
lable at ScienceDirect

Energy 173 (2019) 1256e1272
Contents lists avai
Energy

journal homepage: www.elsevier .com/locate/energy
Dual fluidized bed steam gasification: Change of product gas quality
along the reactor height

A.M. Mauerhofer*, J.C. Schmid, F. Benedikt, J. Fuchs, S. Müller, H. Hofbauer
Institute of Chemical, Environmental and Bioscience Engineering, TU Wien, 1060, Vienna, Austria
a r t i c l e i n f o

Article history:
Received 8 October 2018
Received in revised form
8 January 2019
Accepted 3 February 2019
Available online 11 February 2019

Keywords:
Dual fluidized bed
Gasification
Counter-current column
Combustion
Gas-solid interaction
Tar destruction
* Corresponding author.
E-mail addresses: anna.mauerhofer@tuwien.ac.at

schmid@tuwien.ac.at (J.C. Schmid), florian.benedikt
josef.fuchs@tuwien.ac.at (J. Fuchs), stefan.mueller@
hermann.hofbauer@tuwien.ac.at (H. Hofbauer).

https://doi.org/10.1016/j.energy.2019.02.025
0360-5442/© 2019 The Authors. Published by Elsevie
a b s t r a c t

The impact of the counter-current column of the gasification reactor of a 100 kWth dual fluidized bed
steam gasification pilot plant on the product gas quality was investigated. Through the advanced design
of the gasification reactor by operating the lower part as bubbling bed and the upper part as counter-
current column, the gas-solid interactions between downward flowing hot bed material particles with
upwards flowing product gas could be enhanced. This was realized by equipping the counter-current
column with constrictions, which increase the residence time and the bed material hold-up. Thus, the
conversion efficiency of the fuel including the tar was improved. For the investigations three different
experimental campaigns converting softwood pellets using a mixture of olivine and limestone (50/
50wt.-%), a mixture of feldspar and limestone (50/50wt.-%), and 100wt.-% quartz as bed materials were
conducted. Higher H2 contents and lower contents of higher hydrocarbons could be detected along the
height of the counter-current column. Especially heavy tar compounds could be reduced significantly.
These two effects are explained by enhanced water gas shift and steam reforming reactions. In case of
catalytically inactive quartz, only thermal effects are available and therefore lower effects on tar
reduction could be obtained.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The forecast of an increase of the global energy demand up to
70% as well as a raise of carbon dioxide (CO2) emissions up to 60% in
2050 compared to 2011, drives the research on renewable energy
systems and technologies to a huge extent [1]. Due to the fact, that
today's energy demand is mainly covered by fossil fuels worldwide
high greenhouse gas emissions are released [2]. To reduce the
release of greenhouse emissions and to mitigate the negative ef-
fects on the climate change, the amount of renewables in our en-
ergy system has to be increased. Therefore, research and
implementation of sustainable production processes of biogenic
feedstocks are becoming more and more relevant. One way of a
sustainable, environmental-friendly production presents the
thermo-chemical conversion. The thermo-chemical conversion
process “gasification” converts solid feedstocks into a valuable
product gas. Especially, the dual fluidized bed (DFB) steam
(A.M. Mauerhofer), johannes.
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gasification has a great potential in this respect and is, therefore, a
main research topic at TU Wien since many years. In Figs. 1 and 2,
the basic principles of the dual fluidized bed steam gasification are
shown.

The DFB “classic” steam gasification (Fig. 1) is composed of two
reactors, a gasification reactor (GR; blue rectangle) and a combus-
tion reactor (CR; red rectangle). These two reactors are connected
through loop seals. A bed material circulates between the GR and
CR. This bed material serves as a heat carrier from the combustion
reactor to the gasification reactor to enable the endothermic steam
gasification. In the “classic” design, devolatilization and gasification
reactions between 750 and 850 �C take place.

The “advanced” gasification reactor (Fig. 2) is divided into two
parts: i) a lower part with the devolatilization and gasification
process at temperatures of around 750e850 �C and ii) an upper
part, where reforming and tar cracking reactions at temperatures of
around 900e970 �C take place. In the gasification reactor, a high
valuable product gas is generated. Conversely, in the combustion
reactor a flue gas is produced in an oxidizing atmosphere at tem-
peratures of around 900e1000 �C. The use of steam as fluidization
agent in the gasification reactor enables to generate a nitrogen-free
product gas, which is mainly composed of hydrogen (H2), carbon
monoxide (CO), CO2, methane (CH4), ethylene (C2H4), and other
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
mailto:anna.mauerhofer@tuwien.ac.at
mailto:johannes.schmid@tuwien.ac.at
mailto:johannes.schmid@tuwien.ac.at
mailto:florian.benedikt@tuwien.ac.at
mailto:josef.fuchs@tuwien.ac.at
mailto:stefan.mueller@tuwien.ac.atand
mailto:hermann.hofbauer@tuwien.ac.at
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2019.02.025&domain=pdf
www.sciencedirect.com/science/journal/03605442
http://www.elsevier.com/locate/energy
https://doi.org/10.1016/j.energy.2019.02.025
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.energy.2019.02.025
https://doi.org/10.1016/j.energy.2019.02.025


Fig. 1. Fundamental principle of the classic dual fluidized bed steam gasification.

Fig. 2. Fundamental principle of the advanced dual fluidized bed steam gasification.
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minor components. On the one hand, the product gas can be used
for generation of heat and electricity [3]. On the other hand, the
product gas can also be applied in different synthesis to produce
fuels such as FT-fuels or chemicals like mixed alcohols [4].
In the 19900s, the dual fluidized bed steam gasification was
developed successfully with the construction of a 100 kWth pilot
plant at TU Wien [5]. Between 2002 and 2014 industrial-sized
plants followed with an increasing fuel power from 8 MWth to 32
MWth in Austria, Germany and Sweden. More detailed descriptions
can be found in Refs. [6e8].

The focus of this paper is to investigate the effects of the
counter-current column of the upper part of the gasification reactor
on i) the product gas composition and ii) tar formation/destruction.
Product gas and tarmeasurements before (lower sample point, LSP)
and after (upper sample point, USP) the counter-current column
have already been conducted in the last years (see Fig. 3). Results of
these measurements showed, that the counter-current column has
a remarkable effect on the product gas composition (see literature
[9,10]). However, the product gas measurement including tar for-
mation along the counter-current column has not been carried out
till now. So, to gain detailed information about the processes taking
place along the height of the column, specific measurements were
carried out within this work. For this purpose, measurements at in
total eleven measurement points along the height of the gasifica-
tion reactor were carried out. In Fig. 3 the gasification reactor with
the measurement points (red dashed lines) is displayed. For test
campaign 1, the product gas composition was measured at all
eleven measurement points. For test campaigns 2, the product gas
measurement was conducted at 8 measurement points and for test
campaign 3 at 10measurement points. Tar wasmeasured for all test
campaigns at the lower sample point, but only for test campaign 3
along the height, frommeasurement point number 6 to 9. Through
the measurement program carried out it was possible to get an
insight into the effects of the upper gasification reactor regarding
the change of product gas components and tar reduction. Based on
these results, main influencing parameters like temperature, bed
material and height of the column could be figured out.

2. Materials and methods

2.1. Advanced DFB steam gasification reactor system

Due to the initiation to improve the gas-solid contact in the DFB
steam gasification pilot plant at TU Wien, an advanced reactor
design was developed. Based on continuous ongoing research, a
solutionwas found to increase the contact time between downward
flowing hot bed material particles with upwards flowing product
gas [11,12]. The advanced design of the 100 kWth DFB steam gasi-
fication pilot plantwent into operation in 2014 [13]. In the advanced
reactor concept (see Fig. 3) the gasification reactor is designed as
bubbling bed in the lower part and operates as counter-current
column with turbulent fluidized bed zones in the upper part.
Therefore, the upper gasification reactor is equipped with con-
strictions, which allow an increased hold-up of bed material along
the height of the reactor. Thus, the residence time for fuel conver-
sion can be increased and the interaction of catalytic active hot bed
material particles with the product gas can be enhanced. In addi-
tion, the high temperatures in the counter-current column have a
positive effect on tar reduction. This was also stated by Pfeifer et al.
[14], who recommended high operating temperatures (>900 �C)
and increasing gas residence times for sufficient thermal tar
cracking. Thus, the conversion efficiency can be increased [10].
Furthermore, the separation system on top of the reactors was
improved through the installation of gravity separators prior to
cyclones. Due to the fact, that the gas and particle velocities in
gravity separators are smaller compared to cyclones, the use of
softer bedmaterials than olivine or quartz like limestone is possible
without continuously refilling of fresh bed material [15]. At the
prevailing conditions in the gasification reactor system, calcium



Fig. 3. Sketch indicating dimensions (left) and 3D drawing of the reactor system (right).
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carbonate (CaCO3) reacts to calcium oxide (CaO). Due to the fact,
that CaCO3 as well as CaO exhibit a very low attrition resistance, a
smooth particle separation system is necessary to balance this un-
favorable characteristic. Fines smaller than 5e80 mm, which pass
the gravity separators are removed via cyclones. Fig. 3 shows the
two reactors, which are connected through an upper loop seal (ULS)
and a lower loop seal (LLS). In this way, the global solids loop is
closed. The solid loop starts in the CR, where solids are entrained,
separated from the flue gas and then sent to the GR via the ULS.
From the GR, the solids flow back to the CR via the LLS. The internal
circulation in the GR is performed via the internal loop seal (ILS).
The lower part of the GR (bubbling bed) is constructed like a Y
shape. The Y like shape originates from the idea of realizing a
bubbling bed regime with a low steam volume flow. The nozzle for
the steam input is positioned at the narrow part of the bubbling bed
chamber (steam 1). Since the cross section at the narrow part is
smaller, the volume flow of steam required to attain a bubbling bed
regime is low. The constriction unit (upper GR) with six adjustable
constriction modules is positioned above the bubbling bed as
explained before. The combustion reactor is designed as fast flu-
idized bed. The three-staged combustion air feed to the CR allows to
increase the amount of combustion air without influencing the bed
material circulation rate. Cold flow model investigations showed,
that above the secondary combustion air inlet (air 2) the fluidiza-
tion regime changes from a turbulent regime to a fast bed with an
effective pneumatic conveying of particles. By setting the volume
flow rates of the primary (air 1) and secondary (air 2) combustion
air and the loop seal fluidization, the global bed material circulation
rate can be adjusted. The tertiary combustion air volume flow (air 3)
can be changed without influencing the bed material circulation
since the inlet is situated too high as to have an influence on the bed
material level inside the combustion reactor [16].

The advanced 100 kWth DFB steam gasification pilot plant at TU
Wien has a height of 4.7m for the combustion reactor and 4.3m for
the gasification reactor. The combustion reactor is designed as a
cylindrical reactor and has an inner diameter of 125mm. The actual
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reactor height of the CR was limited by the given space in the
technical laboratory. The lower part of the GR (bubbling bed) has a
Y-like shape with a cross sectional area of 68mm times 490mmat
Fig. 4. Upper part of the 100 kWth gasification pilot plant at TU Wien.

Fig. 5. Lower part of the 100 kWth gasification pilot plant at TU Wien.
the narrow part and 560mm times 490mmat the extended part.
So, the cross section of the bubbling bed changes with the height.
The upper gasification reactor is square-shaped and has a cross
sectional area of 128mm times 128mm. The entire pilot plant has a
height of 7m in total. The whole facility, which includes the fuel
supply system, a control room and equipment for gas cooling,
cleaning andmeasurement, covers two floors of around 35m2 each.

In Fig. 4 the upper part of the DFB steam gasification pilot plant
with the two fuel hoppers is shown and in Fig. 5 the lower part of
the pilot plant with the fuel feeding screw and some ash removal
containers can be seen. Coarse ash, which accrues during test runs
is withdrawn in the lower part of the system. This removal of coarse
ash is especially relevant, when ash-rich fuels are used (for more
information see Ref. [17]). First results of initial experimental
campaigns with the 100 kWth advanced DFB steam gasification
pilot plant at TU Wien can be found in Refs. [10,18]. During the last
years, various investigations on the advanced 100 kWth pilot plant
have been conducted. Fuchs et al. [19] investigated the sorption
enhanced reforming process to produce a hydrogen rich gas with
Fig. 6. Gas cleaning line for online measurement of the main product gas components.
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the reactor system by inherent CO2 looping. A variation of bed
materials and their influences on product gas quality was investi-
gated byMauerhofer et al. [15]. And, an extensive fuel variationwas
presented by Benedikt et al. [20].
2.2. Online measurement equipment

The pilot plant is equipped with a programmable logic
controller (PLC). The PLC continuously measured and recorded all
relevant flow rates, temperatures, pressures and the main gas
components like H2, CO, CO2 and CH4. All process media inputs
were measured with variable area flow meters manufactured by
the company KROHNE. Temperatures were measured via thermo-
couples and pressures were quantified by pressure sensors. The
volume flow rates of the product gas and flue gas were measured
via pressure measuring orifices. The construction type of the
pressure measuring orifices was a quarter circle nozzle. The flow
rates were calculated based on the guideline VDI/VDE 2041 [21].
The main gas components were analyzed online by a Rosemount
NGA2000 measurement device. C2H4, ethane (C2H6), propane
(C3H8) and nitrogen (N2) were analyzed by a gas chromatograph
method 1

Fig. 7. Offline tar sa
(Perkin Elmer ARNELe Clarus 500) every 12e15min. To protect the
measurement equipment from contaminants, the product gas had
to be cleaned before the measurement. Therefore, it was filtered
with a glass wool filter and washed with rapeseed methyl ester
(RME) to eliminate condensable components likewater and tar (see
Fig. 6). RME is used as solvent, because it corresponds to solvents
typically used in industrial scrubbing systems [22,23]. Due to that
reason, RMEwas used as solvent for the product gas generatedwith
the pilot plant to simulate industrial conditions. A more detailed
description of the measurement devices is given in Refs. [24,25].
2.3. Offline measurement equipment

The offline measurement equipment is based on sampling and
determining the contents of dust, char and tar in the product gas
afterwards in the laboratory. For the measurement, samples were
taken isokinetically with impinger bottles to condense and dissolve
hydrocarbons following the suggested procedure of the tar protocol
[26] (see Fig. 7). According to the tar protocol, isopropanol should
had been used as solvent. However, for the conducted experiments,
toluene was used as solvent, because it showed a higher solubility
method 2

mpling scheme.
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than isopropanol. The mass of tar (mostly tar compounds with a
high molecular weight) which is left after vacuum evaporation of
the solvent is summarized as “gravimetric” tar. Tar compounds
with a medium molecular weight like naphthalene are analyzed
with a gas chromatograph coupled with mass spectrometry (GC/
MS). A more detailed description of the measurement and analysis
procedure is given in Refs. [27,28]. The advantage of using toluene
as solvent was, that the simultaneous measurement of the water
content was possible. However, the use of toluene as solvent
excluded its detection and also the measurement of benzene and
xylene was difficult within this setup. Due to that, all tar contents
are presented without benzene, toluene, ethylbenzene and xylene
(BTEX) in this work. The contents of solid particles like char and
dust were determined by using a small cyclone with a quartz wool
stuffed filter cartridge. It has to be mentioned, that two different
measurement methods were used to determine the tar contents at
different measurement points along the height. Tar contents at the
USP were measured with the method 1 shown in Fig. 7. For
“method 1” also tar in the filter was leached out and added to the
total content of tar. All other tar contents were determined with the
same method, but tar together with particles in the cyclone and
filter was not leached out and therefore could not be added to the
total tar amount. This method is called “method 2”. In general, the
tar measurement along the height was conducted from top to
Fig. 8. Tar maturation process scheme proposed by Elliott.

Table 1
Detected GC/MS tar compounds according to Rabou and Milne et al. classification [29,30
bottom or rather said from low to high tar content.
2.4. Classification of tar compounds and definition of the tar dew
point

In general, the classification of tar can be conducted according to
different systems. Within this paper, the classification systems
proposed by Milne et al. [29] and Rabou et al. [30] were used. The
two classification systems propose to divide tar compounds into
different classes according to different parameters. Milne et al.
defined tar regarding their temperature of formation into primary,
secondary and tertiary tar compounds. Primary tar products occur
between 400 and 700 �C and are characterized by oxygenated
compounds. Secondary tar compounds are formed at higher tem-
peratures of around 700e850 �C. They mainly include phenols,
which are problematic in the producer gas of biomass gasification
and other mono-aromatic hydrocarbons. Tertiary tar forms at
temperatures between 850 and 1000 �C and includes predomi-
nantly aromatics, which arise out of polyaromatic hydrocarbons
(PAH) [31]. In Fig. 8 the transition scheme of tar compounds
depending on temperature proposed by Elliott is shown [32].

In contrast to that, Rabou et al. classified tar according to
physical properties [30]. In Table 1, the two mentioned classifica-
tion systems of detected GC/MS tar compounds are displayed. Class
I tar compounds are very heavy in molecular weight and cannot be
detected by GC. One assumption regarding the classification system
of Milne et al. has to be mentioned. Partially, some tar compounds
occur in two classes. If that was the case, it was decided to divide
the total amount of this tar compound and count halve of it to each
of the referring classes. Another noteworthy point is that the tar
].
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compounds BTEX are not considered in the results presented
below. An important value for the impact of tar formation on
downstream equipment of long-term operation of biomass gasifi-
cation is defined by the tar dew point (TDP). The TDP is calculated
with the GC/MS tar compounds via a calculation tool from the
Energy Research Centre of the Netherlands (ECN) [33].
Fig. 9. Pictures of investigated materials.

2.5. Investigated materials

For comparison of the presented experiments, softwood (SW)
pellets with a relatively low ash content of 0.2 wt.-% and a diameter
of 6mm according to the Austrian standard €ONORM M 7135 were
used as fuel. In Table 2 the proximate and ultimate analysis of the
softwood pellets are given.

As mentioned before, the fuel SW pellets were used in all ex-
periments. However, the bedmaterial was changed in each test run.
Olivine, quartz, feldspar and limestone were used as bed materials,
because they are considered to have the greatest potential for in-
dustrial plants. The composition of the bed materials is shown in
Table 3 and pictures of the bedmaterials and the fuel SW pellets are
shown in Fig. 9. The Sauter mean diameter displayed in Table 3 is
defined as the diameter of a sphere, which has the same volume/
surface area ratio like the particle of interest (for more information
see the literature [34,35]). Olivine is used as state-of-the-art bed
material in industrial-sized plants due to its catalytic activity and
quite good attrition resistance. However, a disadvantage of olivine
is its high price as well as the limited regional availability. There-
fore, research is focused on alternativematerials, which are cheaper
Table 2
Proximate and ultimate analysis of softwood pellets.

parameter unit softwood pellets

ash content wt.-%db 0.2
carbon (C) wt.-%db 50.7
hydrogen (H) wt.-%db 5.9
nitrogen (N) wt.-%db 0.2
sulphur (S) wt.-%db 0.005
chloride (Cl) wt.-%db 0.005
oxygen (O) wt.-%db 43.0
volatiles wt.-%db 85.4
fixed C wt.-%db 14.6
water content wt.-% 7.2
LHV (dry) MJ/kgdb 18.9
LHV (moist) MJ/kg 17.4

Table 3
Physio-chemical properties of bed materials.

parameter unit bed mater

limestone

Al2O3 wt.-% -
CaCO3 wt.-% 95e97
Fe2O3 wt.-% -
K2O wt.-% -
MgCO3 wt.-% 1.5e4.0
MgO wt.-% -
Na2O wt.-% -
SiO2 wt.-% 0.4e0.6
trace elements (<0.4 per element) wt.-% �3.1
hardness Mohs 3
sauter mean diameter mm 0.382
particle density kg/m3 2650, 1500
minimum fluidization velocityb m/s 0.08e0.18c

a Particle density after full calcination.
b Mean minimum fluidization velocity of natural olivine.
c Particle size between 400 and 600 mm.
d Particle size between 200 and 300 mm.
and easier available worldwide such as quartz, feldspar and lime-
stone. Quartz shows a good attrition resistance and has excellent
heat transfer properties. Feldspar, which was used, consisted of a
high share of potassium with positive effects on gasification. The
bed material limestone is primarily composed of calcite and
aragonite, which are two crystallization forms of calcium carbonate
(CaCO3) and to a very small amount of other minerals. Regarding to
the conducted experiments, limestone was filled into the 100 kWth
pilot plant as calcium carbonate (CaCO3). This CaCO3 was trans-
formed to the catalytic active form of calcium oxide (CaO) during
the test runs due to the high temperatures in the reactor system.
This transformation process is explained in detail by Fuchs et al.
[19]. On the one hand, CaO was very catalytic active, which was
advantageous for the ongoing gasification reaction. However, on
the other hand, it exhibits a low attrition resistance, which was not
investigated within this work in detail. To overcome the negative
effects of one bed material, mixtures of different bed materials
were prepared. The mixing of two different bed materials enabled
the supplementing of the properties of two different materials and
in this way the creation of a suitable bed material for the
gasification.
2.6. Validation of process data with IPSEpro

The process data, which was recorded during the test cam-
paigns, was used to calculate mass and energy balances with the
process simulation software IPSEpro. Due to the validation of
measured data with IPSEpro, results can be depicted in a high-
valuable and representative way. A detailed model library, which
was developed at TUWien over many years was used for validation
of measured process data [36,37]. The IPSEpro model, which was
used for the validation of measured data was developed within the
research group. For a detailed evaluation of the presented gasifi-
cation test campaigns, following key figures were selected. In Eq.
ial type

quartz feldspar olivine

- 17.5e18.5 -
- - -
- - 8.0e10.5
- 14.0e15.0 -
- - -
- - 48e50
- 0.5e1.0 -
99e100 65e66 39e42
�1 �3 �5
7 6 6e7
0.300 0.287 0.243

a 2650 2600 2850
0.02e0.05d
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(1) the steam to fuel ratio 4SF is expressed as the mass of steam as
fluidizationmedium and themass of water in the fuel related to the
mass of dry and ash-free fuel. Due to the fact, that steam was used
as gasification agent to convert carbonic feedstocks and to ensure
comparability of biomass gasification investigations in literature,
the steam to carbon ratio 4SC was used (see Eq. (2)). Via the steam-
related water conversion XH2O, the consumed water for e.g. CO and
H2 production is set into relation to the sum of water, which is
introduced into the GR as gasification agent and fuel water (see Eq.
(3)). In Eq. (4) the fuel-related water conversion XH2O,fuel is shown,
which gives the amount of water consumed per mass unit of con-
verted fuel during gasification. The cold gas efficiency hCG (see Eq.
(5)) is the chemical energy content of gaseous components in the
tar- and char-free product gas related to the chemical energy in the
fuel, which is introduced into the gasification reactor. All values are
based on the lower heating value (LHV). The overall cold gas effi-
ciency hCG,o describes the amount of chemical energy in the
product gas in relation to the fuel introduced into the gasification
and combustion reactor minus appearing heat losses (see Eq. (6)).
The product gas yield PGY gives information about the ratio be-
tween dry product gas to dry and ash-free fuel, which is introduced
into the GR (see Eq. (7)). In Eq. (8) the water gas shift reaction
(WGS) is displayed, which represents the most essential homoge-
neous gas-gas reaction during the gasification process. Another
relevant reaction is shown in Eq. (9), which describes the steam
reforming of hydrocarbons and is important for the discussion of
the measurement results. The decision of the selection of these key
figures was taken based on the presentation of the same key figures
in literature, like in Refs. [15,38].
fSF ¼
_msteam þ xH2O;fuel$ _mfuel�

1� xH2O;fuel � xash;fuel
�
$ _mfuel

steam to fuel ratio

fSC ¼
_msteam þ xH2O;fuel$ _mfuel

xC;fuel$ _mfuel
steam to carbon ratio

XH2O ¼
_msteam þ xH2O;fuel$ _mfuel � xH2O;PG$ _mPG

_msteam þ xH2O;fuel$ _mfuel
steam� related wate

XH2O;fuel ¼
_msteam þ xH2O;fuel$ _mfuel � xH2O;PG$ _mPG�

1� xH2O;fuel � xash;fuel
�
$ _mfuel

fuel� relate

hCG ¼
_VPG$LHVPG
_mfuel$LHVfuel

$100 cold gas efficiency

hCG;o ¼
_VPG$LHVPG

_mGR;fuel$LHVGR;fuel þ _mCR;fuel$LHVCR;fuel � _Qloss
$100 ov

PGY ¼
_VPG

_mGR;fuel;daf
product gas yield

COþ H2O#CO2 þ H2 water gas shift reaction

CaHb þ a H2O#a COþ
�
aþ b

2

�
H2 steam reforming reactio
3. Results and discussion

In Table 4 the main operating parameters for test campaigns 1, 2
and 3 are shown. The total steam input into the GR was between 13
and 16 kg/h for all three test campaigns. The air input into the CR
was between 63 and 73m3

stp/h for test campaigns 1, 2 and 3. These
input mass flows were determined based on calculations of the
fluid dynamics in the GR and CR. The temperature “Tmean

a GRlower”,
which is the temperature in bubbling bed, “T GRupper”, which rep-
resents the temperature of hot bed material re-entering the gasi-
fication reactor from the upper loop seal as well as the temperature
at the outlet of the combustion reactor “T CRoutlet”were in the same
range for all test campaigns. The steam to carbon ratio 4SC as well as
the steam to fuel ratio 4SF were in the same range for test cam-
paigns 1 and 2, but a little bit higher for test campaign 3. The higher
values of 4SC and 4SF of test campaign 3 could be justified by the
larger diameter of the quartz particles compared to olivine or
feldspar. As shown in the study of Koppatz et al. [37], when
investigating coarser particles, usually a higher amount of steam is
necessary to enable a sufficient fluidization. Thus, a higher 4SC as
well as 4SF had to be set for test campaign 3. Fig. 10 shows a
comparison of the average temperature profiles along the height of
the combustion and the gasification reactor of test campaigns 1, 2
and 3. The temperatures at the top of the combustion reactor were
about 950e970 �C. These temperatures are approximately the
temperatures of the hot bed material coming from the combustion
reactor and entering the upper loop seal. The temperatures in the
upper and lower gasification reactor were in a range of 800e970 �C.
In the bubbling bed, temperatures of around 750e810 �C prevailed.
In the upper part of the gasification reactor quite higher
(1)

(2)

r conversion (3)

d water conversion (4)

(5)

erall cold gas efficiency (6)

(7)

(8)

n (9)



Table 4
Main operating parameters for test campaigns 1, 2 and 3.

parameter unit test campaign

1 2 3

fuel type to GR - softwood softwood softwood
total steam to GR kg/h 13.4 13.8 15.7
fuel power to GR kW 102 101 101
total air to CR m3

stp/h 63.0 72.6 69.0
bed material wt.-% mixture of 50/50 (olivine/limestone) mixture of 50/50 (feldspar/limestone) 100 (quartz)
Tmean

a GRlower
�C 815 797 805

T GRupper
�C 941 967 944

T CRoutlet
�C 950 977 947

4SF kgH2O/kgfuel 0.76 0.78 0.87
4SC kgH2O/kgC 1.49 1.53 1.72

a Mean temperature in the GR bubbling bed at fuel feeding position.
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Fig. 10. Overview of the average temperature profiles of test campaigns 1 (grey), 2 (blue) and 3 (orange); left side: gasification reactor, right side: combustion reactor.
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temperatures of 900e970 �C were measured. The graphs in
Figs. 10e12 were created with the software tool Matlab.

Figs. 11 and 12 display a comparison of the average pressure
profiles of the GR and CR of all three test campaigns along the
height. It can be seen, that the pressure profiles of all three test
campaigns have a similar course along the height.
3.1. Influence of different bed materials on product gas composition
along the height

In Figs. 13e15 the results of the product gas composition of test
campaigns 1, 2 and 3 are displayed. On the left side, the gasification
reactor with the location of the measurement points for the gas
composition along the height is shown. In the middle, the
formation or reduction of higher hydrocarbons in the product gas,
e.g. C2H4 and C2H6 is shown and on the right side, the main product
gas components are displayed. For CO, CO2 and CH4 the online data
as well as the data of the Perkin Elmer ARNEL e Clarus 500 gas
chromatograph are shown. C3H8 is not displayed in the graphs,
because a value near 0 vol.-% was measured for all three test
campaigns. In Fig. 13 test campaign 3, where 100wt.-% catalytically
inactive quartz was used as bed material, is displayed. It is evident,
that H2 showed an increasing trend, whereas CO, C2H4 and C2H6
were decreasing with increasing height of the gasification reactor.
Here, thermal impacts played a much higher role than catalytic
impacts, which was the case for test campaigns 1 and 2. Through
the increasing temperatures along the height of the GR (see Fig. 10)
in combination with the implemented constrictions, the gas-solid



0 2 4 6 8 10 12

pressure GR [mbar]
20 40 60 80 100 120

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

he
ig

ht
[m

]

50/50 olivine/limestone
50/50 feldspar/limestone
100 quartz

Fig. 11. Overview of the average pressure profiles of the GR of test campaigns 1 (grey), 2 (blue) and 3 (orange).

0 2 4 6 8 10

pressure CR [mbar]
20 40 60 80 100 120

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

he
ig

ht
[m

]

50/50 olivine/limestone
50/50 feldspar/limestone
100 quartz

Fig. 12. Overview of the average pressure profiles of the CR of test campaigns 1 (grey), 2 (blue) and 3 (orange).

A.M. Mauerhofer et al. / Energy 173 (2019) 1256e1272 1265
interaction of hot bed material particles with the product gas was
enhanced. Thus, thermal cracking reactions of higher hydrocarbons
took place more effectively, which increased the conversion effi-
ciency. Especially, after the entrance of regenerated hot bed ma-
terial from the combustion reactor, a change in the course of H2, CO
and CO2 was detected, because from this point the bed material
exhibited its highest impact regarding the interaction due to the
bed material stream coming from the combustion reactor. CH4
showed a slight decrease in the lower part of the GR and remained
relatively stable afterwards, which could be explained by a dilution
of CH4 due to the increasing content of H2 along height. In contrast
to test campaign 3, test campaigns 1 and 2 (Figs. 14 and 15)
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indicated a relatively similar course of product gas components
along the height of the gasification reactor. The addition of lime-
stone to olivine and feldspar improved the catalytic activity and
thus favoured the ongoing chemical reactions. The decreasing trend
of higher hydrocarbons, like C2H4 and C2H6 along height of the
gasification reactor could be explained by the steam reforming
reaction (see Eq. (9)), which converted hydrocarbons into CO and
H2. In addition, the water gas shift reaction (see Eq. (8)) was
enhanced, which resulted in a rising formation of H2 and a decrease
of CO at the same time. Therefore, higher contents of H2 and lower
contents of higher hydrocarbons like C2H4 could be generated.
3.2. Tar evolution along the height of the gasification reactor

In Fig. 16 tar formation and destruction along the height of test
campaign 1 with a mixture of olivine and limestone (50/50wt.-%)
as bed material is shown. The figure includes the course of class II,
III, IV and V as well the course of gravimetric and GC/MS tar along
the height. These tar contents weremeasured with “method 2” (see
Fig. 7). For test campaigns 2 and 3 tar was only measured at the USP
with “method 1” (see Fig. 7). These tar values are presented and
discussed in Table 5.

As can be seen in Fig. 16, all tar classes show a decreasing trend
along the height of the counter-current column. Class IV tar com-
pounds occupied the largest part of GC/MS tar. This was also re-
ported by van der Meijden et al. [39] by investigating gasification of
wood with olivine. On the one hand, this could be explained by the
stability of naphthalene. On the other hand, the decomposition of
higher tar compounds (class V) resulted in the formation of lighter
PAHs like naphthalene (class IV). Class III as well as class II tar
compounds decreased with increasing height of the counter-
current column as well. This could be justified by the enhanced
contact of active bed material particles with the product gas, which
influenced the conversion efficiency and therefore minimized tar
formation. In Fig. 17 it can be seen, that the trend of tar classes
proposed by Milne et al. is quite similar to that proposed by Rabou
et al. Tertiary tar compounds showed a decreasing trend with
increasing reactor height of the gasification reactor. This phenom-
enon can be seen in Fig. 16 for class V tar compounds as well. Both
classes, the tertiary tar class and the class V tar are composed of
heavy, high molecular weight compounds. These compounds could
be reduced with increasing conversion efficiency as explained
before as well as increasing temperatures, which is also shown in
the work of Devi et al. [40]. At the same time, secondary tar com-
pounds decreased and primary tar compounds were almost not
formed.

In Fig. 18 the main observed GC/MS tar compounds with
increasing height of the counter-current column of the gasification
reactor are shown. The amount of naphthalene is referred to the
upper X-axis, whereas the amount of all other compounds are
referred to the lower X-axis, because naphthalene occupies the
major amount of the depicted GC/MS tar compounds. The total
amount of naphthalene decreased with increasing reactor height.
Styrene, acenaphthylene, anthracene and 1H-indene, which are as a
whole compound or partially a part of the tertiary tar class showed a
declining trend with increasing height of the counter-current col-
umn. Phenol, which belongs to the primary as well as the secondary
tar class, was extremely low near a value of 0 g/m3,stp. This phe-
nomenon could be again explained by the positive effects of the
counter-current column of the gasification reactor of the advanced
design. The previous classic design of the gasification reactor was
composed of a bubbling bed in the lower part with a freeboard in the



Fig. 16. GC/MS tar classified according to different properties of gasification of SW with a mixture (50/50wt.-%) of olivine and limestone as bed material along the height.
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upper part. Due to that, the contact-time between bed material
particles and product gas was much lower, which resulted in a
reduced tar conversion compared to the advanced design [41]. This
effect could be seen in the work of Koppatz et al., who investigated
the gasification of wood with olivine as bed material in the classic
design. In this experiments phenol was formed indeed [42].
3.3. Key figures for gasification test campaigns

Table 5 shows a selection of operation parameters and impor-
tant indicating key figures for the gasification test campaigns 1, 2
and 3. The product gas yield PGY was higher, when limestone was
added (test campaigns 1 and 2). This can be explained by longer
residence times of char particles in the advanced design of the
gasification reactor as well as by the presence of CaO, which sup-
ports the gasification reactions. This effect resulted also in a higher
steam-related water conversion (XH2O). XH2O might have been
positively influenced by longer interaction times between gas and
particles as well as by the higher catalytic activity of CaO compared
to quartz. The fuel-related water conversions XH2O,fuel of all three
test campaigns were in a typical range of 0.22e0.26 kgH2O/kgfuel.
Similar values can be found in literature during the gasification of
softwood with olivine as bed material [10]. The cold gas efficiencies
were approximately in the same range for all three test campaigns
(70e74%). Due to the catalytic effect of CaO in terms of steam
reforming of hydrocarbons, the gravimetric tar contents were lower
in test campaigns 1 and 2. Additionally, the high temperatures in
the upper part of the gasification reactor had an advantageous ef-
fect on tar reduction and consequently on the conversion efficiency.
Compared to investigations with the classic design of the DFB
steam gasification pilot plant, where 6 g/m3

stp gravimetric tar with
softwood and 100wt.-% olivine was measured (see Ref. [25]), it was
possible to reduce the gravimetric tar contents with the advanced
design and mixtures of bed materials to 0.53 g/m3

stp and 0.58 g/
m3

stp. 5.21 g/m3
stp gravimetric tar was found in case of quartz as

bed material. The same effect can be seen for the GC/MS tar con-
tents, which are lower for test campaigns 1 and 2 compared to test
campaign 3, where a GC/MS tar content of 11.89 g/m3

stp was formed
during the gasification of softwood with 100wt.-% quartz. This can
be explained by the practically non-catalytic activity of quartz.
Consequently, the TDPs are lower for test campaigns 1and 2, where
catalytic active bed material limestone was added to olivine and
feldspar, compared to test campaign 3. The dust contents of cam-
paigns 1 and 2 were higher than the dust content of campaign 3.
This can be explained by the type of bed material. The low abrasion
resistance of limestone/CaO resulted in higher dust contents for the
bed material mixtures of olivine and feldspar with limestone.
Conversely, quartz showed good attrition resistance properties,
which resulted in a dust content of almost the half, 4.54 g/m3

stp.
The char contents of all three test campaigns were in the same
range. Compared to former test campaigns with the classic design,
where around 30 g/m3

stp of char by gasifying wood with olivine as
bed material was formed, the values of test campaigns 1,2 and 3 are
quite low [43]. This can be explained by the advanced design of the



Fig. 17. GC/MS tar classified according to temperature of formation of gasification of SW with a mixture (50/50wt.-%) of olivine and limestone as bed material along the height.
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pilot plant. Firstly, the improved separation system and secondly
the design of the gasification reactor influenced the char contents.
Due to the counter-current column of the gasification reactor the
interaction of gas and particles was enhanced, which resulted in
longer residence times. Thus, the conversion efficiency was
increased and therefore the char contents were lower.
4. Conclusions and outlook

Within this work, three gasification test campaigns of softwood
as fuel with different bed materials were carried out in the
advanced 100 kWth DFB steam gasification pilot plant at TU Wien.
The focus of the investigations laid on the measurement of the
product gas and tar contents along the height of the counter-
current column of the gasification reactor. Based on these exten-
sive measurements, it could be found, that the counter-current
column has indeed a positive effect on the increase of the gas-
solid contact as well as an increase of the conversion efficiencies.
The H2 contents increased with increasing height of the counter-
current column, whereas the CO, C2H4 and C2H6 contents
decreased. CH4 remained relatively stable along the height of the
column. The CO2 content increased due to the increase of the H2,



Fig. 18. Tar compounds of total GC/MS tar of gasification of SW with a mixture (50/50wt.-%) of olivine and limestone as bed material along the height.

Table 5
Operation parameters and key figures of gasification test campaigns 1 to 3.

test run 1 2 3

bed material mixture olivine/limestone feldspar/limestone quartz

XH2O kgH2O/kgsteam 0.32 0.33 0.25
XH2O,fuel kgH2O/kgfuel,daf 0.24 0.26 0.22
hCG % 87 89 88
hCG,o % 74 71 70
PGY m3

stp,db/kgfuel,daf 1.42 1.44 1.34
grav. tar g/m3

stp 0.53a 0.58a 5.21a

GC/MS tar g/m3
stp 3.07a 2.35a 11.89a

TDP �C 123a 115a 211a

dust g/m3
stp 8.03 7.96 4.54

char g/m3
stp 4.56 5.76 6.10

a Measured at upper sample point via method 1.
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which resulted from the WGS reaction. The GC/MS as well as
gravimetric tar contents were significantly lower for the bed ma-
terial mixtures with limestone (test campaigns 1 and 2) compared
to test campaign 3, where 100wt.-% quartz was used. The dust
contents of test campaigns 1 and 2 were nearly doubled, when
50wt.-% limestone was added to the bed material mixture
compared to test campaign 3. The use of the advanced design of the
100 kWth pilot plant at TU Wien for the presented test campaigns
enabled to generate quite low char contents. The comprehensive
measurement of tar at different points along the height of the
counter-current column and subsequent classification of GC/MS tar
contents was conducted for test campaign 1. A correlation between
tar formation and the height of the counter-current column could
be observed. The higher the measurement point of the counter-
current column and consequent prevailing higher temperatures,
the more heavy tar compounds could be reduced. Additionally, the
catalytic activity of CaO contributed to the reduction of tar, which is
also shown in literature [15].

To sum up, quite high thermal and catalytic forces for reforming
and cracking reactions as well as the WGS reaction influenced the
change of the gas composition and tar contents along the height of
the upper GR. This effect can especially be seen for higher hydro-
carbons. Through the proof, that the design of the counter-current
column has indeed a great impact on the gas-solid interaction as
well as the conversion efficiency, another important effect was
figured out during the investigations: the height of the column. As
can be seen in Figs. 14 and 15 the significant change of the product
gas occurred already in the lower part of the column and then
remained relatively constant afterwards. However, the contrast is
shown in Fig. 13, where the product gas changed along the whole
height of the column. The reason lies in the catalytic activity of the
bed material. That means, that for the use of catalytic active bed
materials the column could be reduced in length, whereas for the
use of non-catalytic active bed materials like quartz the height of
the column is of huge relevance. Further investigations could be
carried out in a DFB gasification systemwith reduced height of the
upper GR. Additionally, detailed tar measurement of catalytic non-
active bed materials like quartz could be carried out along the
height of the GR.
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List of abbreviations

CR combustion reactor
DFB dual fluidized bed
ECN Energy Research Centre of the Netherlands
GC/MS gas chromatography coupled with mass spectrometry
GR gasification reactor
grav. tar gravimetric tar
LHV lower heating value
PAH polyaromatic hydrocarbons
PGY product gas yield
SW softwood
TDP tar dew point
vol.-% volumetric percent
WGS water gas shift
wt.-% weight percent

List of subscripts
ash C ash carbon
CR combustion reactor
daf dry and ash-free
db dry basis
fuel fuel to gasification reactor
GR gasification reactor
H2O water
PG product gas
steam steam introduced into the gasification reactor
stp standard temperature and pressure
th thermal

List of symbols
a,b stoichiometric factors (�)
_m mass flow (kg/s)
x mass fraction
V_PG dry volumetric product gas flow (m3/s)
XH2O steam-related water conversion (kgH2O/kgH2O)
XH2O,fuel fuel-related water conversion (kgH2O/kgfuel,daf)
4SC steam to carbon ratio (kgH2O/kgC)
4SF steam to fuel ratio (kgH2O/kgfuel,daf)
hCG cold gas efficiency (%)
hCG,o overall cold gas efficiency (%)
Q_loss heat loss (kW)
LHV lower heating value (MJ/m3

stp,db)
PGY product gas yield (m3

stp,db/kgfuel,daf)
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