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Abstract
Chemical-looping combustion (CLC) is a highly efficient CO2 separation technology with no direct contact between combustion
air and fuel. A metal oxide is used as an oxygen carrier (OC) and acts in a dual fluidized bed as a separation tool and supplies the
fuel with oxygen, which as an oxidation medium causes combustion to CO2 and H2O. The use of solid fuels, especially biomass,
is the focus of current investigations. TheOC plays a key role, because it must meet special requirements for solid fuels, which are
different to gaseous fuels. The ash content, special reaction mechanisms, and increased abrasion make research into new types of
OC essential. Preliminary testing of OC before their use in larger plants regarding their suitability is recommended. For this
reason, this work shows the design and the results of a laboratory reactor, which was planned and built for fundamental
investigation of OC. Designed as a transient fluidized bed, the reactor, equipped with its own fuel conveying system and an in
situ solid sampling, is intended to be particularly suitable for cheap and rapid pre-testing of OC materials. During the tests, it was
shown that the sampling device enables non-selective sampling. Different OC were tested under various operating conditions,
and their ability to convert different fuels could be quantified. The results indicate that OC can be sufficiently investigated to
recommend operation in larger plants.
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1 Introduction

Chemical-looping combustion (CLC) is considered a promis-
ing carbon capture technology [1]. The direct separation of
CO2 during combustion, by “inherent combustion,” does not
require any further separation steps. This is achieved by using
a so-called oxygen carrier (OC), which eliminates direct
mixing of combustion air and fuel [2]. While CLC with gas-
eous fuels has already been demonstrated on a larger scale,
biomass is seen as having particular potential as part of
Bioenergy Carbon Capture and Storage (BECCS) and nega-
tive CO2 emissions [3–5]. However, using solid fuels in CLC
is more challenging compared to gaseous fuels, because of the
inhomogeneous reactions, ash content, and the pollutant load-
ing of the fuel. While on the one hand the reactor concept is

important, the selection of the OC also plays a key role in the
development of the technology. A detailed investigation of
different OC, especially natural ores or waste materials is es-
sential for a better use of solid fuels with CLC [6].
Identification of suitable OC involves testing of samples at
gram scale (e.g., in a thermogravimetric analysis, TGA) up
to the several hundreds of kilogram in continuously operating
pilot plants. Since testing should be fast and cost-effective
(i.e., the use of personnel and consumables), initial screening
of carriers in larger plants is not recommended. An interme-
diate step between small-scale facilities, such as TGA, and
continuously operating units is necessary to bridge this gap.
This work presents a lab-scale bubbling fluidized bed reactor,
which can be operated alternately in reducing and oxidizing
atmosphere to simulate the CLC operation. An innovative
solid sampling device allows OC to be extracted from the
reactor during operation. Its inventory and the gas volume
flow can be varied, and thus, the reactor can meet the require-
ments of OC testing in terms of process conditions (e.g., tem-
perature and gas velocities). Further, the batch operation al-
lows for investigation of parameter variations, which cannot
be realized in continuously operating units. Thus, the gap
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between TGA and pilot reactor investigations of OC can be
closed. The main goal is the cost-effective determination and
selection of suitable OC for further use in dual fluidized beds
of a larger scale. One step to achieve this is by commissioning,
proof of concept, and validating the first experiments of the
lab-scale unit presented in this work.

1.1 Chemical-looping combustion of solid biomass

CLC is a combustion technology that avoids a mixture of fuel
and combustion air. To ensure this unmixed combustion, a
metal oxide, the so-called oxygen carrier (OC), is used. The
OC passes through two physically separated reaction zones to
burn the fuel. In the first zone, an oxidation reaction (1), the
OC binds oxygen during the reaction with air. Heat is released
due to the exothermic reaction. The second reaction zone (2) is
classified by a release of pure oxygen from the OC to the fuel.
Combustion of the fuel takes place, and due to the absence of
nitrogen, the product gas (ideally) consists solely of CO2 and
H2O. This reaction step is also known as the reduction of the
OC. After reduction, the OC returns to its “original” state
before the first reaction step and the cycle starts again [7].

MexOy−1 þ O2⟶MexOy ð1Þ
MexOy þ CnHmOp⟶MexOy−1 þ CO2 þ H2O ð2Þ

CLC distinguishes in its use between solid and gaseous
fuels. Although the use of gaseous fuels is already well ad-
vanced, there is still much research work to be done for solid
fuels [8]. These have recently become the focus of interest, as
CLC of biomass could cause negative CO2 emissions by appli-
cation of CO2 storage [3]. The aim is to reduce the CO2 con-
centration in the atmosphere while at the same time producing
electricity or heat. The challenge in using solid fuels is the ash
content. The ash has to be separated from the OC, resulting in
OC losses in addition to increased abrasion [9, 10]. Therefore,
when solid fuels are used, natural ores or industrial waste ma-
terials are preferred in order to achieve better price and avail-
ability [5]. However, research is still being conducted to find
the optimal OC, as the complicated interactions between OC,
fuel, and ash cause unknown effects [6]. This increases the
significance of identifying suitable OC for solid CLC.

Further, using solid biomass as fuel requires a thermo-
chemical conversion of the fuel before the combustion. A
reaction between fuel and OC does not take place directly,
but gasification of the fuel via a gasification medium is nec-
essary [11]. A suitable reactor model to implement this is the
fluidized bed technology. Lewis and Gilliland (1954) de-
signed a model of two connected fluidized beds, called a dual
fluidized bed, which meets many of the requirements for CLC
[12]. The two reaction steps of CLC are located in the different
fluidized beds, and they are called air reactor (AR) and fuel
reactor (FR), respectively, shown in Fig. 1.

2 Reactor concept

Previous pilot plants for solid CLC have been designed as a
dual fluidized bed, like an 80 kW reactor constructed at TU
Wien [14], a 100 kW reactor at Chalmers University of
Technology [15], and a 1 MWth pilot plant at Darmstadt
University of Technology [16]. Further reactor concepts focus
on a smaller scale, like an 1.5 kWth demonstration reactor
operated by the Spanish National Research Council [17]. In
order to be able to investigate both the oxidation and the re-
duction reaction independently of each other, the reactor of
this work is designed as a simple fluidized bed, i.e., alternating
AR- and FR-operation can be simulated transiently.

The reactor has an inner diameter of 13 cm and a total height
of about 1 m, whereby the fluidized bed is about 10 cm (see
Fig. 2). About half of the height is a freeboard, which has been
designed with a larger diameter to prevent particle discharge.
Gas premixing takes place in a 10 cm high wind box. A nozzle
bottom distributes the gas into the reactor and prevents bed
material from trickling back into the wind box. A heating shell
around the reactor should guarantee constant temperature con-
ditions, but the special gas preheater, which can be operated
with air as well as with steam, is also required.

A very important feature of the reactor is the in situ bed
material sampling system, which allows the extraction of bed
material through a moveable basket during hot operation. A
motor can be controlled from the nearby digital interface, where
parameters such as speed, sample duration, and penetration
depth can be selected. Nitrogen flushing of the samples prevents
contamination with ambient air. The frozen oxidation state of
the material allows for a precise determination of the OC.

A further essential feature of the reactor is the possibility to
use gaseous and solid fuels. Solid fuels are stored in a hopper
located above the reactor. A screw conveyor doses the fuel,

Fig. 1 Scheme of the CLC process with AR and FR [13]
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which falls through a pipe depending on the length onto or
directly into the fluidized bed. Nitrogen flushing of the hopper
prevents the formation of an igniting atmosphere and simul-
taneously acts as a carrier gas flow. Gaseous fuel can be in-
troduced via the wind box below the bed. A picture of the
laboratory unit can be seen in Fig. 3.

The measuring equipment of the reactor consists of tem-
perature, pressure, and gas measurements to evaluate the ex-
periments. The gas measurement corresponds to volume and
concentration measurements of the five components CO2,
CO, O2, H2, and CH4. Though a bypass, parts of the exhaust
gas are transported via a condenser, then to a RME (rape
methyl ester) scrubber and finally to the 5-component gas
measurement device (see Fig. 4).

3 Material and methods

3.1 Fuels

Four different fuels are used in the experiments. These are
biogenic fuels softwood, bark, and chicken manure in form
of pellets with a length of about 6 mm. Furthermore, a fossil
reference fuel was available: lignite with a crushed particle

size of about 10 mm. The fuel analysis (ultimate and proxi-
mate) is shown in Table 1.

3.2 Oxygen carriers (OC)

Two different OC are tested and compared. Ilmenite, a titan-
iron-oxide with great potential as OC [18], belongs to the OC
with Het-CLC (heterogeneous) effect. Het-CLC OC cannot
dispense gaseous oxygen or only in very small amounts [8].
Since the reaction takes place exclusively by gas-solid contact,
gasification of the fuel is necessary to start the combustion
reaction [19]. In contrast, the secondmaterial, braunite, a man-
ganese ore, has properties of a Chemical Looping with
Oxygen Uncoupling (CLOU) OC. A direct combustion reac-
tion is possible, through a gaseous release of oxygen under the
conditions prevailing in the fuel reactor [20]. The instability of
the formed oxide triggers the partial release of the oxygen
under certain conditions of temperature and oxygen partial
pressure [21]. Since no gasification of the fuel is necessary,
an inhomogeneous combustion reaction with much faster ki-
netics takes place. CLOU-OC tend to have higher fuel con-
version rates, but so far, no natural ores with CLOU-O2 levels
comparable to synthetic OC have been identified [5, 19]. In
addition, previously investigated natural ores with CLOU ef-
fect have been less promising regarding other important prop-
erties, such as long-term stability, mechanical resistance, and
oxygen capacity [13].

Both OC, ilmenite and braunite, are dried for 24 h at 100
°C, and a thermal treatment at 600 °C is performed to prevent
agglomeration of the particles. Table 2 shows the composition

fuel pipes

sampling device

air box hea�ng shell

freeboard

fluidized bed

79
0

89
0

Fig. 2 Layout of the reactor with a sampling device, different fuel pipes,
and heating shell

Fig. 3 Picture of the laboratory unit, on the left side the digital interface,
in the middle of the fluidized bed, and on the right side of the gas
preheater
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and important fluidized bed characteristics of the OC. For
particle properties, sieve analyses, density, and bulk density
measurements were carried out. A standard form factor ϕ of
0.8 was chosen, which is common for rounded sand. In addi-
tion, an element analysis by X-ray fluorescence spectroscopy
was performed to investigate the OC composition of the OC.

3.3 Solid sampling device

With the novel constructed sampling device, it is possi-
ble to take samples directly from the fluidized bed
while operating. The sampler is placed on the flange
at the top of the reactor, as shown in Fig. 5. The sam-
ple basket is moved through a guiding tube into the
reactor. When sampling, the sample tube and the con-
nected basket are moved down into the reactor. When
the basket reaches the lowest point, the position is held
before moving back up. In the next step, a vacuum
pump is started and the sampled bed material is
transported from the basket into a sealable sample tube.
Until the sample is sealed, it is constantly purged with
N2 during the sampling procedure to prevent atmosphere
contamination. A detailed description can be found at
Pachler (2019) [22].

3.4 Experimental methods

One cycle of an experiment consists of an oxidation step
and a reduction step. In the oxidation step, a 3 mSTP

3/h air
stream oxidizes the OC. Fig. 6 shows an increase of the
component O2 in the exhaust gas during the oxidation
step “OX” until the concentration reaches the value of
the ambient air. At this point, the OC is fully oxidized
under the current process conditions and can no longer
absorb any further O2. In the reduction step “RED”, steam
replaces the air fluidization to ensure an oxygen-free at-
mosphere and cause the gasification of the fuel. As soon
as the oxygen concentration drops to zero, the supply of a
defined amount of fuel starts. This can be observed im-
mediately by an increase of the gases CO2, CO, H2, and
CH4. A CLC cycle is completed when these gases return
to their original concentration, and to minimize errors and
deviations, an experiment consists of five cycles.

Fig. 4 Configuration of the gas
measuring section bypassing of
the reactor exhaust gas stream

Table 1 Composition of the used fuels

Lignite Softwood Bark Chicken
manure

Water content wt% 13.0 7.2 11.7 9.1

Ash wt%(wf) 4.2 0.2 3.0 25.4

Carbon wt%(wf) 65.5 50.7 55.7 38.0

Hydrogen wt%(wf) 3.8 5.9 5.4 4.9

Oxygen wt%(wf) 25.2 43.0 35.5 26.8

Nitrogen wt%(wf) 0.8 0.2 0.4 4.1

Sulfur wt%(wf) 0.4 0.0 0.0 0.3

Chlorine wt%(wf) 0.1 0.0 0.0 0.5

Volatiles wt%(waf) 51.8 85.4 69.9 67.7

LHV (dry) kJ/kg(wf) 20800 18900 20300 13900

Table 2 OC characteristics of ilmenite and braunite

Particle characteristics Ilmenite Braunite

dp μm 175 200

dsv μm 140 160

ϕ - 0,8 0,8

ρp kg/m3 3820 3610

ρb kg/m3 2290 2170

OC composition

Mn3O4 (wt%) - 71.2

TiO2 (wt%) 44.08 0.2

FeO (wt%) 28.77 -

Fe2O3 (wt%) 17.66 14.3

SiO2 (wt%) 1.99 7.6

MgO (wt%) 3.58 0.3

Al2O3 (wt%) 0.64 4.4

MnO (wt%) 0.3 -

CaO (wt%) 0.32 1.3

S (wt%) 0.14 0.04

Cr2O3 (wt%) 0.1 0.04
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An average cycle is calculated from the concentrations of
the five cycles and is used for all further calculations. It is
necessary to carry out at least five cycles, because the screw
conveyor causes considerable fluctuations in the amount of
fuel transported. If the last chamber of the screw conveyor is
not emptied or completely emptied, the amount of fuel added
varies from one cycle to the next. Nevertheless, the amount of
fuel averaged over five cycles hardly deviates from the
planned amount of fuel.

Nitrogen, higher hydrocarbons larger than C1, and tars are
not measured. With the assumption that the flue gas contains
only the five measured gases and nitrogen, Equation 3 can be

defined. This equation is based on the fact that the total volu-
metric flow is the sum of the individual volume flows, exclud-
ing higher hydrocarbons and tars. For the five components
CO, CO2, CH4, H2, and O2, the measured concentrations φi
can replace the volume flow.

V
˙
�

f lue gas
¼

V ˙
�

N2

1− φCO þ φCO2
þ φCH4

þ φH2
þ φO2

� � m3=h
� �

ð3Þ

Although the total volume flow of flue gas is unknown, the
nitrogen flow is not. The nitrogen volume comprises of the

Fig. 5 Sampling device with
sample basket to extract OCwhile
operating [13]
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Fig. 6 Five experimental cycles illustrated by the five measured gas concentrations over time and a zoomed-in reduction cycle
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flushing of screw conveyor and pressure sensors. Based on
Equation 3, the total flue gas volume flow can be calculated.
With the total volume flow and Equation 4, the volume flow
of each single measured component can be determined.

V
˙
�

i
¼ V

˙
�

f lue gas
∙φi m3=h

� � ð4Þ

For further calculation, it is necessary to convert the
volume flows to molar flows according to Equation 5.
With regard to the general gas equation, the density ρ
and molar mass M of the components are used to cal-
culate the molar flows.

ṅi ¼ V̇ i∙ρi
M i mol=s½ � ð5Þ

For each concentration measured, a molar flow value is
obtained, with which the total moles can be calculated.
These are more significant, because no continuous operation
is processed. To obtain the total mole per component, the
trapezoidal rule is used in Equation 6, in which tk is the
timestamp of the concentration measurement.

ni ¼ ∑
k
tkþ1−tkð Þ∙

n˙
�

i
tkð Þ þ n˙

�

i
tkþ1ð Þ

2
mol½ � ð6Þ

Consequently, important performance parameters can be
assembled by calculating the total amount of the components.
One of the key parameters is the carbon conversion rate XC,
which identifies and compares the reaction of fuel to gas [23].
Equation 7 shows the carbon conversion rate, calculated by
dividing the amount carbon found in the gas phase by the
carbon in the introduced fuel. The balance to 100% results
from higher hydrocarbons, tars, and coke.

XC ¼ nC;gas
nC;fuel

∙100 %½ � ð7Þ

Another important parameter is the CO2 selectivity (SCO2).
The selectivity is an indication of the complete fuel combus-
tion. Thus, Equation 8 contains the amount of carbon in the
exhaust gas nC, gas and the carbon contained in CO2 (nCO2).

SCO2 ¼ nCO2
nC;gas

∙100 %½ � ð8Þ

A combination of the two previous performance parameters
results in the CO2 yield (YCO2), Equation 9. It calculates the
amount of carbon, converted to CO2, per fuel input of carbon.

YCO2 ¼ XC ∙SCO2 ¼ nCO2
nC;fuel

∙100 %½ � ð9Þ

4 Results and discussion

4.1 Evaluation of the solid sampling device

Information about OC particles (e.g., oxidation state, mor-
phology, and particle size distribution) and/or ash after oxida-
tion and reduction steps is crucial for the evaluation of the
performance of the OC and the process. Thus, it is important
to verify that solid samples represent the whole bed material
inventory and not only a certain particle size distribution.
Therefore, the reactor was prepared with a known particle size
distribution of ilmenite (see Fig. 7). The sampling tests have
been performed under cold operating conditions, aiming at the
almost identical area in the Grace diagram comparable to hot
operation [24]. A sieve analysis of the sample taken provides
information about the particle size distribution q3(dpi) and
possible deviations. The input measurement is given in Fig.
7, on the left side, while the particle size distribution of the
sample taken is shown on the right. In addition, the diagrams
illustrate the corresponding cumulative distributions Q3(dpi)
of the sieve analysis as a dashed line. The sieve diameter of
both distributions, shown in Table 3, can also be calculated
from the measurements. There is a deviation of only 0.5 per-
cent, and this shows that the sampling is quite good and un-
selective. The deviation is in the range of the measurement
accuracy. In this short fluidization time, no essential attrition
can be expected and no other undesired effects (e.g., agglom-
eration) occurred.

Furthermore, it is important to validate the oxidation state
of the solid samples in hot operation. The oxygen loading of
an OC was evaluated over several cycles in the following
experiment. The oxidation level of the OC can be determined
by Equation 10 as the solid conversion of OC XS [25].

X S ¼ m−mr

mO−mr
∙100 %½ � ð10Þ

The variable m denotes the instantaneous mass of the OC,
while mr and mo indicate the masses at full reduction and full
oxidation. Kolbitsch et al. show a method determining these
different masses of a sample [26]. With the verification of the
solid sample device in cold operation, an experiment is pro-
posed to test the OC while ongoing fuel supply at 950 °C. The
aim of the experiment is to record XS and thus the oxidation
load of the OC to show that the sample of the sampling device

Table 3 Sauter diameter of sampling test

Sauter diameter Initial Sampling

dp 173.9 μm 174.5 μm
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accurately reflects the oxygen loading of the entire bed. For
this purpose, the reactor is filled with 2.6 kg braunite and as
fuel chicken manure is used.

After the OC is fully oxidized with air, fuel is gradually
added. The fluidization takes place with 5 kg/h of steam, while
9.7 g of fuel per reaction cycle is introduced into the reactor.
As there is no oxygen supply between the 13 cycles, the
braunite should be reduced significantly. Five samples were
taken, one in the fully oxidized state and further samples after
the 1st, 3rd, 6th, and 13th cycle. For taking a solid sample in the
reduction phase, flushing with nitrogen is necessary to dry the
OC and freeze the oxidation state of the particle.

Figure 8 shows the measured oxidation level of the
braunite samples. As expected, the measured Xs of the solid
samples decreased continuously. After the 6th cycle, the OC
releases only small amounts of oxygen, even though XS only
reaches around 60%. Reducing the braunite further requires
higher temperatures or a different reduction medium than
chicken manure. However, the oxidized sample (“Oxy”) does

not reach the full oxidation state, which is defined by heating
24 h at 950 °C in an oven. A shorter residence time could be
the reason for this. In this experiment, the reactor does not
reach the full potential of the OC, but the sampling as well
as the determination of the oxidation loading shows reliable
results.

4.2 Operating conditions

The special reactor design enables the simulation of different
experimental conditions. These include certain fluidization
conditions in the bed, the reactor temperature, and an easy
exchange of fuel and OC. This greatly simplifies the testing
of the experimental conditions in different constellations.
Starting from 950 °C and 5 kg/h steam fluidization, the oper-
ation conditions are varied to investigate their influence on the
results. Different amounts of steam fluidization, bed tempera-
tures, and a different OC are selected, as shown in Table 4.
The table displays the carbon conversion rate and the CO2

selectivity.

4.2.1 Fluidization

The reactor can be fluidized with either air, steam, or nitrogen.
Experiments with 3.5 and 5 kg/h steam were carried out ini-
tially. When comparing the results of these two fluidization
processes, an increase in both performance parameters with
higher fluidization can be seen in Table 4. Higher fluidization
means better mixing and thus increased gas-solid contact,
which promotes the oxygen release. In addition, a higher
steam-to-carbon ratio is known to increase the gasification rate
of biomass [27]. In this case, the higher fluidization leads to an
increase in carbon conversion and CO2 selectivity of about 15
and 25%.

4.2.2 Temperature

Experiments with bed temperatures of 900 and 950 °C were
carried out.With increasing temperatures, also the parameters,
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Fig. 7 The particle size and the
cumulative distribution of
ilmenite. To the left, there is the
result of the initial sample and on
the right, the results extracted by
the sampling device
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SCO2 and XC, rise. The sensibility of the system is shown,
because minor changes of temperature cause noticeable ef-
fects. Higher temperatures not only have a positive impact
on gasification kinetics but also improve the reactivity of the
OC [6, 27]. Especially CLOU-OC like manganese ores show
immense dependency on the temperature, because of falling
stability of the oxide phase [20].

4.2.3 Oxygen carrier

The experiments also include ilmenite as OC. The reactor was
filled with the same bulk height as utilized at the braunite
experiments. All other process conditions remained un-
changed. Ilmenite showed lower carbon conversion rates than
braunite, whereby the low CO2 selectivity was the biggest
difference. The flue gas contains high amounts of CO and
CH4, which indicates low oxygen delivery to the fuel. The
reason for better performance of braunite can be traced back
to the CLOU effect, which enables a faster release of oxygen
[6, 20]. Especially the methane concentration is noticeably
higher with ilmenite as OC. This effect has already been re-
ported in literature [18]. In addition, the lower reactivity of
ilmenite can be explained by a division of the iron phases into
FeO and Fe2O3. The FeO phase, which is more common in
ilmenite, has higher temperature stability. This leads to the
fact that the lattice oxygen of the ilmenite is released with
greater difficulty at the given temperatures. Nevertheless, the
Fe2O3 phase still has a higher standard heat of formation than
other metal oxides, which also reflects the thermodynamic
stability of the metal oxides [28]. This also indicates that
braunite releases more lattice oxygen than ilmenite.

4.3 Influence of the geometry of fuel feeding

The fuel feeding system is of crucial importance in a
fluidized bed system. It must ensure proper mixing to
guarantee high heat transfer and intense contact with the
steam and OC. The following experiments have the goal
to optimize the fuel feeding system. Two fuel pipes of
different lengths, 890 and 790 mm were used. The longer
tube reaches directly into the bed of the fluidized bed and
should immediately ensure good mixing between fuel and
OC. However, the experiments do not confirm this as-
sumption. For this reason, a comparison of two

experimental setups should provide additional informa-
tion. For this purpose, braunite as OC, softwood pellets
as fuel, and 5 kg/h steam fluidization were selected. The
first experimental setup with the long fuel pipe involves
an increase of the nitrogen flushing of the fuel transport
system. The aim is by increasing the nitrogen flow rate
from 15 to 25, 35, and 45 Nl/min to increase the mixing
of fuel and OC. For the second part of the experiment, the
shorter fuel tube replaces the previous one, both shown in
Fig. 2. The 790 mm long tube ends just above the fluid-
ized bed surface. For the purpose of comparison, the ni-
trogen purging is also increased gradually. Fig. 9 shows
the calculated performance parameters of the two experi-
mental setups.

For the long fuel pipe, the fuel conversion rate in-
creases with the volume flow of nitrogen. The CO2 selec-
tivity also increase from 15 to 25 Nl/min nitrogen and
then remained constant. Both performance parameters
reach the level of the second experiment with higher
flushing rates. The tests with the shorter pipe show hardly
any deviation by applying different nitrogen purging and
have consistently high performance. The only runaway
value is the fuel conversion rate with 35 Nl/min nitrogen.
This experimental point was executed at a later stage.
Although there was no further change to the operation
conditions, than using fresh braunite, the high carbon con-
version rates were not reached anymore. However, a pos-
sible activation of the OC over experimental time is not
considered in these assumptions. The CO2 selectivity still
reached the same values compared to the other
experiments.

In general, the outcome proves that the long fuel pipe has
no positive effect on mixing or fuel conversion. Quite the
contrary, a negative effect is indicated by the lower carbon
conversion and CO2 selectivity. One assumption that could
be made is that floating of the pellets in the long fuel pipe
occurs. Due to the low density of the pellets in contrast to
the OC particles, the softwood pellets float in the pipe (see
Fig. 10). This results in gasification of the fuel without suffi-
cient oxygen supply for combustion. Only with a higher N2

purge, the fuel is able to leave the fuel tube without restrictions
and enables more contact between fuel and OC. In the case of
the shorter fuel pipe, there are no restrictions and high perfor-
mances are reached already with low purging rates of N2.

Table 4 Results of the variation
of steam fluidization, bed
temperature, and oxygen carrier,
including the carbon conversions
rate XC and the CO2 selectivity
SCO2

Starting conditions Change of parameter

5 kg/h, 950 °C, braunite Steam to 3.5 kg/h Temperature to 900 °C OC to ilmenite

XC 87.4 71.3 81.8 79.7

SCO2 72.4 57.4 66.4 46.8
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4.4 Influence of fuel type

After optimizing the fuel feeding system, the interaction of
different fuels with an OC was investigated. The used biogen-
ic fuels are softwood, bark, chicken manure, and lignite as a
fossil reference fuel. The shape, size, and consistency of the
fuels have a big influence on the feeding system. The wood
pellets, for example, are characterized by high stability and
resistance to fragmentation. This leads to a higher deviation
of the amount of fuel transported to the reactor, because the
screw conveyor has to crush some of the bigger pellets. The
chicken manure and bark pellets, on the other hand, are softer
and show less variation in fuel quantity. After leaving the
screw conveyor, the chickenmanure pellets have an extremely
crumble consistency, which can improve the combustion re-
action due to the increased surface area. The brittle structure of
lignite is the only one of the four fuels that cause the formation
of fine dust. Each fuel is examined at fluidizations with steam

of 3, 5, and 7 kg/h, at a temperature of 950 °C. Per cycle, the
screw conveyor transports 9.7 g of fuel into the fluidized bed
with a quantity of 2.6 kg of braunite. Figure 11 shows the
results of the tests performed, represented by their CO2 selec-
tivity and yield of CO2. The diagram shows that the fossil fuel
achieves the highest CO2 selectivity. The experiments with
biogenic fuels result in 5–10% lower values in that order:
bark, chicken manure, and softwood. This is consistent with
the amount of volatiles in the fuels (see Table 1). Lower
amounts of volatiles mean a better ratio to OC and CLOU-
oxygen. The comparison of the CO2 yields confirms that the
performance of lignite has not been outstanding. Due to the
low volatile content of coal, a higher proportion of coke was
formed. For the other fuels, part of the larger quantity of vol-
atiles was not fully converted. This resulted in high concen-
trations of CO and CH4. Another influence factor was the
structure of the fuels (Fig. 12), which can be analyzed by
comparing bark and softwood. Both fuels have a similar fuel
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composition, but the softer consistency of the bark pellets
results in higher combustion rates. Interesting conclusions
can be drawn by looking at the amount of steam. Softwood
pellets show an increasing CO2 selectivity and yield with the
amount of steam. It can be assumed that gasification and de-
composition of the stable structure of the softwood pellets
occur faster with higher fluidization. Lignite, on the other
hand, shows an opposite trend, possibly due to the discharge
of fine coal dust with higher steam fluidization. Bark and
chicken manure show hardly any variation over the increase
in steam quantity.

5 Conclusion and outlook

In this study, a lab-scale reactor was tested regarding the in-
vestigation of OC used in the solid CLC technology. In more
than 100 h of experimental time, the reactor has been exten-
sively tested and the following conclusions could be drawn:

& It was proven that the reactor is equipped with a work-
ing sampling system, which can extract representative
and nonselective samples during the experiments.
Through the sampling system, the oxidation state and
oxygen loading of the OC could be identified at any
experimental point, representative for the entire filling
of the reactor.

& A method was developed to calculate important pa-
rameters, namely, carbon conversion rate, CO2 selec-
tivity, and CO2 yield, for assessing a transient ex-
perimental setup.

& The choice of OC has a significant impact on the perfor-
mance of the CLC process. In this setup, with only brief
contact between volatiles and OC, CLOU-OC are more
suitable.

& The fuel feeding system could be improved by dropping
the fuel on the fluidized bed instead of infusing it directly.
This led to an improvement of fuel conversion and CO2

selectivity.
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& Four different fuels were tested regarding their ability to
be combusted using braunite as OC. Although the fossil
lignite showed the highest numbers, biomass was not far
away. The structure, consistence, and volatile content of
the fuel could be identified as the most impactful proper-
ties besides interaction between fuel and OC.

In further work, a special focus should be laid on testing
more different OC. The properties of the oxygen carriers
should be investigated in more detail in order to be able to
predict the operation in continuous larger plants. Thereby, a
specific method of investigating the solid samples of the reac-
tor should be developed as well. Particularly important will be
the content of ash and coke residues in the solid sample as well
as an exact and faster determination of the oxidation state and
oxygen loading.
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