limited in the experiment. As a result, the produced hydrogen and other
gases flowed into the GC, thus the reverse WGS reaction hardly occurred. On the
other hand, the thermodynamic equilibrium calculation would assume full reaction.
This can be seen from Figure 9 where the carbon monoxide concentrations from cases
4,5 and 6 are 37.1%, 41.8% and 35.3% from the experiments, comparing to 41.9%,
49.8%, and 50.2% from the modelling.

The Effect of Flow Rate

Figure 8 shows that the flow rate can affect the reforming performance significantly.
The same ratio among methane, carbon dioxide, and water were set in both cases 7
and 8 (2:2:2 and 1:1:1). Despite the fact that concentrations were identical from the
thermodynamic equilibrium perspective (98.1% of methane conversion and 144.2%
of hydrogen yield, as shown in Figure 8 (b)), the experimental work showed different
results. From Figure 8 (a), the methane conversion rate was only 23.3% in case 7. The
low methane conversion rate also led to a low hydrogen yield of only 50.43%. This
was improved in case 8, when the flow rate of each reactant was halved. With the
lower flow rate, the reforming performance was improved significantly. The methane
conversion rate was doubled, to 55.1% and the hydrogen yield reached 155.8% in
case 8, as in (Figure 8 (a)).

Combined Steam and Dry Reforming of Methane

Cases 9, 10 and 11 constituted the combined methane steam and dry reforming, which
were used to investigate the composition between steam and carbon dioxide. With the
highest O/C ratio of 2, case 9 achieved the highest methane conversion rate (99.6%)
in all cases, from the thermodynamic perspective, as shown in (Figure 8 (b)). On the
other hand, in the experiment, a lower methane conversion rate (13.2%) was obtained
for this case. This was due to the higher steam partial pressure and fuel flow rate
(methane:steam:carbon dioxide = 1:2:2) among the cases 9, 10, and 11. As discussed,
steam and high flow rates can hinder the reforming reactions. Case 9 suffered from
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these two effects and thus the lowest hydrogen yield (34.9%) among all three cases
was obtained.

The low methane conversion rate was improved in cases 10 and 11, when the total
flow rate and the steam concentration were decreased, as given in Table 1. The O/C
ratio remained at 1.6 and 1.75, respectively. This led to a complete methane
conversion in the modelling (98.9% and 98.8%). In the experiments, 54.8% and
52.6% were achieved. However, with the steam added to the system, the conversion
rates were still lower than the DR cases 4 (59.65%), 5 (72.2%) and 6 (66.6%), which
only had an O/C ratio equal to 1.0, 1.2 and 1.33, respectively. For the same reason,
case 11 had a higher hydrogen yield (161.4%) than case 10 (139.1%), even with the
same methane conversion rate.

<Fig. 9 near here>

3.2.3 Carbon Deposition

Figure 10 and
Table 2 show the carbon formation from the TPO and the TGA analysis. In general,
the higher the O/C ratio, the less carbon formed, apart from the case of pure steam
reforming (cases 1 to 3). This is obvious in cases 9, 10, and 11, when combined
reforming was applied. Cases 9, 10, and 11 had only traces of carbon formed. In
general, dry reforming (cases 4 to 6) resulted in higher carbon formation than steam
reforming. In SMR, increasing the amount of steam resulted in higher coke deposition.
In DR the highest coke deposition was for the O/C ratio of 1.2 (according to TPO and
TGA) and 1.0 (according to TGA). Case 5 with O/C ratio 1.2 was optimal for DR
from the methane conversion point of view (Figure 8), but catalyst life would be
significantly reduced due to significant coke deposition in that case. Additionally, it
can also be seen that for pure steam or dry reforming, the higher flow rate lowers the
ability in preventing carbon formation. This is due to the limited reaction time for the
steam or carbon dioxide to remove the carbon atom from the catalyst. For both dry
and steam reforming of methane, the methane molecule firstly cracks down into solid
carbon adsorbed on the catalyst and hydrogen in gaseous form. The
Langmuir-Hinshelwood-Hougen-Waston theory is often used to describe these
reaction steps [28-30]. Then oxygen atoms from water or carbon dioxide are used to
remove the solid carbon from the catalyst [31, 32]. As a result, if the flow rate is too
high, the oxygen atoms are unable to finish the second step of reforming, which is to
remove the solid carbon and thus causes carbon deposition. Additionally, for the same
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reason, the high adsorption enthalpy of steam also lowers the ability in preventing
carbon formation.

<Fig. 10 near here>

Table 2 The carbon formation results from TPO and TGA

CHq4 H,O CO, o/C CTPO CTGA
(sccm) | (gmin®) | (sccm) mg g-cat™ | mg g-cat™

Case 1 25 25 0 1 15.32 17.28
Case 2 25 37.5 0 15 17.86 23.32
Case 4 25 0 25 1 18.43216 | 47.2624
Case 5 25 0 37.5 1.2 46.91586 | 39.0624
Case 6 25 0 50 1.333 20.95022 1.7514
Case 7 50 50 50 15 14.23843 14.0884
Case 8 25 25 25 15 5.36282 12.9194
Case 9 25 50 50 2 6.44221 ~0
Case 10 25 25 37.5 1.6 N/K ~0
Case 11 25 37.5 25 1.75 N/K ~0

4. Conclusions

4.1 Methane Reforming
It can be seen from the results presented here that a higher O/C ratio leads to a better
methane conversion. However, unlike the conclusions from thermodynamic
equilibrium calculations, higher steam concentrations lower the reforming ability and
the hydrogen yield. The fuel flow rate affects the reforming process significantly as
the fuel only has limited time to react on the catalyst.

4.2 Carbon Deposition
From the carbon deposition, the higher O/C ratio provides a better ability to avoid
carbon formation. However, the high flow rates limit the reaction time and thus can
negatively impact on this ability.

4.3 Summary Conclusions
From both the point of view of hydrogen yield and the prevention of carbon formation,
the following can be concluded: The results suggest that steam to methane ratio equal
to 1.0 can provide a better performance than the higher ratios in methane steam
reforming. On the other hand, a higher carbon dioxide to methane ratio (i.e. 2.0) is
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generally suggested for methane dry reforming. Despite the fact that higher carbon
dioxide concentrations studied in cases 5, 6 and 10 require additional carbon dioxide
which cannot be provided by AOGR, therefore assuming cases that are too extreme
for real SOFC operation, in this paper the interaction of the gas composition was more
in focus. A low fuel flow rate can also improve the reforming reaction. Finally, a
relatively low steam concentration mixed with a relatively high carbon dioxide
concentration is expected to optimise the reforming reactions.

The results suggest that more detailed models and measurements of gas composition
are needed to evaluate anode off-gas recycling. It is obvious that both the flow regime
and the composition determine the degree to which the equilibrium conditions are
achieved. In all cases, the equilibrium values, though, did not reflect what was found
in the experiment. The grade to which the results differed is one of the main insights
gained here. Apparently there are many possibilities to set conditions close to or far
away from equilibrium composition.

Full kinetic modelling is suggested for a more detailed investigation of methane
reforming, as the reaction time has an important role in the reforming reactions, as
well as in-situ measurements of gas composition in AOGR mode.
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Figure 1: Setup of the reaction tube.

Figure 2: Experimental setup for the reforming experiments.

Figure 3: TPO experimental setup

Figure 4: Concentrations of different compositions from thermodynamic modelling
when water and carbon are (a) included and (b) excluded.

Figure 5: Cell element composition from XRF analysis.

Figure 6: TPR analysis of the unused catalyst.

Figure 7: Unused catalyst reduction results from the TGA.

Figure 8: Methane conversion and hydrogen yield results from (a) experiments (b)
thermodynamic modelling.

Figure 9: Concentrations of each species from (a) experiments (b) thermodynamic
modelling.

Figure 10: Amount of carbon formed as given by TPO and TGA results.

19



Figure 1
Click here to download high resolution image

CatalystandSiC
mixture in the

middle of the
SiC at both ends of tube
the catalystbed
Quartz wool

Glass wool at

bottom



http://ees.elsevier.com/he/download.aspx?id=1262676&guid=a1c84c5e-39cb-4372-8a8b-5938220cef49&scheme=1

Figure 2
Click here to download high resolution image

Reactiontube

Steam from
pre-heater

Reformed gas
to GC

Furnace and
tube

Mass flow ‘
controllers LNESNIR



http://ees.elsevier.com/he/download.aspx?id=1262677&guid=8db8128c-6368-4581-b91a-7ebe93abc170&scheme=1

Figure 3
Click here to download high resolution image



http://ees.elsevier.com/he/download.aspx?id=1262678&guid=e012f8e3-bd92-4bc0-867f-22cea0089feb&scheme=1

Figure 4
Click here to download high resolution image

100% -

(a)
g mC
% 60% o H:0
WH
e 40% E
S 0% mCOo;
20% mCo
B CH:
0% - ' . :
7 8 9 10 11

1 2 3 4 5 6
Case number

!

8
X

2

|

entr
o
=
X

!

|

ey

o

X
|

3

—_

d

L

3

'

Concentration

'

3

)

S

100% -
90%
b)

80%
70% -+
60% BH:
0% nCo;
40%

BCO
30% -+
20% BCH,
10%

1 2 3 4 5 6 7 8 9 10 11

Case number



http://ees.elsevier.com/he/download.aspx?id=1262689&guid=d83d7c3b-7860-4169-9998-f89336e8ae63&scheme=1

Figure 5
Click here to download high resolution image



http://ees.elsevier.com/he/download.aspx?id=1262692&guid=1e6531a6-1119-4cee-98de-0b03129ec78e&scheme=1

Figure 6

Click here to download high resolution image

0.9
0.88
0.86
0.84
0.82

0.8
0.78
0.76
0.74
0.72

0.7

= TCD Signal

0

100

200 300 400 500
Temperature (C)

600

700

800

900



http://ees.elsevier.com/he/download.aspx?id=1262693&guid=032b6c46-fac9-4de5-bc9d-ff3eb0ff1fe6&scheme=1

Figure 7

Click here to download high resolution image

Mass (%)

102

0

1 | 1 1 I 1 1 1 i |

100 200 300 400 500 600 700 800 9S00 1000
Temperature (°C)



http://ees.elsevier.com/he/download.aspx?id=1262694&guid=f8700a3f-8b40-442d-81a5-7b4bf4537578&scheme=1

Figure 8
Click here to download high resolution image

200%
i ®\ethane conversion (a)

®Hydrogen yield

160%
140%
120%
100%
80%
60%
40%
20% -
0% -

1 2 3 4 5 6 7 S ) 10 11
Case number

200%

180% ®\lethane conversion (b)

EHydrogen vield

160%
140%
120%
100%
80% -
60% -

40% -
20% - =
el B B B
1 2 3 4 5 6 7 8 9 10 11
Case number



http://ees.elsevier.com/he/download.aspx?id=1262690&guid=72cb3877-2c2d-4367-b9cd-0debcf46f04a&scheme=1

Figure 9

Click here to download high resolution image

100% -
90% - (a)
80% -
g 70% - HH:
® 60% - " CO;
€ 50% -
o 20% mCo
S mCH.
30% -
20% -
10% -
0% "1 1 k] 1] 1 L 1 |
3 q S 6 7 8 9 10 11
Case number
100% -
90% -
e 70% -
2
§ 60% - BH:
5 ﬁ “ % COs
c -4
S mCco
30% -
20% - B CH:
10% -
0% D T T T T
3 4 S 6 7 8 9 10 11
Case number



http://ees.elsevier.com/he/download.aspx?id=1262691&guid=bfde0b46-475c-473e-b75d-2af827e599b3&scheme=1

Figure 10
Click here to download high resolution image

o
Case4 ¢
§ 40 - ¢ Case5
%]
E
— 30 -
o
= %
E 20 - Casel e
o
- Case8 ¢
S ® ¢ Case7
2 10 -
1)
v
Case9
0 1 " | 1 . Casle 6 I 1
0 10 20 30 40 50 60
Carbon from TPO (mg gcat)



http://ees.elsevier.com/he/download.aspx?id=1262705&guid=c99fc663-32bb-4ac0-96f7-b7afc2a9c608&scheme=1



