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Abstract Steam gasification of solid biomass in dual fluid-
ized bed systems is a suitable technology for the production of
chemicals, fuels for transportation, electricity, and district
heating. Interaction between biomass ash and bed material
leads to the development of Ca-rich bed particle layers.
Furthermore, incomplete decomposition of biomass leads to
the formation of tar components; among these are stable inter-
mediate products such as 1H-indene and stable gaseous hy-
drocarbons such as methane. In this work, the influence of bed
particle layers on the conversion of intermediate products such
as 1H-indene and methane via steam reforming was investi-
gated by conducting experiments in a lab-scale test rig.
Satisfying conversion of 1H-indene into gaseous molecules
(e.g., CO, CO2, H2) was achieved with used, layered olivine,
whereas fresh olivine showed significantly poorer perfor-
mance. Since steam reforming was connected to the water-
gas-shift reaction for the tested hydrocarbons, investigations
regarding carbon monoxide conversion in the presence of
steam were conducted as well. Furthermore, a comparison of
the influence of fresh and used bed material concerning the
conversion of methane is presented, showing that methane is
not affected by the bed material, independent of the presence
of particle layers.
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1 Introduction

The utilization of renewable energy carriers to substitute for
fossil fuels plays an important role in meeting the worldwide
aim to reduce greenhouse gas emissions, but requires innova-
tive and efficient technologies. Climate change is partially a
consequence of the combustion of fossil resources, and rising
awareness of global warming has increased the necessity of
developing Bgreen technologies.^ Biomass is the only renew-
able carbon source usable as a CO2-neutral feedstock for py-
rolysis, combustion, or gasification [1].

A dual fluid bed (DFB) gasification system was developed
by the Vienna University of Technology, where the solid feed-
stock is transformed into a gaseous secondary energy carrier.
Endothermic gasification and exothermic combustion are con-
ducted in two separate reactors with the bed material circulat-
ing between those two reactors. This bed material acts both as
a heat carrier and catalyst, as described in more detail in Sect.
2.1. While air is used for the fast fluidized bed in the combus-
tion reactor, the gasifier is fluidized with steam. As a conse-
quence, the product gas from this specific gasification is prac-
tically free of nitrogen and can be further used as a valuable
synthesis gas for the production of a variety of different end
products [2]. Examples of such products are bio-methane [3,
4], Fischer-Tropsch bio-diesel [5, 6], pure hydrogen [7–9], or
mixed alcohols [10]. Therefore, this technology is also re-
ferred to as polygeneration. This flexibility of the process
allows it to quickly react to changes in the energy market.

This technology has been successfully used in industrial-
scale power plants since 2001. In Güssing, Austria, the first
power plant started operation with a fuel power of 8 MWth.
Further, power plants using the same DFB setup are under
operation in Oberwart, Austria (fuel power of 8.5 MWth),
Senden, close to Ulm, Germany (fuel power of 16 MWth),
and Gothenburg, Sweden (fuel power of 30 MWth). A new
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generation of DFB gasification is currently being developed at
the Vienna University of Technology. A new design of the
gasification unit increases the contact between the catalytical-
ly active bed material and gas released from the biomass feed-
stock [11–13].

Gas released from biomass feedstock contains heavier hy-
drocarbons, which are also referred to as tars. These tars are
primarily produced in the pyrolysis stage due to breakage of
the three main constituents of biomass: cellulose, hemicellu-
lose, and lignin. As a result, primary tars, such as phenol and
creosol, are formed. At temperatures above 500 °C, these pri-
mary tars recombine into heavier molecules, referred to as
secondary tars. A further temperature increase leads to the
destruction of primary and secondary tars, resulting in the
production of tertiary tars, such as naphthalene or pyrene.
These are highly undesirable by-products when they condense
in downstream equipment [14]. Therefore, reducing these
compounds is necessary to obtain a valuable product gas.

The mechanism behind tar decomposition has been inves-
tigated in the past [15–17]. Figure 1 shows the decomposition
mechanism of naphthalene [15]. As it can be seen, stable
intermediate products, such as 1H-indene, toluene, and ben-
zene, are formed, which have to be further converted to pro-
duce small gaseous molecules. The reactivity of 1H-indene
has not been addressed in the literature so far. A comparison
of one-ring and poly-ring hydrocarbons has been published
[18]. Furthermore, the conversion of toluene has been inves-
tigated [19–21]. The typical gaseous products that form during
biomass steam gasification are carbonmonoxide (CO), hydro-
gen (H2), methane (CH4), and carbon dioxide (CO2). In lesser
amounts, the product gas also contains larger molecules, such
as ethene (C2H4). The molecules CO, H2, and CO2 are the
result of steam reforming reactions and the water-gas shift
reaction, which is explained in more depth in Sect. 2.3. The
occurrence of CH4 is most likely a consequence of both direct
release from solid biomass feedstock [22] and the decompo-
sition of heavier hydrocarbons [23].

Tar measurements from industrial-scale gasification power
plants in Oberwart, conducted in earlier projects, and in
Senden have shown notable differences regarding the distri-
bution of tar components. The results from the power plant in
Senden show significantly higher values of 1H-indene. A
scrubber unit operated with rapeseed methyl ester (RME) is
used for gas cleaning. Since the scrubber has a significantly
lower separation efficiency for intermediate products, such as
1H-indene, than for heavier poly-cyclic hydrocarbons, as pre-
viously described [24], theymight cause operational problems
in downstream equipment due to condensation and the build-
up of deposits. As a result, intermediate products such as 1H-
indene from tar decomposition are highly undesirable.

As explained above, the conversion of tars into smaller
gaseous molecules can be achieved through steam
reforming reactions, since steam is used as the fluidization

medium in the gasifier. These reactions take place in the
presence of a catalyst, which is the bed material, the ash,
and additives in the case of the DFB process. The behav-
ior of this inorganic matter in DFB gasification has been
described by Kirnbauer et al. [25].

Through interactions between biomass ash and bed mate-
rials in the fluidized bed, the formation of calcium-rich layers
on bed particles can occur during combustion [26] as well as
for olivine particles in gasification [27]. Interactions between
ash components and the bed material have different conse-
quences. The formation of layers on bed particles can result
in agglomeration, slagging, and deposit buildup [25, 28–32].
However, calcium-rich layers have shown a significant in-
crease of the catalytic activity of bed particles [33–36] and
are therefore highly desirable for gasification processes.
Consequently, layer formation on bed particles has both pos-
itive and negative impacts on the gasification process.

In this work, lab-scale experiments were conducted to
investigate the influence of calcium-rich bed particle coat-
ings on the conversion of the intermediate tar decomposi-
tion products 1H-indene and methane. Thus, the catalytic
activity of fresh and used, layered particles were com-
pared to each other. Since the water-gas-shift reaction is
linked to steam reforming of the investigated compounds
and occurred as follow-up reaction, carbon conversion in
the presence of steam was also addressed. In addition,
experiments concerning the conversion of methane were
performed to understand how the product gas composition
can be influenced in situ with layered bed material.
Understanding the catalytic activity of layered bed mate-
rial regarding intermediates from tar decomposition offers
the possibility of identifying indicator components for in-
complete transformation, which can be caused by, e.g.,
problems with fuel mixing. Components which should
be transformed in the presence of the bed material, but
are still present in the product gas, are such indicator
components.

These tests are follow-up experiments from previous work,
where the influence of such coatings was investigated for
steam reforming of toluene and C2H4 [34]. Both publications
together give a comprehensive overview of the influence of
calcium-rich bed particle layers on the reduction of tars and
the product gas composition.

2 Materials and methods

2.1 Description of the dual fluid bed steam gasification
of biomass

The DFB power plant in Senden has a fuel power of 16 MWth

and uses logging residues as feedstock. A detailed description
of the feedstock was provided in a previous work [30].
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Figure 2 shows the flow sheet of the DFB gasification
process as it occurs in the power plant in Senden,
Germany. A screw conveyer system transports solid

feedstock into the bubbling fluidized bed of the gasifier.
Therefore, volatile matter released from the biomass
comes immediately into contact with the catalytically

Fig. 1 Decomposition mechanism of naphthalene as proposed by Devi et al. [15] (adapted)
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active bed material. Olivine is currently used as the bed
material in all industrial power plants.

Gasification is conducted at a bed temperature of around
850 °C using steam as the gasifying agent. Calcium oxide is
brought into the gasifier as an additive to further increase the
catalytic activity toward tar reduction. Part of the biomass char
enters into the combustion reactor via a chute where air is used
as the fluidizing agent and combustion is performed at tem-
peratures up to 930 °C. After the combustion reactor, bed
particles are separated from the flue gas stream in a cyclone
and transported back to the gasifier, thus providing the heat for
gasification. Flue gas passes through a post-combustion
chamber to ensure complete oxidation of the combustible
compounds before it is cooled down in heat exchangers.
Fine ash is separated from the gas stream in a flue gas filter
and is removed from the system.

As a result of this separation of gasification and combus-
tion, the valuable product gas is not mixed with the flue gas.
The product gas is cooled down in a series of heat exchangers
and cleaned after leaving the gasifier. Particles are separated
from the gas stream in the product gas filter, and tars and water

are removed in the product gas scrubber. RME is used as the
solvent for tars in the scrubber. After the scrubber unit, the
clean product gas is then available for further usage. In the
power plant in Senden, the product gas is used as fuel for two
gas engines, resulting in the generation of electricity and dis-
trict heating.

Fresh olivine samples were collected on site before start-up
of the power plant. Used olivine samples were gathered during
steady state operation from the bottom of the combustion re-
actor, as shown in Fig. 2. Samples were collected from four
different days of operation.

2.2 Bed materials

To investigate the catalytic activity of bed particle coatings
regarding the conversion of the compounds, fresh and used
olivine samples were compared to each other. Fresh olivine
was pretreated by calcination at 1200 °C. The detailed proce-
dure of such a pretreatment has been previously described [37,
38]. The consequences of pretreatment itself regarding the
catalytic activity of the material were not part of this work

Fig. 2 Flow sheet of the DFB gasification plant in Senden
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and will therefore not be discussed further. An image from
analysis in a scanning electronmicroscope (SEM) from a used
olivine particle with a Ca-rich layer is shown in Fig. 3. As it
can be seen, the surface is covered by the layer. Thus, the
particle layer can be understood as catalytic coating on the
olivine particle, which has the role of a support material.
Detailed information on the interaction between olivine and
biomass leading to such a layer has been presented by
Kirnbauer et al. [27, 39].

Both olivine samples were compared to two benchmark
materials. First, feldspar was used as a non-active inert mate-
rial which does not influence the reactions. Second, calcium
oxide (CaO) was used as natural material with high catalytic
activity. Since the particle layers on olivine are Ca-rich, pure
CaO serves as a benchmark for the highest activity due to
active sites in the Ca-rich layer.

Bed material samples were sieved into a fraction of 400–
800 μm to obtain comparable results. This was realized by
first sieving the materials into three separate fractions, namely,
400–500, 500–630, and 630–800 μm. Then, 3.33 g was taken
from each fraction and mixed together, resulting in samples
with similar particle diameters. These samples were used for
further investigations.

2.3 Test reactions

Experiments were conducted to determine the catalytic activ-
ity of the bed materials toward the conversion of hydrocar-
bons. Three reactions, which are relevant in gasification, will
be discussed in detail.

The intermediate tar decomposition product 1H-indene
was examined in detail. In-bed transformation of 1H-
indene was investigated in lab-scale tests using the bed
materials described above. On that account, steam
reforming of 1H-indene was investigated, based on the
following reaction formula:

C9H8 þ 9H2O↔9COþ 13H2

However, excess steamwas used, resulting in input streams
of 8.2 cm3h−1 of 1H-indene and a corresponding steam flow
of 22.7 gh−1. All gas volumes of the input streams were mea-
sured at standard conditions of 101.3 kPa and 273.15 K. The
desired carrier flow stream for the evaporators was nitrogen
(N2) with volumetric flow rates of 1.5 × 10−3 m3 h−1 for the
water evaporator and 1.0 × 10−3 m3 h−1 for the 1H-indene
evaporator, respectively. Experiments with 1H-indene were
performed for a temperature of 800 °C. This temperature
was chosen, based on findings from previous work conducted
by Kirnbauer et al. [40], where 800 °C was identified as the
optimal operation temperature regarding the reduction of tars.

Since steam reforming of investigated hydrocarbons in this
and previous work [34] was coupled with the water-gas-shift
reaction, the influence of particle layers solely regarding this
follow-up reaction was also addressed in this work to give a
comprehensive overview:

COþ H2O↔CO2 þ H2

For these tests, the chosen volumetric flow rate of CO was
1.5 × 10−2 m3 h−1 and the corresponding mass flow rate of
H2O was 12.05 gh−1. The carrier gas for the steam generator
was N2, with the same volumetric flow rate as that of CO.
Thus, an input concentration of CO of 50 % based on the
dry gas volume (CO and N2) into the reactor was supplied.
The water-gas-shift reaction was also addressed in previous
work [34]; however, since it occurs as follow-up reaction in
steam reforming of hydrocarbons, results are also shown in
the present work to address the complete reaction path.

Furthermore, tests were conducted to investigate the trans-
formation of CH4 by steam reforming with fresh and used,
layered olivine. As a result, the influence of the increased
catalytic activity of Ca-rich layers on transformation of CH4,
and therefore on the product gas composition was examined.

CH4 þ H2O↔COþ 3H2

For the experiments, a volumetric flow rate of CH4 was
1.1 × 10−2 m3 h−1 and a corresponding mass flow rate of
H2O of 17 gh−1 were applied. The carrier gas flow stream
for the steam generator was N2 with the same volumetric flow
rate as that of CO. Therefore, the input flow rates supplied an
input concentration of CH4 of 50 % based on dry gas volume
(CH4 and N2) into the reactor.

2.4 Lab-scale test rig for catalytic measurements

Figure 4 shows a flow chart of the employed test rig. The
model tar component 1H-indene (Fig. 4(1)) was introduced
in liquid state via a syringe pump. The liquid was pushed into
an evaporator where complete transformation of 1H-indene
into the gaseous state was achieved. The evaporator was op-
erated at a temperature of 220 °C. A carrier gas stream wasFig. 3 SEM image of a used, layered, olivine particle
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brought into the evaporator to drag the evaporated tar
compound to the reactor zone. Nitrogen was used as the
carrier gas for all experiments, since it is inert and there-
fore does not interfere with the reactions to a noteworthy
extent but merely dilutes the produced gas. Demineralized
water (Fig. 4(2)) was transported separately to the reactor
zone. Pressurized N2 pushed the water from a reservoir
through a liquid mass flow controller. Then, it was
brought to a controlled evaporator mixer (CEM) from
Bronkhorst, where it was mixed with a carrier gas. The
evaporator was operated at a temperature of 135 °C.
Nitrogen was used as the carrier gas, analogous to the
model tar carrier gas stream. A mixture of water and the
carrier gas was either led directly to the reactor zone or
switched to a bypass. All pipes leading to the reactor were
trace heated to 200 °C to avoid premature condensation.

It is possible to introduce up to six different gases (Fig. 4
(3)) into the reactor simultaneously. The gas streams were
introduced via mass flow controllers (MFCs). All gas streams
could be separately switched to bypass or led to the reactor
zone. Bypass mode was used to calibrate the measurement
equipment and ensure its functionality. Calibration was con-
ducted by the certified Test Laboratory for Combustion
Systems of the Vienna University of Technology.

Figure 5 shows a more detailed scheme of the reactor part.
A quartz glass tube with an inner diameter of 1.0 cm and an
outer diameter of 1.2 cm was used as the reactor. Bed material
particles of around 10 g were inserted as a fixed bed, resulting
in a bed height of about 7.4 cm. Quartz wool inside the quartz

Fig. 4 Flow sheet of the lab-scale test rig for catalytic measurements

Fig. 5 Scheme of the reactor part
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glass reactor held the particles in position. Gas streamed
downward from top to bottom during the experiments. A
heating furnace was placed around the quartz glass reac-
tor, and a thermocouple continuously measured and con-
trolled the bed temperature inside. A second thermocouple
was placed outside the quartz glass reactor which contin-
uously measured the wall temperature of the reactor out-
side of the fixed bed. This second thermocouple was used
to constantly check the functionality of the thermocouple
inside the reactor. When an increasing offset of the tem-
perature measurement inside the reactor was observed, the
experiment was stopped and the thermocouple was
cleaned before starting again. Temperatures between 750
and 850 °C were investigated in this work. The tempera-
ture was continuously controlled, and therefore, constant
temperature levels were ensured throughout the experi-
ments. Quartz wool was installed as insulation outside
of the reactor to reduce heat losses during operation.

Gas leaving the reactor was led through two impinger bot-
tles, which were connected in series and were placed inside a
cryostat. The cryostat was kept at a temperature of 0.1 °C. The
exact procedure of tar sampling and measurement is explained
in more depth in Sect. 2.5.

After the cryostat, a Liebig cooler was installed as a secu-
rity measure to protect the measurement equipment in case of
failure of the cryostat. The cooling medium of the Liebig
cooler was also kept at a temperature of 0.1 °C. Condensed
liquid phases were collected in a reservoir. The gas streamwas
then led to the measurement station, which consisted of a five-
component Rosemount NGA 2000 online gas analyzer and an
automatic data recording unit. Measurement of CO, CO2,
CH4, H2, and O2 was carried out by the online analyzer, and
data were recorded every 10 s. Before the off-gas was finally
released through a vent, the volume flow was measured by a
gas meter.

Experiments were conducted until a constant composition
of the produced gas was observed. Afterwards, steady state
operation was carried out for 30min. Values for the evaluation
of the catalytic activity were taken from steady state operation.
Each experiment was repeated three times to ensure reproduc-
ibility of the results.

2.5 Tar sampling and measurement

Tar sampling from the lab-scale test rig was inspired by the Tar
Sampling Guidelines [41], but was adapted for the apparatus.
Figure 6 shows the setup as it was installed in the test rig. Gas
was led through two consecutive impinger bottles in bypass
mode at all times. The impinger bottles were filled with tolu-
ene as the solvent instead of a mixture of dry ice with
isopropanol as suggested in the guidelines, since measuring
1H-indene was the primary goal. Time-defined tar sampling
was performed by switching to two separate bottles, when a

constant composition was measured for the produced gas.
Time-defined tar sampling was conducted for 30 min. Pipes
connecting the reactor outlet and the inlet to the bottles were
constantly trace heated to a temperature of 200 °C to avoid
losses through condensation.

Measurement of collected tar samples was performed by
the certified Test Laboratory for Combustion Systems at the
Vienna University of Technology using a GC/MS to identify
single tar components.

3 Results

3.1 Catalytic activity of bed material particles

The influence of catalytic activity regarding the transforma-
tion of 1H-indene is presented. Conversion of 1H-indene at
800 °C in the presence of different bed materials is shown in
Fig. 7. Feldspar did not show noteworthy catalytic activity.

Fig. 6 Setup of the tar measurement unit in the lab-scale test rig

Fig. 7 Conversion of 1H-indene during steam reforming at 800 °C
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Fresh olivine reached more than 20 % conversion; however,
this was significantly less than used, layered olivine which
converted more than 70 % of 1H-indene. Almost complete
conversion could be achieved when using the benchmark ma-
terial CaO.

Table 1 shows the dry gas composition (CO, CO2, CH4,
H2) of steam reforming of 1H-indene performed with the dif-
ferent bed materials. Moreover, the carrier gas N2 is not in-
cluded in the composition. The H2 composition rose with
increasing catalytic activity. Materials with lower catalytic ac-
tivity, such as feldspar and fresh olivine, showed significantly
higher selectivity toward CO compared to CO2. In compari-
son, for used olivine and CaO, which possess higher catalytic
activity, increased amounts of CO2 compared to CO were
observed. The amounts of CH4 were close to the detection
limit for all investigated samples.

Tar measurements during the experiments with the lab-
scale test rig showed the presence of chrysene, a heavier
poly-cyclic hydrocarbon. This polymerization, as described
in Fig. 1, was observed during all test runs. The results are
presented in Table 2. Increasing catalytic activity led to de-
creasing polymerization of 1H-indene. The amounts of chrys-
ene were close to the detection limit when CaO was used as
the catalyst.

Part of the CO produced during steam reforming reacts
further with steam to form CO2, and H2. This water-gas-shift
reaction occurred as a follow-up reaction to the investigated
steam reforming reaction. Figure 8 shows the conversion of
CO from separate experiments (see Sect. 2.3) at temperatures
from 750 to 850 °C using feldspar, fresh, and used olivine as
well as CaO. In those experiments, the water-gas-shift reaction
was investigated isolated from any other reactions. Analogous
to the steam reforming of 1H-indene, feldspar did not show
any catalytic activity. Used olivine achieved significantly
higher conversion of CO than fresh olivine. The equilibrium
of the reaction was almost reached when the benchmark ma-
terial CaO was used as the catalyst.

Steam reforming of methane was conducted using both
fresh and used olivine according to the description in Sect.
2.3. In addition, the temperature dependency was investigated
by conducting the experiments at 750, 800, and 850 °C. The
conversion ofmethane is displayed in Fig. 9. As it can be seen,
only minimal conversion of methane was achieved with both

materials. Fresh olivine did not show significant catalytic ac-
tivity, and the coating of the used olivine did not increase it
either. Increasing the temperature from 750 up to 850 °C pro-
moted the conversion of CH4 by less than 1 % and was still
less than 2 % for both materials.

4 Discussion

In tar measurements from the DFB gasification of woody
biomass, naphthalene is one of the major components [33].
Therefore, in this work, decomposition is discussed using
naphthalene as a model compound for biomass tars. The de-
composition mechanism of naphthalene, as described by Devi
et al. [15] and presented in Fig. 1, shows that 1H-indene is a
stable intermediate compound. Therefore, the detection of in-
creased amounts of 1H-indene at the power plant in Senden
could be explained by incomplete conversion of heavier hy-
drocarbons into smaller gaseous molecules. Lab-scale tests
were conducted to clarify the catalytic activity of the normally
used bed material, which is olivine. Steam reforming of 1H-
indene is only possible in the presence of a catalyst, since no
conversion was observed when feldspar was used. Fresh oliv-
ine did show higher catalytic activity; however, on average
only 24 % of 1H-indene was converted. Analogous to exper-
iments conducted in a previous work using other hydrocar-
bons, such as toluene and C2H4 [34], the calcium-rich bed
particle coating of used olivine led to a significant increase
in its catalytic activity. 1H-indene conversion of more than
70 % was achieved during these experiments. Pure CaO used
as the benchmark showed conversion of almost 100 %. As a
consequence, it can be stated that the bed material, once it is in

Table 1 Dry gas composition of 1H-indene steam reforming at 800 °C

CO CO2 CH4 H2

Average gas composition (%)

Feldspar 22.0 5.7 0.4 71.9

Fresh olivine 15.8 9.6 0.2 74.4

Used olivine 6.0 18.5 0.5 75.0

CaO 3.1 18.8 0.2 77.9

Fig. 8 Carbon monoxide conversion during the water-gas-shift reaction

Table 2 Polymerization of 1H-indene to chrysene at 800 °C

Feldspar Fresh olivine Used olivine CaO
(%) of total input

Chrysene 2.1 1.9 1.1 0.2

+/− 0.3 +/− 0.4 +/−0.2 +/− 0.1
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its active state with a calcium-rich coating, acts as an effective
catalyst regarding the conversion of 1H-indene. If this active
state is reached, ensuring sufficient contact time between tars
and catalyst due to uniform mixing of solid biomass and bed
material in the fluidized bed leads to decreasing amounts of
intermediate tar decomposition products. The higher catalytic
activity of the material leads to increased amounts of CO2

compared to CO. This is most likely a consequence of the
water-gas-shift reaction, which occurs as a follow-up reaction.

Polymerization of 1H-indene and as a result of the produc-
tion of chrysene was observed during the lab-scale trials. The
mechanism underpinning this recreation of five-membered to
six-membered ring structures was investigated in detail by Lu
andMulholland [42]. It was found that the formation of chrys-
ene is one possible outcome of aromatic hydrocarbon growth
from 1H-indene. The lab-scale experiments conducted in the
present study showed that the higher the catalytic activity of
the bed material, the lower the formation of chrysene. Since
higher amounts of 1H-indene are converted into smaller mol-
ecules, less 1H-indene is available for the polymerization step.
Therefore, the recreation of intermediate tar decomposition
products into heavier poly-cyclic molecules can be prevented
in the presence of a catalyst.

The water-gas-shift reaction, which occurred as a follow-
up reaction in the steam reforming of 1H-indene, was inves-
tigated in more depth. As shown in Fig. 8, this reaction also
needs the presence of a catalyst, since feldspar did not lead to
any conversion of CO. Similar to the findings for 1H-indene,
used olivine showed increased catalytic activity compared to
fresh olivine. Therefore, calcium-rich bed particle coatings
also have a significant influence on the water-gas-shift reac-
tion. Pure CaO showed the highest activity of the investigated
materials and almost reached the equilibrium of the reaction,
demonstrating the essential role of Ca in the bed particle coat-
ing. The findings discussed above strengthen the importance
of sufficient contact time between coated (activated, used) bed
particles and volatile matter from the biomass feedstock.

The typical product gas composition of the DFB gasifier
shows the presence of 8–12%methane, depending on the bed
temperature [40]. Figure 9 shows that neither fresh nor used

olivine possesses high enough catalytic activity for notewor-
thy conversion of methane. Methane is, therefore, the only
hydrocarbon investigated so far that is stable enough to with-
stand significant catalytic conversion in the presence of bed
materials coated with a calcium-rich layer. Due to the stability
of the methane molecule, only specific catalysts reduce the
activation energy enough to enable the steam reforming pro-
cess (e.g., Ni catalysts). This is of relevance when using DFB
gasification for the production of bio-CH4, where the presence
of methane in the product gas is desired. Furthermore, it
shows that there is not necessarily a causal correlation be-
tween the amount of methane and the amount of tar in the
product gas, since tar is highly influenced by bed particle
coatings in contrast to methane. Using methane as measurable
tar indication compound during operation of an industrial
power plant has therefore to be treated with caution until
deeper understanding of reaction pathways is gained. In addi-
tion, a minor influence of the temperature was observed be-
tween 750 and 850 °C in comparison to the water-gas-shift
reaction, where the temperature had a significantly greater
influence.

CaO showed the best performance of the bed materials
tested; however, a high attrition rate hinders its use as a bed
material.

The collective results of these and previous investigations
[33, 35, 36, 40] provide insight into the influence of calcium-
rich bed particle coatings regarding the conversion of different
hydrocarbons.

5 Conclusion

Based on these investigations, the following conclusions can
be drawn:

1.The bed material has to be in its active state, which is
achieved through the development of Ca-rich layers originat-
ing from interactions with biomass ash, to obtain satisfactory
conversion of 1H-indene. Sufficient contact time between the
catalytically active bed material and tars must be ensured.

2.Steam reforming of 1H-indene is linked to the water-gas-
shift reaction. As a result, part of the CO produced during
steam reforming is further converted into H2 and CO2 in the
presence of H2O. Analogous to the findings for 1H-indene,
Ca-rich layers have a significant influence on the conversion
of CO in the water-gas-shift reaction.

3.The increase of the catalytic activity of the bed material
caused by the formation of Ca-rich layers does not affect the
conversion of methane through steam reforming to a notewor-
thy extent. Due to the stability of the methane molecule, the
increased activity is still too low to enable conversion under
the investigated conditions.

In conclusion, understanding the influence of bed particle
layers on the decomposition and conversion of hydrocarbons

Fig. 9 Methane conversion during steam reforming
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is essential for stable and reliable operation and to obtain a
specific product gas composition.
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