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H I G H L I G H T S

• Optimization of an industrial-scale dual fluidized bed gasification plant.

• Design changes improving the fluidization lead to reduction of biomass tars in the product gas.

• Recirculation of layered olivine particles leads to higher catalytic activity of the bed material.

• A state-of-the art operation of industrial-scale dual fluidized bed gasification could be established.

A R T I C L E I N F O

Keywords:
Gasification
Inorganic material
Bed material
Dual fluidized bed
Biomass tars

A B S T R A C T

Utilizing biomass feedstock in thermal conversion technologies to reduce greenhouse gas emissions is a pro-
mising way to substitute for fossil fuels. Gasification of biomass allows for the production of electricity, district
heat, high-grade fuels for transportation and synthetic chemicals. Investigations at the HGA Senden industrial-
scale dual fluidized bed gasification power plant have shown the potential for improving gas quality by the
controlled handling of solid inorganic materials in the reactor. Two measures for optimization were im-
plemented and investigated on-site. First, improving the bed material and ash loops in the system led to sig-
nificant reduction of undesirable tars in the product gas. This was based on reutilizing used, layered, olivine
particles with higher catalytic activity compared to that of fresh olivine. Second, improving the mixing of
feedstock or char particles with catalytically active bed material in the gasification reactor, and also ensuring
steam, as reaction medium, was available local to the area of the fuel input, led to further decrease of tars in the
product gas. This was achieved by incorporating additional fluidization nozzles in the gasification reactor.

In summary, the optimization measures for controlled handling of inorganic materials had a major influence
on the product gas quality in the dual fluidized bed gasification of biomass. As a consequence, long-term op-
eration at significantly higher capacity than before could be achieved at the HGA Senden industrial-scale power
plant.

1. Introduction

Climate change has led to strategies aiming to mitigate the increase
in global average temperature. Reducing the emissions of CO2 has been
set as one of the main goals [1]. Transforming the energy supply from
fossil to renewable sources is indispensable in this regard. A mix of
technologies using different renewable energy sources is necessary to
achieve this goal and to reduce the immense natural and social de-
vastation caused by global warming [2,3].

Biomass, as feedstock for thermal conversion processes, such as
pyrolysis, gasification or combustion, has the potential to play a major
role in the future energy mix. Biomass is a renewable energy source that
can be utilized in a wide spectrum of applications [4,5]. Utilization of
biomass in thermal conversion can, for example, contribute to the
generation of electricity as a net stabilizer, as biomass can be under-
stood as stored energy with high energy density. On the other hand,
biomass is the only renewable source of carbon that can be accessed
easily [6]. Thus, conversion of biomass into a gaseous secondary energy
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carrier – a product or synthesis gas – through gasification, enables the
generation of a variety of end products, such as high-grade transpor-
tation fuels, pure hydrogen, synthetic natural gas, waxes or synthetic
chemicals [7].

A dual fluidized bed (DFB) steam gasification process was developed
at TU Wien [8]. The principle underpinning this process is the se-
paration of endothermic gasification and exothermic combustion. The
heat necessary for devolatilization and gasification is provided by cir-
culating the bed material from the combustion to the gasification re-
actor. The natural mineral olivine is used as bed material, which also
acts as catalyst in the gasification reactor. Steam is used as fluidizing
agent for the bubbling bed in the gasification reactor. Fast fluidization
in the combustion reactor is realized by using air [8]. Part of the de-
volatilized biomass or biomass char is combusted to provide the heat
necessary for gasification. More details on the process will be given in
Section 2.1.

This technology was developed from lab- to pilot-scale and further
to a demonstration-scale power plant in Güssing, Austria, which started
operation in 2002. A comprehensive simulation study has been per-
formed by Kraft et al. [9]. Through the experience gathered at this
demonstration plant further up-scaling of the DFB process was realized
and the first industrially operated power plants in Oberwart and Vil-
lach, Austria, started their operation. The power plant in Güssing
gathered more than 100,000 operating hours over the course of
15 years and delivered the proof of technological functionality. Due to
changed economic circumstances, those power plants are currently out
of operation.

Nowadays, industrial-scale power plants using the design of the
Güssing plant are the HGA Senden plant in Germany, and the GoBiGas
plant in Gothenburg, Sweden [10]. Furthermore, DFB plants of the
same design are currently constructed and commissioned in e.g. Thai-
land, Japan, and France. These plants are all producing a synthesis gas,
which can be further upgraded [11]. Upgrading the syngas makes the
production of valuable materials, such as chemicals and fuels possible.

Inorganic material plays an important role in the successful opera-
tion of industrial-scale power plants. The inorganic components present
in the reactor are originated either from the feedstock or are introduced
as bed material or as additives. These inorganic components influence
the ash transformation chemistry in the reactor. Depending on the
compounds formed, consequences on the long-term operation of bio-
mass conversion facilities can be observed. Boström et al. have pub-
lished an article in which the basic foundation of main ash transfor-
mation reactions for the thermal conversion of woody biomass is
presented [12]. Based on the knowledge of ash transformation chem-
istry, observed consequences on the operation, such as agglomeration,
deposit build-up or slagging can be explained [13]. As a result, coun-
termeasures to inhibit such undesired effects can be derived [14]. Most
of these measures are based on intervening in the ash transformation by
adding defined amounts of certain inorganic materials. For example,
increasing the proportion of Ca, by adding e.g. limestone, is a common
countermeasure to inhibit agglomeration in fluidized beds [15–17].

The interaction between biomass ash and bed materials, leading to
the formation of particle layers, is of particular interest in fluidized bed
gasification of solid feedstock, as it results in positive effects regarding
the product gas quality [18]. The following will give an overview of
known facts related to layer-formation mechanisms and observed con-
sequences for gasification, as this is beneficial for a better under-
standing of the proposed design changes.

Formation of particle layers was first described for quartz. The in-
itial step of the layer formation mechanism for quartz is based on the
reaction of potassium (K), most likely present in a gaseous state as
potassium hydroxide (KOH) [12,19], with the surface of the quartz
particle. As a result, K-silicates are formed. They have been identified to
be involved in coating-induced agglomeration [20] or deposit build-up
[21,22], as the particle surface becomes sticky at temperatures typical
for combustion [23–25]. This is based on the fact that in the SiO2–K2O

system, the eutectic point at around a mass fraction in percentage of
32% K2O is as low as 742 °C [26]. Over time, calcium diffuses into the
K-silicate, leading to the development of a Ca-rich outer shell, which
grows in thickness over time. This shell protects the particle surface
from further attack by potassium [27,28]. However, cracks in the layer
due to mechanical and thermal stress during the formation of Ca-sili-
cates open paths to the inner surface, which is then available for further
reaction with K. As a result, further fragmentation of the particle oc-
curs. This is referred to as crack layer formation and shows the in-
stability of quartz particles in fluidized bed applications [29].

Layer formation has also been observed on olivine used as bed
material in DFB gasification [30], showing already high amounts of Ca
already in the initial inner layer [31]. It was found, that no significant
amount of potassium was retained in the particle layers [32,33]. Thus,
olivine showed a lower tendency towards layer-induced agglomeration
than quartz [34], but was rather found embedded in biomass ash melt
when involved in agglomeration [35]. A mechanism for layer formation
on olivine was proposed based on a solid–solid reaction between Ca2+

ions and the olivine particle surface, leading to the substitution of Mg2+

and Fe2+ ions in the crystal structure of olivine by Ca2+ ions, resulting
in particle layers with high amounts of Ca-compounds on the surface
[27,30]. Thermodynamic calculations suggested a significant increase
in CaO over time [36]. In gasification, these Ca-rich layers were ob-
served to enhance significantly the catalytic activity towards gasifica-
tion reactions and reduction of biomass tars compared to when fresh
olivine was used [18,37,38]. The presence of CaO could explain this
phenomenon as it is likely to provide active sites on the particle surface;
however, sufficient scientific proof of the catalytic mechanism has not
yet been presented. The enhancement of the catalytic activity for tar
reduction of Ca-rich layers has been demonstrated by showing a sig-
nificant catalytic activity of the non-catalytic bed material quartz once
a Ca-rich layer has been developed [37].

Another concept of catalytic tar reduction based on bed material
changes caused by inorganic components was further developed at
Chalmers University of Technology. This concept can be defined as
indirect bed material activation. It is based on the take-up of K through
olivine in the combustion reactor and the release of K into the gas phase
in the gasification reactor. As a result, K reduces tars in the gas phase.
Here, the bed material itself is not involved in the catalytic reduction of
tars, but acts as carrier material for K. This method is based on
knowledge gained from coal gasification and has been investigated for
biomass gasification in the Chalmers gasifier [31,39]. To avoid opera-
tional problems caused by K in downstream equipment, the fate of K
has to be strictly controlled. In situ catalytic conversion of tar was also
presented by Shen et al. using a Ni-Fe catalyst [40].

In this work, the focus will lie on the influence of solid inorganic
material on the product gas quality. The influence of K in the gas phase
will not be part of further discussions. Investigations were focused on
the controlled handling of solid inorganic material to exploit the po-
tential of Ca-enriched bed material. This involved two main issues: on
the one hand controlling the ash and bed material loops in the system,
and on the other hand improving the gas–solid contact between devo-
latilized components from biomass and Ca-enriched bed material in the
gasification reactor.

Regarding the latter, sufficient mixing of biomass or char particles
with the bed material is of great importance in reducing biomass tars in
fluidized beds. Due to size and density differences between fuel and bed
particles, fuel particles tend to segregate towards the bed surface, as
shown by many experimental studies in the past [41–43]. This behavior
is called flotsam in the fluidized bed, according to the common defi-
nition by Rowe et al. [44]. In addition to size and density differences,
the superficial or fluidization velocity also plays a major role in the
mixing processes in the fluidized bed. Bubbles rise from the gas flow
penetrating the fluidized bed, and are the reason for solid mixing pro-
cesses as, for example, shown by Rowe and Nienow [45]. The extreme
case would be the fixed bed, where no admixing of fuel particles into
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