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Abstract: Oxygen carrier aided combustion (OCAC) is utilized to promote the combustion of rela-
tively stable fuels already in the dense bed of bubbling fluidized beds by adding a new mechanism
of fuel conversion, i.e., direct gas–solid reaction between the metal oxide and the fuel. Methane and
a fuel gas mixture (PSA off-gas) consisting of H2, CH4 and CO were used as fuel. Two oxygen
carrier bed materials—ilmenite and synthetic particles of calcium manganate—were investigated
and compared to silica sand, an in this context inert bed material. The results with methane show
that the fuel conversion is significantly higher inside the bed when using oxygen carrier particles,
where the calcium manganate material displayed the highest conversion. In total, 99.3–99.7% of the
methane was converted at 900 ◦C with ilmenite and calcium manganate as a bed material at the
measurement point 9 cm above the distribution plate, whereas the bed with sand resulted in a gas
conversion of 86.7%. Operation with PSA off-gas as fuel showed an overall high gas conversion at
moderate temperatures (600–750 ◦C) and only minor differences were observed for the different bed
materials. NO emissions were generally low, apart from the cases where a significant part of the fuel
conversion took place above the bed, essentially causing flame combustion. The NO concentration
was low in the bed with both fuels and especially low with PSA off-gas as fuel. No more than 11 ppm
was detected at any height in the reactor, with any of the bed materials, in the bed temperature range
of 700–750 ◦C.

Keywords: methane; bubbling fluidized bed combustion; oxygen carrier aided combustion; PSA off-gas;
oxygen carrier; ilmenite

1. Introduction

In bubbling fluidized bed reactors with silica sand, it has been observed that most of the
methane is converted in the freeboard [1,2] when fluidizing with air and methane/natural gas
at moderate temperatures. Methane is a very stable gaseous fuel. This is connected to the
fact that it is sterically hindered, due to the symmetrical tetrahedral structure and the acti-
vation of the C-H bond with a dissociation energy of 439 kJ/mol [3]. Thus, ignition requires
harsh conditions [4]. In a bubbling fluidized bed, the solid particles effectively hinder the
combustion of methane. There are two main reasons for this. Firstly, due to the presence
of particles, heat is transferred to the surrounding particles in contact with the bubble [5],
which otherwise could result in a local temperature increase, which could lead to ignition.
Secondly, it has been identified that free radicals (H, O, OH and HO2) are quenched by a
high concentration of inert particles [6]. The radicals are required intermediates for homo-
geneous reactions, which result in an inhibition of the gas combustion in the dense bed [6]
because the bed particles have a large surface area where radical recombination occurs [7].

It has been observed that there is a critical bubble size for the air-fuel-mixture with
light hydrocarbons that is required before ignition may occur [7]. When using propane as
fuel, it was shown that no combustion occurred in the emulsion phase [7]. Temperature has
been identified as a key parameter where an increased dense bed temperature causes the
methane conversion to gradually move downwards into the dense bed [2]. It was observed
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that smaller and smaller bubbles are ignited when the bed temperature is increased [7] and
since the bubble size is increasing when passing through the bed, this can be used to explain
why the combustion reaction is moving downwards into the bed at higher temperatures.
At a high enough bed temperature, it was observed that bubbles ignited very soon after
being formed at the distributor plate [7]. Another interesting observation which has been
made is that decreasing the gas flow rate shows an effect similar to that of increasing the
bed temperature [2]. The studies that have been conducted so far use measurements of
temperature and gas concentration along the length of the reactor to verify where methane
conversion takes place [1,2]. The studies mentioned using low gas velocities, mostly in the
range 2–2.5 times the minimum fluidization velocity.

Another possible solution to move the methane conversion downwards into the dense
bed could be to replace the inert bed material with active oxygen carrier particles. The un-
derlying idea behind this is that the gas–solid reaction between methane and the oxygen
carrier is not inhibited by temperature as much as the homogeneous reaction. Oxygen car-
rier materials have been tested for several years for the carbon capture technology Chemical
Looping Combustion (CLC), where it has been shown that it is possible to convert methane
in the fuel reactor where no gaseous oxygen is present [8]. These findings led to the intro-
duction of the technology of Oxygen Carrier Aided Combustion (OCAC), where oxygen
carrier materials are used with the intention of improving the oxygen distribution in flu-
idized combustion units. The technology was proposed in 2013, when it was successfully
tested in a 12 MWth CFB unit for biomass combustion by the partial substitution of sand
with ilmenite (iron–titanium oxides) [9]. Since then, ilmenite has been used in large-scale
CFB plants for biomass combustion, where it has been observed to significantly reduce the
need for excess air [10].

Ilmenite is often regarded as the primary choice among oxygen carrier materials.
This can be explained by its mechanical durability, non-toxicity and relatively low cost [11].
However, in the development of Chemical Looping Combustion systems, more than
900 oxygen carrier materials have been examined [12] including materials manufactured
specifically for high reactivity towards certain fuels. One example of such manufac-
tured material is the calcium–manganite-based material of single perovskite structure
CaMn0.775Mg0.1Ti0.125O3-δ (also referred to as C28). This material was developed within
EU-FP7 research projects, named INNOCUOUS and SUCCESS, between 2010–2017 [13].
The overall goal of the INNOCUOUS project was to develop efficient synthetic oxygen
carrier particles with zero or at least very little nickel, specifically for fuels rich in methane.
In the material screening, it was observed that materials based on calcium manganite
with the addition of small amounts of magnesium and titanium were regarded among
the most promising. Based on this work, the SUCCESS project aimed at finding suitable
materials for low-cost production and the adaptation of a large-scale production process
of these materials. A summary of the INNOCUOUS project was published by Mattisson
et al. [14] and the development process of calcium manganite materials is summarized by
Moldenhauer et al. [13] and additional articles presenting experimental work with C28 can
be found in [15–18]

There are a few examples where the addition of oxygen carrier particles to BFB systems
for methane combustion have been attempted. At a bed temperature of 700 ◦C it was
shown that, by replacing as little as 0.13–1.3% of the inert bed material with iron oxide
(Fe2O3), a significant reduction in methane and CO concentration could be achieved in
the dense bed by increasing the oxygen carrier inclusion rate [1]. The effect of replacing
more inert bed material with oxygen carrier material has also been attempted, where it
could be seen that a 50% inclusion rate of manganese ore decreased the concentration of
CO in the exhaust gas at 800–850 ◦C in general and especially at low air-to-fuel ratios [19].
However, since no temperature profile nor concentration profile for CH4 or CO was
determined for the system, it is difficult to use this as proof that higher inclusion rates
move the methane conversion into the dense bed. Results from experimental campaigns
in a 12 MWth CFB boiler with wood chips using ilmenite [9], manganese ore [20] and
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steel converter slag [21] as a bed material all indicate that the partial substitution of silica
sand as a bed material with these oxygen carrier bed materials increases fuel conversion
and thus also the heat generation in the dense bed. This was concluded mainly based
on the temperature profile of the boiler. In all instances, the temperature profile was
significantly altered, such that the temperature at the top of the dense bed [20,21] was
higher when the oxygen carrier was present in the bed compared to using only silica sand.
Additionally, the temperature drop in the cyclone [9,20,21] was more pronounced when
oxygen carriers were present, suggesting that less combustion took place here compared to
when sand was used.

One example of a possible application of bubbling fluidized beds with methane/light
hydrocarbons as fuel is to use the bed as a heat source for steam reforming [22–26]. In this
process, the fuel gas is expected to be a mix of PSA off-gas consisting of mainly CO2 but
also H2, CO and CH4 and supplementary fuel in the form of light hydrocarbons. The aim
is to burn the fuel gas to enable the transfer of heat from the combustion to the immersed
steam reforming tubes, which is envisaged to enable improved overall process performance.
Methane constitutes a significant part of this fuel gas and it is therefore important to convert
the fuel in the dense bed of the bubbling fluidized bed to generate the heat of combustion
inside the bed. If it is possible to display experimental results, showing that it is possible
convert the methane inside the dense bubbling bed, it should be possible to also convert
other targeted gaseous fuels with most common oxygen carriers. This reasoning is in line
with the results presented by Ortiz et al. [25], for example, where it was displayed that it
was more difficult to convert methane than PSA off-gas in a fluidized bed with oxygen
carrier particles. Both methane and PSA off-gas are considered interesting to include as
fuels in a study on in-bed fuel conversion.

One of the possible benefits of the process to use a BFB as a heat source for SMR,
compared to the conventional SMR furnace, is that it should also be possible to convert the
fuel gas in the furnace without the presence of a flame. This should significantly reduce
the risk of thermal NO formation as a result of local temperature hotspots. Hence, it is
of interest to study NO formation in OCAC experiments and compare with normal sand
experiments.

The aim of this work is to examine OCAC in a bubbling fluidized bed system fed with
methane or PSA off-gas as fuel. Three bed materials are examined, namely silica sand,
ilmenite and C28. The system is operating with an air-to-fuel ratio of 1.05. The superficial
gas velocity is 0.2 m/s. The system is operated at bed temperatures ranging from 600
to 900 ◦C with methane and between 600 to 800 ◦C with PSA off-gas. The targeted bed
temperature is reached by adjusting the target temperature of the furnace while the air and
fuel gas are fed to the system. Temperatures and dry gas concentrations are measured over
the length of the reactor to assess where the fuel conversion takes place.

2. Materials and Methods
2.1. Reactor System

The experiments were carried out on a laboratory-scale high temperature 253 MA
steel reactor (see Figure 1). The reactor is 1.27 m high and has a 77.9 mm inside diameter.
The reactor is placed in an electrically heated furnace with three different heating zones,
which can be controlled separately by adjusting targeted furnace temperature in each
zone. The fluidization gas consists of air and fuel gases, which are mixed in a T-connection
outside of the furnace before entering the wind box. The fuel gas consists of either 99.5%
methane or a gas mixture representing a typical PSA off-gas composition. The gas mixture
entering the wind box then passes through a 5 mm thick hole plate with 61 0.6 mm holes to
the bubbling fluidized bed. The bottom plate was designed to provide sufficient pressure
drop to enable a good gas distribution. The fuel gas flow was controlled using mass flow
controllers (MFCs).
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Figure 1. Schematic illustration of the BFB reactor system with gas sampling tubes to the left and the inclined tubes for the
pressure transducers and thermocouples to the right, each corresponding to a certain measurement point (MP0 to MP8).

In order to ensure that the fuel is converted inside the bed and nowhere else it is im-
portant to consider the risk of fuel ignition in the wind box of the reactor. The temperature
at which this can occur is best described by the so called autoignition temperature, which is
the lowest temperature at which a certain substance spontaneously ignites without the
presence of an external source of ignition, such as a flame or spark. The fuel/air mixtures,
which result in the lowest autoignition temperature, are different for different fuels, but the
autoignition temperature is approximately 500 ◦C for hydrogen, 580 ◦C for methane and
609 ◦C for carbon monoxide [27]. As soon as the ignition reaction is initiated, the exother-
mic process rapidly increases the temperature which, in turn, causes positive feedback
for the combustion of the fuel. The wind box temperature should therefore be limited.
Thus, a cooling coil with a 6 mm outer diameter is placed in the wind box. Cooling air is
flowing through the coil at high velocity and the coil makes several passes along the walls
of the wind box (see Figure 1). The air flow in the cooling coil is controlled manually with
the goal to keep the wind box temperature below 500 ◦C, in order to reduce the risk of fuel
ignition in the wind box. The approach to premix air and fuel in the wind box has been
used also in previous experiments to study methane combustion in a BFB [1,2].
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Due to the size of the reactor its surface area to volume ratio is low, resulting in
significant heat losses to the surroundings. Consequently, the reactor is placed in an
electrically heated furnace with three different heating zones, which can be controlled
separately to reach the target temperature for the system. The temperature is measured in
the wind box as well as at the nine vertical positions (MP0-MP8)—see Table 1—by using
thermocouples measuring the temperature approximately 1 cm from the inside reactor
wall. The thermocouples, type K, tolerance class 1, have a common reference point and are
connected to an NI 9213 measurement module where the measurement is done in high-
resolution mode with a measurement accuracy of < 0.02 ◦C. The second measurement point
located approximately 9 cm above the distribution plate, MP2, was chosen as representative
for the bed temperature and was thus closely monitored during the experiments. The tubes
where the thermocouples are introduced are also used to measure the pressure. Gas present
in this volume is in connection with pressure transducers, which are used to measure the
pressure. It is also possible to use the same tube connections to flush the tubes with nitrogen,
to remove accumulated bed material. At similar heights but on the opposite side of the
reactor, corresponding to the same measurement points named MP1-MP8, sampling gas
can be extracted. Gas sampling tubes are injected into the reactor where the ends of the
tubes are located 2 cm from the inside reactor wall. The ends of the sampling tubes have
porous metal cups (10 mm OD, 6 mm ID) consisting of nickel-chromium-iron-molybdenum
alloy (316 L) with a porosity of approximately 150 µm. The metal cups act as a filter
to prevent bed material from entering the gas sampling tube. After each measurement,
the sampling tubes are flushed in the opposite direction with pressurized air in order to
remove possible fines from the porous surface. Jacketed tubing is used on this side to make
it possible to move the tube over the cross section.

Table 1. Measurement point (MP) positions in relation to the distributor plate.

Measurement Position Vertical Position (cm)

H8 (MP8) 79.65
H7 (MP7) 63.65
H6 (MP6) 47.65
H5 (MP5) 31.65
H4 (MP4) 15.65

Targeted Hbed 13.65 to 15.65
H3 (MP3) 13.65
H2 (MP2) 8.88
H1 (MP1) 3.65

H0 (MP0, in windbox) −4.00

In order to avoid condensation in the extracted gas stream, a hose with heating bands
is attached at the end of the gas sampling tube at the vertical measurement point of interest
and a temperature controller is used to keep the temperature at approximately 190 ◦C.
One normal litre per minute is the required gas flow to the analysers. The sampled gases
are sent to a hot filter operating at a temperature of 190 ◦C. The wet gas is then dried
in a condenser followed by a cold filter before it is provided to the SICK GMS810 gas
analyser. NDIR (nondispersive infrared sensors) are used to measure the concentration
of CO, CO2 and CH4. O2 is measured with a paramagnetic sensor, thermal conductivity
is used to detect H2 and the NO concentration is estimated with Non-Dispersive Ultra
Violet Spectroscopy (NDUV). All the mentioned measurements are made online where one
datapoint is retrieved every second. The analysers were calibrated at the start of each day
when an experiment was carried out (at the zero point and an additional calibration point).
The uncertainty in the gas concentration measurement is <0.5% for each component.

Figure 2 shows the key zones of the bubbling fluidized bed and provides an indication
where these zones are found in the setup used. Equal volumes of bed materials were used
in the experiments. Bulk density measurements prior to the experiments were conducted
to estimate the required bed inventory. The target was to have the bed height Hbed between
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the third and fourth measurement points (MP3 and MP4) from the distributor plate of
the reactor. This point was estimated based on the assumption that the gauge pressure
at the top of the splash zone should be close to 0. Based on the pressure measurement
data at MP3, the bed height was therefore estimated according to Equation (1). A constant
pressure gradient is assumed between MP3 and the top of the splash zone. The air density
(ρair) is assumed to be negligible compared to the particle density (ρp) and the voidage of
the fixed bed (ε f ixed) is assumed to be 0.4, whereas the voidage in the bubbling bed (εBFB)
is assumed to be 0.6.

Hbed = H3 +
P3

9.81
(
ρp − ρair

)
(1− εBFB)

(1)Appl. Sci. 2021, 11, x FOR PEER REVIEW 7 of 24 
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The particle density was determined based on the measured bed density for the bed
materials used according to Equation (2).

ρp =
ρbed

1− ε f ixed
(2)

It should be noted that the borders between indicated zones in Figure 2 are more for
illustrative purpose, since it is difficult to ascertain precisely where the border between
dense bed and splash zone is positioned with the limited number of measurement points
available in this reactor. The position of these borders is also, to some extent, different for
different gas velocities and bed temperatures, which makes it difficult to keep the bed height
constant. Initial experiments were conducted with sand as a bed material, where the bed
inventory was varied during cold flow operation to find a point where the bed inventory
resulted in a fluidized bed height between measurement points 3 and 4 (corresponding to
a fixed bed height of at least 136.5 mm). The stationary bed height used with sand in cold
conditions was then used for all the experimental runs in the determination of a suitable
bed inventory. This was done to maintain a similar bed height for all three bed materials,
which was the target in this study. There were two main reasons for this. Firstly, the vertical
measurement points were placed in the reactor with the purpose to study different bed
materials with similar bed heights. The measurement points were placed in the bed and
especially close to the expected top of the bed. Secondly, the proposed application, to use
a fluidized bed as a heat source, means having a certain defined bed height based on the
design of the fluidized bed heat exchanger which motivates the focus on fluidized bed
height rather than bed mass, for example.
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2.2. Bed Material

The most commonly used bed material in biomass fluidized bed boilers is silica sand,
which is inert towards fuel and air but acts as an ash absorbent and thermal flywheel.
In these experiments, silica sand from Baskarp, Sweden, was used. The second material
used was Norwegian rock ilmenite concentrate, supplied by Titania A/S. Ilmenite is a
mineral ore rich in iron and titanium oxides. The third material evaluated in this work
is a synthetic oxygen carrier referred to as C28 (CaMn0.775Mg0.1Ti0.125O3-δ) which was
manufactured by VITO in Belgium by spray drying [18]. The C28 material used in these
experiments was recovered from the fuel reactor after experiments in a 10 kWth CLC reactor
used for gaseous fuels [15]. The elemental composition for sand and ilmenite is reported
in Table 2.

Table 2. Elemental composition of the used Baskarp sand and Norwegian rock ilmenite [28] given in
wt-%. Balance is oxygen.

Element [wt-%] Fe Ti Mg Si Al Ca Mn K Cu Total

Silica sand 0.35 42.30 2.59 0.89 1.66 47.80
Ilmenite 36.46 26.89 2.16 0.93 0.34 0.23 0.04 0.02 0.01 67.27

Sand could be assumed to be an inert bed material, but to make sure that this is the
case, the reactivity of sand was tested in a separate experiment at high temperature where
syngas was mixed with nitrogen [29]. This experiment showed that the sand was inert
and did not show any tendencies of gas–solid reactions with the CO or H2. Ilmenite and
C28 are, however, oxygen carriers and these are oxidized/reduced when reacting with the
oxygen/fuel which has already been shown in numerous CLC experiments. The general
reaction between an oxygen carrier (MexOy) and a hydrocarbon fuel (CjH2k) is shown
in Equation (3).

(2j + k)MexOy + CjH2k → (2j + k)MexOy−1 + kH2O + CO2 (3)

The reaction between methane and the most oxidized state of ilmenite, which is
pseudobrookite (Fe2TiO5) and rutile (TiO2) can, for example, be described according
to Equation (4).

1
4

CH4 + Fe2TiO5 + TiO2 → 2FeTiO3 +
1
4

CO2 +
1
2

H2O ∆H = 35 kJ/mol O (4)

The reoxidation of ilmenite can be described by Equation (5). It should be noted that
other reactions can occur with ilmenite as well, such as redox reactions with magnetite
(Fe3O4) and hematite (Fe2O3).

2FeTiO3 +
1
2

O2 → Fe2TiO5 + TiO2 ∆H = −235 kJ/mol O (5)

The reduction of C28 with methane can be defined according to Equation (6).
1
4

CH4 + CaMn0.775Mg0.1Ti0.125O3−δ → CaMn0.775Mg0.1Ti0.125O3−δ−1 +
1
2

H2O +
1
4

CO2 (6)

Equation (7) describes the reoxidation of C28.

1
2

O2 + CaMn0.775Mg0.1Ti0.125O3−δ−1 → CaMn0.775Mg0.1Ti0.125O3−δ (7)

All three bed materials were sieved to the size interval 90–212 µm and from that
sample the particle size distribution was estimated (see Figure 3). Some differences can
be observed between the different bed materials where sand has predominantly particles
with a size in the lower range of the chosen sieving size interval.
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Figure 3. Particle size distribution for used bed materials before operation.

The main data of the particles employed are presented in Table 3. The bulk density
was estimated according to the ISO standard 3923-1:2008 where the mass poured into
a known volume was measured. Based on the particle size distribution the weighted
mean particle diameter was estimated. The minimum fluidization velocity was estimated
based on the expression of Wen and Yu [30] and the terminal velocity was determined
based on the expressions presented by Kunii and Levenspiel [31]. The values presented
in Table 3 are based on operation at 750 ◦C using air as a fluidization gas. The thermal
input indicated in the same table is estimated for the case with a superficial gas velocity of
0.2 m/s, an air-to-fuel-ratio of 1.05 and a temperature of 750 ◦C.

Table 3. Experimental parameters for the used bed materials.

Position Sand Ilmenite C28

Mean particle diameter (µm) 130 163 149
Bulk density (kg/m3) 1366 2189 1905
Minimum fluidization

velocity umf (cm/s) 0.54 1.37 1.00

Terminal velocity ut (cm/s) 42.6 96.4 73.2
Solids inventory (g) 854 1369 1191

Fuel input (kW) 0.82 0.82 0.82
Specific bed mass (kg/kWth) 1.05 1.68 1.46

2.3. Experimental Procedure

The reactor setup enables continuous measurements of pressure and temperature
for all measurement positions. The gas composition can be measured continuously for
one vertical position at a time. An air flow is constantly fed to the reactor to prevent bed
material from falling through the distribution plate and to avoid local hotspots in the
bed. Fuel was added to the system once the bed temperature had reached its setpoint
value and measurement data were then extracted for 1 min once steady state operation
was observed with respect to measured pressure, temperature and gas concentrations.
The chosen temperature intervals were chosen to cover a range from a low temperature
(600 ◦C) at which little or no fuel conversion could be expected to take place, to a high
temperature where complete if not close to complete fuel conversion occurs. This should
enable a good comparison between the different bed materials as well as providing insights
about the temperature dependence. The target was to maintain a wind box temperature
not exceeding 500 ◦C to avoid fuel ignition before the gas reaches the bed. When operating
at a bed temperature of at least 750 ◦C fuel ignition took place above the bed with all three
bed materials.
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Each bed material was pre-heated in the reactor system at 900 ◦C in the presence of air
for at least one hour before the start of the experiments. This was mainly done to ensure that
there was no net absorption of oxygen in the system with ilmenite, which otherwise could
occur when using fresh ilmenite particles at low temperatures. When the gas sampling
probe was placed at a certain height, the gas concentration at that point is estimated,
as well as the average temperature and pressure at all measurement points. As a result,
several average temperatures and pressures are recorded and the one presented in this
article for a certain position is the average of those values. The targeted superficial gas
velocity is estimated based on the targeted bed temperature.

The air-to-fuel ratio (AFR) is defined as the ratio of the volumetric flow rate of air
fed to the fluidized bed to the volumetric flowrate, corresponding to the stoichiometric
combustion of methane. The stoichiometric amount of air is based on the amount of oxygen
needed to convert the methane fed to the reactor, according to Equation (8):

CH4 + 2 O2 → CO2 + 2 H2O ∆H298◦C = −891 kJ/mol (8)

If CO rather than CO2 is detected, it indicates that the combustion is incomplete.
When PSA off-gas is used, the amount of air is, in addition to the required oxygen

to convert the methane, estimated based on the oxygen needed to burn H2 and CO,
according to Equations (9) and (10).

H2 +
1
2

O2 → H2O ∆H298◦C = −286 kJ/mol (9)

CO +
1
2

O2 → CO2 ∆H298◦C = −283 kJ/mol (10)

The gas composition of the simulated PSA off-gas is presented in Table 4.

Table 4. Gas composition of PSA off-gas in vol-%.

Compound %

CH4 15
H2 25
CO 15
CO2 45

The measurements with both methane and PSA off-gas were made with an air-to-fuel
ratio of 1.05 and a superficial gas velocity of approximately 0.2 m/s. In the experiments
with methane as fuel, the air-to-fuel ratio was also varied from 1 to 1.2 at 750 ◦C for all
three bed materials. A temperature of 750 ◦C was chosen as a suitable temperature because
it was easier to distinguish differences in fuel conversion at this temperature rather than at
high bed temperatures, such as 900 ◦C. After operation, the system was cooled down and
the remaining solids inventory in the reactor was weighed. The results from this weighing
showed that approximately 10 g or less was lost.

3. Results
3.1. Experiments with Methane

The three materials (sand, ilmenite and C28) were examined at five different bed tem-
peratures (600, 750, 800, 850, 900 ◦C). The results from these experiments using methane as
fuel are also presented in Tables S1–S3 in the supplementary material. The vertical temper-
ature profiles measured for the systems operated with sand, ilmenite and C28 at different
bed temperatures can be seen in Figure 4. The bed heights were estimated for the three bed
materials at all bed temperatures. The average bed height was 15.6 cm for sand, 15.3 cm for
ilmenite and 14.6 cm for C28, based on the pressure drop measurements for experiments
with methane as fuel. The estimated bed height is, therefore, between measurement points
3 and 4 for all three materials. In all gas concentration measurements with methane as fuel,
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the methane concentration at the inlet was 9.07%, and the measured concentrations in the
reactor are dry since steam is condensed prior to the gas analyser.
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to 900 ◦C) for all three bed materials with methane as fuel.

In Figure 4, it can firstly be observed that the temperature profile is rather similar
for all bed materials for the respective bed temperatures. The gases are rapidly heated
upon entering the bed from the wind box below the distribution plate. The temperature is
then rather constant in the bed (MP1–MP3) and for the most part also between MP3 and
MP4, where the splash zone is considered to be located. The highest temperature is usually
found just above the bed (MP4). In the freeboard (MP4–MP8), the temperature level is
slowly decreased towards a value which is closer to the setpoint of the electrically heated
furnace, which surrounds the reactor. The measured temperatures are overall very similar
for the three bed materials although some differences can be observed in the freeboard at
700, 750 and 900 ◦C.

Since it is expected that increased temperature results from heat release from fuel
combustion, it is interesting to observe if such temperature gains can be seen for the three
bed materials. It is observed that there are differences in the ∆T between MP4 and MP5 for
the three bed materials, which therefore could indicate that there are also differences in
fuel conversion in this region for these materials. The temperature in the freeboard drops
overall for all tested materials and bed temperatures but the drop is more significant at
higher temperatures. The reason for this temperature drop is that the furnace temperature
is below the temperature in the reactor where the exothermic reaction heats the inside of the
reactor resulting in a heat loss to the surrounding furnace. It should also be mentioned that
the operation of the ventilation system above the furnace is expected to cool the top of the
freeboard to some extent. A more pronounced temperature drop, therefore, indicates that
little or no fuel combustion takes place in this zone. A less pronounced temperature drop
could indicate that more methane combustion takes place in the freeboard. Except for the
measurements at 900 ◦C, where sand appears have a smaller temperature drop than the
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other two bed materials, it is difficult to observe any significant differences between the bed
materials. The difficulty to see temperature differences, in general, can be traced to the fact
that the convective heat transfer from the gas is lower compared to radiative heat transfer
from bed materials and walls. It is also possible that conductive heat transfer from walls
to the thermocouples could influence the measurements. This could, therefore, limit the
possibility to observe changes in measured temperature based on temperature differences
in the gas, especially in the freeboard where the presence of particles is scarce. In order to
get a better idea about the differences between the three bed materials, gas concentrations
measurements should, therefore, be consulted.

In relation to the gas concentration measurements, it is somewhat uncertain how
representative the measured value for the average gas concentration in the bed is. There are
two main reasons for this. The first reason for this is related to the nature of fluidized beds,
where the gas concentration can be assumed to be different in the emulsion phase and in
the bubble phase, at least according to the two-phase theory for fluidization. As a result of
the presence of these two theoretically distinguishable phases, it could be expected that
the probe manages to sample more gas from the emulsion phase where the gas is flowing
upwards with a lower velocity. It is, in this experiment, unknown from which phase the
extracted gas originates from (emulsion phase, bubble phase or both) which could have an
impact on the measured concentration. It should also be mentioned that the gas velocity is
the same for the different bed materials and the particle size is similar. A quick estimation
of bubble diameters, bubble velocities and bubble fractions based on equations provided
by Kunii and Levenspiel [31] show that only minor differences between the three bed
materials can be expected. The same conclusion is drawn when comparing the apparent
overall coefficients of gas interchange between bubble and emulsion phases based on the
equations presented by Sit and Grace [32]. This indicates that the three cases should have a
similar share of extracted gas from bubble and emulsion phase and that the mass transfer
between bubble and emulsion phase should be similar. In summary, the results for different
bed materials should be useful for comparison.

The second reason is that the measured gas concentration is affected by the depth
at which the gas sampling takes place. This was evaluated in separate experiment with
sand as bed material where the gas sampling point was varied between one side of the
reactor wall to the other. In this experiment it could be observed that less fuel conversion
took place in the middle of the tube where a higher CH4 concentration and lower CO2
concentrations was observed, compared to close to the reactor walls where more fuel
was converted. This could, for example, be explained by the fact that bubbles are more
easily formed in the middle of the bed and gas present in the bubbles has lower residence
time in the bed. At 900 ◦C, the difference in measured CO2 concentration was quite
significant at MP3, 6.9% in the middle compared to around 9.6% by the reactor walls.
These measurements supported the choice to place the gas sampling location at a point
approximately halfway into the middle of the tube, which should provide an estimated gas
concentration, which is the most representative overall. It should be said that, at 600 ◦C,
the measured concentrations were already very similar at MP1 and throughout the whole
bed. This indicates that the gases were well mixed when entering the bed and a larger
concentration difference over the cross section when the in-bed fuel conversion is higher.

The measured concentration should, nevertheless, provide for a good comparison
between different cases and it is also observed overall that the measured concentrations
align well with the measured values in the freeboard which supports the conclusion that
the measured values are reliable.

A first observation, which can be seen in Figure 5, is that the methane concentration in
the bed decreases with increasing bed temperature, thus displaying that more combustion
of methane takes place in the lower part of the reactor at higher bed temperatures. This is
expected since methane combustion is promoted by a higher temperature in general and,
therefore, there is less unreacted methane in the freeboard. This results in a temperature drop
in the freeboard when little or no unreacted methane is left in the flue gas (see Figure 4) and
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heat is instead transferred from the reactor towards the inside of the furnace, which was
approximately 50–100 ◦C cooler than the targeted bed temperature.
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At a bed temperature of 600 ◦C, there is almost no methane conversion taking place
in any of the systems. When the bed temperature was increased further, ignition of the
fuel took place in the lower part of the freeboard with a visible flame and audible sound,
which occurred around 700 ◦C for all bed materials. At a bed temperature of 750 ◦C,
a significant part of the methane appears to be burnt between MP4 and MP5, which is
the lower part of the freeboard, which is in line with the observations in the temperature
profile in Figure 4, where the temperature was more constant at 750 ◦C between MP4
and MP5 compared to higher bed temperatures. At higher bed temperatures, a clearer
decrease in temperature was observed between these two measurement points. This could
be due to almost no remaining unreacted methane being detected in the freeboard at bed
temperatures > 750 ◦C, resulting in a flue gas with mostly inert compounds at MP6 or
higher up in the freeboard. It can be noted that it was difficult to keep the wind box
temperature below 500 ◦C in some cases and especially with ilmenite as a bed material.
Based on the measured gas concentrations, it is, however, clear that ignition did not take
place in the wind box.

In the experiments with C28 as bed material, it can be observed that the measured
methane concentration is lower in the lower part of the bed (MP1-MP3) compared to just
above the bed at MP4 and the measured concentration is almost the same at MP5 at a
bed temperature of 800–850 ◦C. Some indications of similar character can be observed
with ilmenite at a bed temperature of 800–850 ◦C. This does not occur with sand as the
bed material, where the methane concentration is gradually reduced along the height of
the reactor. This might seem surprising at first, but this is most likely explained by the
gas–solid reactions with the oxygen carrier. As described earlier, it is probable that gas
from the emulsion phase is sampled compared to gas in the bubble phase. In the systems
with oxygen carrier materials, gas–solid reactions are likely to occur in the emulsion phase,
where gas–solid contact is better. It could, therefore, be possible to obtain a higher methane
conversion in the emulsion phase if the oxygen carrier has a high reactivity with the fuel gas
(such as, for example, C28). At the top of the bed the gas from emulsion phase and bubble
phase is mixed and the sampled gas in the freeboard can be expected to contain more
equal quantities of gas from bubble and emulsion phase. This could, therefore, explain the
increased methane concentration with the oxygen carriers at MP4-MP5, where gas from
the bubble phase is expected to have a higher methane concentration. The increase in
methane concentration is a result of the amount of gas in the bubble/emulsion phase and
the gas conversion in each phase. Nevertheless, the results support the hypothesis that the
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gas–solid reaction takes place in the emulsion phase, which takes place to an especially
high extent with C28 as the bed material.

In order to simplify a comparison between the different bed materials, Figure 6 can
be consulted, where the results for all bed materials are added together at the respective
bed temperatures. At 600 ◦C, it can be observed in Figure 6 that the difference between the
three materials is small, where little/no methane conversion is observed. At all other bed
temperatures (750–900 ◦C), however, it can be observed that the methane concentration
is overall lower in the bed, using ilmenite and C28 as bed materials, compared to the
results with sand. The reason for this difference in gas conversion can be explained by the
gas–solid reaction with the oxygen carrier, which only occurs in the system with ilmenite
and C28. This reaction can, therefore, be considered as especially important to obtain a
high methane conversion in the bed. It should be mentioned that the reaction with the
bed material itself is endothermic but the reoxidation is exothermic, so the net heat release
corresponds to the heat of combustion for methane. It should be mentioned that limitations
in mass transport between the bubble and emulsion phase can have a significant impact on
the comparison between sand and the oxygen carriers. In the extreme case that the mass
transfer from the bubbles to the emulsion phase would be very poor, and if there are no
bed particles present in the bubbles, the contact between fuel and bed material would be
negligible. This would have resulted in identical fuel conversion for different kinds of bed
material. It can be observed that this is not the case here. It is likely that gas–solid reactions
occur in the emulsion phase, between fuel and oxygen carrier. Gas–solid reactions could,
however, also take place as a result of particles present in the bubbles. It should also be
noted that the degree of mixing in the fluidized bed, where the experiments take place,
can affect the experimental results. Since the mixing of the fluidized bed can vary between
different reactors, it is important to keep this in mind when evaluating the difference
between different bed materials.

It is possible to estimate the degree of methane conversion based on the CH4 inlet
concentration, the measured concentration of CH4 and the fact that 2 mol of steam is
produced per mol CH4 according to Equation (8). At the highest tested bed temperature
(900 ◦C), for example, the methane conversion is almost complete in the bed with C28 and
ilmenite (corresponding to 99.7% and 99.3% methane conversion at MP2, respectively),
whereas the measured methane conversion (based on the measured CH4 concentration)
with sand was equal to 86.7%.

The trend is the same at 850 ◦C at the same measurement point, where the methane
conversion was 98.7% for C28, 90.4% ilmenite and 61.7% for sand. This displays that almost
100% oxidation of the methane can be achieved in the bed in the presence of an oxygen
carrier, which cannot be said when using sand, where a significant part of the combustion
of methane takes place above the bed at these bed temperatures.

In the comparison between the bed materials, it should be mentioned that different
bed masses are used which could have an influence on the result, where a larger specific
bed inventory (see Table 3) could potentially result in a higher degree of fuel conversion.
It is not possible to evaluate the effect of this in this experiment, but it should be mentioned
that operation with C28 results in higher fuel conversion than ilmenite, but with a smaller
specific bed inventory compared to ilmenite. Regarding the bed inventory, it should also
be added that the pressure is overall higher in the bed and in the wind box in the system
with ilmenite since the bed density is higher. This could cause more significant fluctuations
in pressure where bursts of larger bubbles could pass through the bed.
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In order to confirm that the converted methane is fully oxidized to CO2, and not
converted to CO, the measured concentrations of CO2 and CO can be consulted. The mea-
sured CO2 concentrations confirm that changes in the CH4 concentration results in the
opposite direction for the CO2 concentration. In cases where methane is completely con-
verted, the concentration of CO2 is equal to the inlet concentration of CH4 at the inlet
when taking into account the condensed steam, which does not reach the gas analyser.
In the comparison between C28 and sand, it can, for example, be observed that the CO2
concentration is higher in the bed for all the measurement points in the bed temperature
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interval 750–900 ◦C. To summarize, it can be clearly be seen that more fuel conversion takes
place in the bed with the two oxygen carrier materials compared to sand.

Some of the differences in methane conversion and CO2 formation can be explained
by the CO concentration measurements (see Figure 7). It can be observed that the CO
concentration in the bed is overall highest in the system with ilmenite as a bed material.
The concentration of CO is overall low in the freeboard, especially with sand and ilmenite.
In the bed with C28, the CO concentration is generally the lowest in the bed but the highest
above the bed. It is apparent that some of the CH4 is converted to CO in the bed but that
most of it is then converted to CO2 in the lower part of the freeboard. The CO formation
is generally small for all bed materials at high temperature, which aligns well with the
previous observations. It should also be mentioned that the measured H2 concentrations
are overall low and have been neglected in this analysis.
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In addition, the dependency on the air-to-fuel ratio was investigated where the ratio
was varied between 1 to 1.2 for the three bed materials at 750 ◦C. The results are presented in
Table 5. It can be observed that the air-to-fuel ratio had a limited impact on the conversion
of methane in the bed in general for the three bed materials although some improvement in
fuel conversion is observed when increasing the AFR. It can also be seen that the same trend
with a lower methane concentration with ilmenite and C28 as a bed material compared to
sand is observed at each measurement point for other air-to-fuel ratios within the tested
interval with the exception of MP1, where the methane concentration was slightly lower
with sand as a bed material compared to using ilmenite. It should be noted that the
choice of bed temperature for the variation in the AFR could influence the results since the
difference in fuel conversion between sand and the two oxygen carriers is observed to be
more pronounced at higher bed temperatures.
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Table 5. Methane concentration (%, dry) at different measurement points at different air-to-fuel ratios
at 750 ◦C.

Sand Ilmenite C28

AFR-> 1 1.05 1.1 1.2 1 1.05 1.1 1.2 1 1.05 1.1 1.2
MP8 0.05% 0.03% 0.03% 0.03% 0.05% 0.03% 0.03% 0.03% 0.05% 0.03% 0.03% 0.02%
MP7 0.09% 0.05% 0.04% 0.03% 0.06% 0.04% 0.03% 0.03% 0.14% 0.06% 0.05% 0.05%
MP6 0.53% 0.32% 0.26% 0.19% 0.12% 0.04% 0.04% 0.04% 1.02% 0.63% 0.43% 0.31%
MP5 2.81% 2.69% 1.97% 1.44% 1.38% 0.98% 0.58% 0.39% 3.50% 2.89% 2.53% 2.13%
MP4 6.87% 6.56% 5.79% 5.24% 6.51% 5.90% 5.37% 4.69% 5.18% 4.68% 4.58% 4.24%
MP3 7.22% 6.86% 6.25% 5.77% 6.79% 6.35% 5.80% 5.26% 4.45% 3.86% 3.89% 3.50%
MP2 7.73% 7.36% 6.82% 6.26% 7.61% 7.08% 6.69% 6.17% 4.20% 3.85% 3.82% 3.51%
MP1 8.65% 8.28% 7.81% 7.19% 8.81% 8.39% 8.03% 7.37% 7.28% 6.78% 6.57% 6.05%

It should be mentioned that the system with sand has a higher methane conversion in
the freeboard than the system with C28. The results for sand and C28 presented in Table
4 show that the methane concentration is higher with C28 as bed material at MP5 even
though more methane conversion takes place in the bed (see MP4). The same trend is
observed when looking at the methane concentration at bed temperatures 800–850 ◦C.

This could potentially be caused by the fact that the concentration of the methane is
lower in that region, which results in it being more difficult to have the fuel ignition taking
place in the gas phase, compared to the system with sand, where the gas mixture is closer
to stoichiometric conditions.

In addition to the results related to fuel conversion, the NO emissions were estimated,
and the results are presented in Table 6. NO emissions from the process are based on the
measured concentration of NO in the dry flue gas. Some NO2 is also likely present albeit in
smaller concentration, typically NO2 is less than 5% of the total NOx [33] meaning that the
NO concentration should be close to the NOx concentration in the furnace and at the flue
gas stack. The data for MP7 with sand as a bed material at 850 ◦C are missing.

Table 6. NO concentration (ppm, dry) at different measurement points with different bed materials and measurement
points.

Sand Ilmenite C28

600◦C 750◦C 800◦C 850◦C 900◦C 600◦C 750◦C 800◦C 850◦C 900◦C 600◦C 750◦C 800◦C 850◦C 900◦C
MP8 0 161 51 25 11 4 255 73 17 4 3 79 10 5 3
MP7 0 148 51 NA 14 4 239 78 16 4 3 83 14 7 7
MP6 0 150 51 24 10 5 246 82 11 6 3 74 10 6 7
MP5 0 98 47 22 12 4 224 79 16 4 4 51 8 7 8
MP4 0 7 4 5 1 0 8 7 1 1 3 2 2 4 6
MP3 0 2 1 2 0 3 6 5 0 2 6 2 4 4 5
MP2 0 0 1 0 0 2 3 4 0 3 5 1 3 3 8
MP1 0 1 0 0 5 3 3 4 0 2 3 1 1 1 4

It can be observed that the measured concentrations of NO are overall low, especially at
high temperature. It can also be observed that almost no NO at all is detected in the bed.
It may seem contradictory at first that more NO is formed at a lower temperature, since the
formation of thermal NOx is expected to be the dominating mechanism for NO formation,
since no nitrogen is present in the fuel and no prompt NO can be expected to be formed
in this oxygen-rich atmosphere. The tendency for higher NO formation at moderate
temperatures could, however, be explained by knowing where in the bed, as well as how,
the fuel conversion takes place. The highest NO concentrations are measured above the
bed in the cases where a significant part of the methane fuel conversion takes place above
the sand bed, i.e., at a bed temperature of 750 ◦C. This was also the temperature level where
flames were most visible and the most audible and visible explosions took place above the
bed, as observed from the top of the reactor. Fuel-NOx formation can be excluded as the
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fuel does not contain any nitrogen compounds, and since the system operates with excess
oxygen, any significant prompt NOx formation is unlikely. However, the NO formation can
be explained by local hotspots from uncontrolled flame combustion in the freeboard where
the thermal inertia is low. Considering the composition of the gas mixture, a very significant
increase in gas temperature is expected as the gas ignites. Since thermal NOx formation
increases exponentially with temperature, the flame temperature should be controlled.
In the bed, where the heat transfer between gas and solids, as well as the thermal inertia,
is high, no hotspots are expected and NO formation is not expected, which is confirmed by
low NO concentration in that zone for all bed materials regardless of the amount of fuel
conversion in the bed. However, high fuel conversion in the bed gives less NO formation
in the freeboard and, thus, lower overall emissions, which is also seen by the performed
measurements.

The measured freeboard gas temperature is close to the temperature of the bed and,
thus, is clearly lower than the temperature at which thermal NO formation takes place,
according to the Zeldovich mechanism, where local temperatures of at least 1300 ◦C are
required [34]. The dominating heat transfer mechanism to the thermocouple is radiation
from reactor walls and the bed material, as well as direct heat transfer from the walls.
With the short path lengths, the emissivity of gas radiation should be less than 0.05,
and convection heat transfer from gas is also small. This would mean that local high
gas temperatures are poorly visible in the measurement. Thus, the absence of a rise in
temperature from MP4 to MP5 in Figure 4, despite significant fuel conversion taking
place—Figure 5—could be explained by a combination of falling wall temperatures and
poor heat transfer from the gas.

It should also be added that there is a difference between flames produced in a
fluidized bed and flame combustion with a gas burner for example. There is no sustained
flame in the fluidized bed and local measurements cannot be made to characterize the
flame and determine local temperatures and gas compositions, but the work must rely on
global measurements.

The difference between a system with flame combustion in the freeboard and a system
with high in-bed fuel conversion is illustrated in Figure 7, where a comparison is made
between the results in measured concentrations of NO and CH4 for sand at 750 ◦C and for
C28 at 900 ◦C.

In Figure 8, it can be observed that, with sand at 750 ◦C, fuel conversion takes place
mainly above the bed. This is obvious since the concentration of CH4 is reduced signifi-
cantly between MP4 and MP5. Between the same measurement points, the NO concen-
tration increases significantly. This could be compared with the experiment with C28 at
900 ◦C, where CH4 conversion takes place in the bed and almost no NO emissions are
detected at any height in the reactor. The difference in the results between temperatures
750 and 900 ◦C can be further emphasized by observing Table 5 where the measured NO
emissions are at least 79 ppm for all bed materials at MP8 at 750 ◦C, whereas no more
than 11 ppm is detected at MP8 at 900 ◦C. This represents, therefore, a reduction in NO
emissions by more than 93% compared to a case with flame combustion.
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It can be observed that the measured concentration of NO is higher with ilmenite
as a bed material than with sand at 750 ◦C and 800 ◦C. A similar amount of methane
conversion appears to take place above the bed in those cases, so the reason could instead
be connected to the availability of oxygen in the bed. In the bed with an oxygen carrier,
oxygen is available both in gaseous and solid phase in the form of the oxygen carrier
material, which could contribute to a higher risk of NO formation. When C28 is used
as a bed material, the measured NO concentration is lower, however, and this could be
explained by the fact that more fuel conversion takes place in the bed with this bed material,
which means that less fuel conversion can take place above the bed and cause local hotspots
where NO may be formed. It should also be mentioned that NO may be reduced by reacting
with the oxygen carrier to form N2 (while the oxygen carrier is oxidized) but the reaction
rate for this reaction may vary for different conditions.

3.2. Experiments with Off-Gas

The same bed materials (sand, ilmenite and C28) were also evaluated with PSA
off-gas as a fuel at five different bed temperatures (600, 650, 700, 750, 800 ◦C). The data
from the experiments using PSA off-gas as fuel are also presented in Tables S4–S7 in the
supplementary material. The vertical temperature profile of the systems for the experiments
can be observed in Figure 9. In the experiments with off-gas as fuel, the average bed height
was 15.4 cm for sand, 15.6 cm for ilmenite and 14.6 cm for C28.
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Figure 9. Measured temperatures at different measurement points (MP0–MP8) for five different bed temperatures (from 600
to 800 ◦C) for all three bed materials.

At high temperatures, it was difficult to keep the temperature in the wind box below
the limit at which the gas mixture ignites in the wind box. This occurred for all bed
materials when operating at a bed temperature of 800 ◦C and with C28 at 750 ◦C. In those
cases, the wind box temperature was significantly higher and complete conversion of CH4,
CO and H2 was observed at all measurement points, which is why these results were
excluded from this article. The apparent reason for this taking place is that the cooling of
the wind box was not sufficiently efficient to hinder ignition at these temperature levels.
For these cases, it is observed that the fuel is almost completely converted already at
MP1, which makes these cases irrelevant in the analysis. The temperature profiles overall
look quite similar for the three bed materials, although some differences are seen in the
freeboard.

In order to get a better overview of the fuel conversion in the reactor, the gas concentra-
tion measurements of fuel gas components are evaluated. A first observation, which could
be made from this data, is that very little/no hydrogen is measured during any of the
experiments, which indicates that hydrogen reacts quickly in presence of oxygen, as could
be expected. The focus was therefore to evaluate the concentrations of CO, CH4 and CO2
to monitor the fuel conversion in the system. The ratio of the measured concentration
of unburnt carbon in the form of CO and CH4 in relation to the total measured carbon
(CO, CH4 and CO2) as a measure of the gas conversion. The results are presented in
Figure 10, where ratio at the inlet of 40% is also included.
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Figure 10. Measured unburnt carbon (CO and CH4) in relation to total measured concentration of
carbon (CO, CH4 and CO2) for all bed materials at different heights from the distribution plate.

It can be observed that part of the PSA off-gas is already burnt in the bed at a bed
temperature of 600 ◦C with all bed materials. It is interesting to see that some fuel con-
version takes place at these moderate temperatures, which are low in relation to optimal
temperatures for OCAC operation. It can also be seen that a significant part of the fuel
conversion takes place above the bed and almost all fuel is converted at MP5≥ 650 ◦C with
all bed materials. Close to complete carbon conversion is observed at 700–750 ◦C at the top
of the reactor with all three bed materials. The carbon conversion in the bed is also similar
for the bed materials. The results in Figure 10 indicate overall small differences between
the different bed materials. This suggests that the choice of bed material may not be so
important to achieve high fuel conversion with PSA off-gas as fuel, as opposed to methane
where there was a visible difference. At a bed temperature of 750 ◦C, for example, it is
observed that the system with sand as a bed material has a lower content of unburnt carbon
in the bed than the system with ilmenite at MP1-MP4. For sand at MP1 at bed temperatures
of 700 and 750 ◦C, the measured concentration of CO2 indicates that almost complete fuel
gas conversion takes place at the very bottom of the bed below MP1. This is, however,
contradictory to the results from the results above this point, which are more in line with
expectations and the rest of the results, which indicate that the result at MP1 for these two
temperatures could be outliers. This is also the reason for the fact that these points are not
connected with a line to the rest of the data at the respective bed temperatures.

The difference in concentrations of CO and CH4 is presented in Table 7. The ratio is 1
at the inlet.
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Table 7. Measured concentration of CO (%, dry) divided by measured concentration of CH4 (%, dry)
at different measurement points with different bed materials and measurement points.

Sand Ilmenite C28

600 ◦C 650 ◦C 700 ◦C 750 ◦C 600 ◦C 650 ◦C 700 ◦C 750 ◦C 600 ◦C 650 ◦C 700 ◦C
MP8 1.8 4.9 4.9 2.5 1.9 2.6 3.7 1.6 0.8 2.6 3.2
MP7 1.3 5.3 4.2 2.4 1.5 2.7 3.5 2.3 1.1 2.1 2.7
MP6 1.0 4.2 3.9 2.7 1.1 2.2 3.2 2.9 0.9 1.6 2.5
MP5 0.9 2.1 2.5 2.6 0.8 2.1 2.3 2.2 0.8 1.2 2.1
MP4 0.6 0.4 0.3 0.4 0.6 0.5 0.6 1.0 0.6 0.5 0.5
MP3 0.5 0.3 0.2 0.3 0.5 0.5 0.5 0.8 0.6 0.4 0.4
MP2 0.5 0.3 0.2 0.2 0.6 0.5 0.4 0.7 0.5 0.3 0.2
MP1 0.7 0.5 2.0 1.6 0.8 0.7 0.7 0.9 0.8 0.6 0.4

In Table 6, it can be observed that the ratio is generally below 1 in the bed, thus indi-
cating higher gas conversion of CO compared to CH4 in the bed, whereas the ratio is above
1 above the bed, where the ratio is especially high with sand. The ratio is higher above the
bed because of significant methane conversion taking place above the bed, whereas the CO
concentration is more constant over the height of the reactor. This highlights, once again,
the difficulty to convert methane in the bed and motivates the focus on this compound in
these experiments.

Based on overall results from this study, it should be possible to use a bubbling
fluidized bed, operated in OCAC configuration, to convert the targeted fuel mix of PSA
off-gas and light hydrocarbons, such as methane, in the dense bed. This could be important
for the implementation of the proposed process application to use an OCAC-reactor as a
heat source for steam reforming, where this kind of fuel mix is intended. The NO emissions
were also monitored with PSA off-gas as fuel. The results are presented in Figure 11.
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It can be observed that the NO emissions are overall low with all bed materials.
The NO concentration is especially low in the bed and, in general at bed temperatures
above 600◦C. The system with C28 as a bed material results in slightly higher NO emissions
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overall than the other systems, which could be connected to the previously mentioned
effect that the bed material could present more oxidizing conditions than sand, for example.

Combustion with low NO emissions is one of the key advantages considered when
evaluating the possibility to integrate OCAC with SMR, instead of using the conven-
tional SMR furnace with gas-fired burners. The conventional furnace operates with flame
combustion, causing the significant formation of thermal NOx. With standard indus-
trial gas burners and combustion in the presence of a flame, emissions corresponding
to 100 ppm NOx can be expected [35]. The experimental results in this work indicate
that operation with oxygen carriers as bed materials at high bed temperatures in OCAC
configuration should enable fuel conversion in the bed without the presence of a flame and,
thus, provide very low NOx formation.

4. Conclusions

A laboratory-scale bubbling fluidized bed with an approximate bed height of 15 cm
was used for oxygen carrier aided combustion of methane and PSA off-gas. Three bed
materials were compared—sand, rock ilmenite and a manufactured manganese-based
perovskite material (C28)—at bed temperatures ranging from 600 ◦C to 900 ◦C. The gas
conversion was monitored by using measurements of temperatures and gas composition
over the length of the reactor. The results with methane showed that an improved in-bed
fuel conversion could be achieved using oxygen carriers as bed materials instead of sand,
where C28 showed the best results. This can be traced to the fact that the oxygen carriers
enable improved contact between fuel and oxygen, due to the addition of an additional
fuel conversion mechanism in the form of the gas–solid reaction between fuel and metal
oxide. At a bed temperature of 900 ◦C, close to complete methane conversion was observed,
99.3–99.7%, with ilmenite and C28 as bed materials 9 cm from the distribution plate,
whereas the result for sand was 86.7%. The oxygen carriers also showed significantly
higher methane conversion at lower temperatures. A test where the air-to-fuel ratio was
varied from 1 to 1.2 showed only a small improvement in methane conversion.

The experiments with PSA off-gas as fuel showed overall high gas conversion for all
bed materials at moderate temperatures (600–750 ◦C), where only minor differences were
observed between the bed materials. The suggestion to integrate OCAC with SMR plant is
supported by the experimental results in this work, since:

• High fuel conversion in the bed was detected with PSA off-gas and methane,
especially at higher temperatures where close to complete gas conversion was observed.

• Very limited NO emissions were observed with methane as fuel apart from cases
where close to all of the fuel conversion took place above the bed. The emissions were
especially low at high temperatures (< 14 ppm at a bed temperature 900 ◦C with all
bed materials).

• Almost no NO emissions at all were detected using PSA off-gas as fuel (< 11 ppm at
bed temperatures > 700 ◦C with all bed materials).

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/1/210/s1, Table S1: Measured average temperatures at different measurement points operating
with sand, C28 and ilmenite with methane as fuel. Table S2: Measured average concentrations of CH4
(%, dry) at different measurement points operating with sand, C28 and ilmenite with methane as fuel.
Table S3: Measured average concentrations of CO (%, dry) at different measurement points operating
with sand, C28 and ilmenite with methane as fuel. Table S4: Measured gas concentrations of CO
(%, dry) at different measurement points for all three bed materials using PSA off-gas as fuel.
Table S5: Measured gas concentrations of CH4 (%, dry) at different measurement points for all
three bed materials using PSA off-gas as fuel. Table S6: Measured gas concentrations of CO2
(%, dry) at different measurement points for all three bed materials using PSA off-gas as fuel.
Table S7: NO concentration (ppm, dry) at different measurement points with different bed materials
and measurement points using PSA off-gas as fuel.
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Nomenclature

AFR AirAir-to-fuel ratio
BFB Bubbling fluidized bed

C28
Mn-based perovskite structure oxygen carrier material,
CaMn0.775Mg0.1Ti0.125O3-δ

CFB Circulating fluidized bed
CLC Chemical-looping combustion
FBHE Fluidized bed heat exchanger
H Height from distributor plate in reactor
ID Inner diameter
INNOCUOUS EU financed project aimed at oxygen carrier development
Me Metal oxygen carrier
MFC Mass flow controller
MP Measurement point
NDIR Nondispersive infrared sensor
NDUV Non-Dispersive Ultra Violet Spectroscopy
OCAC Oxygen carrier aided combustion
OD Outer diameter
P Pressure
PSA off-gas Stream of gases obtained from a pressure swing adsorption unit
SMR Steam methane reforming
umf Minimum fluidization velocity
ut Terminal velocity
∆T Temperature difference
εBFB Voidage in fluidized bed
εfixed Voidage in fixed bed (assumed to be equal to 0.4)
ρbed Poured bulk density of the bed
ρair Air density
ρp Particle density
j,k,x,y Whole numbers
th Thermal
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