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Abstract 16 
Bed materials and their catalytic activity are two main parameters that affect the performance of the dual fluidized 17 
bed (DFB) gasification system in terms of product gas composition and tar levels. Two sources of bed materials were 18 
used for the operation of a commercial DFB gasification system in Thailand, using woodchips as a biomass feedstock. 19 
One source of the bed material was the calcined olivine which had been used in the Güssing Plant, Austria, and the 20 
other activated bed material was a mixture of fresh Chinese olivine and used Austrian olivine with additives of biomass 21 
ash, calcium hydroxide and dolomite. These bed materials were collected and analyzed for morphological and 22 
chemical composition using scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and X-ray 23 
fluorescence spectroscopy (XRF). The product gas was cleaned in a scrubber to remove tars, from which the samples 24 
were collected for gravimetric tar analysis. Its composition data was automatically recorded at the operation site before 25 
it entered the gas engine. From the SEM, EDS and XRF analyses, calcium-rich layers around the bed materials were 26 
observed on the activated bed material. The inner layers of bed materials collected were homogeneous. Biomass ash, 27 
which was generally added to the bed materials, had significant calcium and potassium content. These calcium-rich 28 
layers of the bed materials, from the calcium hydroxide, biomass ash and dolomite, influenced system performance, 29 
which was determined by observing lower tar concentration and higher hydrogen concentration in the product gas.  30 

Keywords – dual fluidized bed, olivine, catalyst activity, calcium layer, gasification  31 

 32 
1. Introduction 33 
Due to depletion of fossil fuels and environmental concerns from an extensive use of the fossil fuels, biomass has 34 
been recognized as a promising renewable energy resource whose use has increased in recent years [1-4]. Biomass is 35 
considered a carbon-neutral energy source, as carbon dioxide is absorbed through photosynthesis in plant growing 36 
and is then released from the biomass during its utilisation in the production of heat and electricity via gasification 37 
and combustion [5-6]. Thailand is an agricultural country with an estimated biomass generation of more than 130 Mt 38 
per year, while 60 Mt per year has been consumed for energy production [7]. These biomass resources can be used to 39 
produce not only energy but also chemical products and synthetic fuels [3]. Biomass steam gasification technology 40 
has advanced rapidly since late 2001 [5,8,9], when the demonstration plant went into operation in Güssing town, 41 
Austria. The dual fluidized bed (DFB) gasification technology demonstrated in Güssing has been used to produce a 42 
product gas, which can be further utilized for the production of power or synthetic fuels such as hydrogen, synthetic 43 
natural gas (BioSNG), dimethyl ether (DME), biomethane, Fischer-Tropsch diesel, or mixed alcohols. However, the 44 
product gas needs to be cleaned of tars to various low levels depending on the final product [2,6,9].   45 
 46 

1.1. DFB Gasification System 47 
The DFB gasification system uses steam as the gasification agent, and gasification occurs in the absence of air [4]. 48 
The raw product gas from the gasification process is mainly comprised of hydrogen (H2), carbon monoxide (CO), 49 
carbon dioxide (CO2), methane (CH4) and light hydrocarbons, as well as some contaminants such as entrained fine 50 
particles of char, ash, and fine bed materials, as well as heavy hydrocarbons. These heavy hydrocarbons are commonly 51 
known as tars [2,6,9]. The product gas from the DFB gasification system has a notably high lower heating value 52 
(LHV) of 12–14 MJ/Nm3 (dry gas) and an extremely high hydrogen content compared to, for example, air gasification 53 
processes [5]. This is because with steam as the gasification agent, hydrogen is generated from steam gasification 54 
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reactions (such as water-gas shift reaction and steam-methane reforming reaction), and extremely low levels or zero 1 
nitrogen (N2) is present in the product gas.   2 

In the DFB gasification system, a fast-fluidized bed (FFB) combustion reactor is used in which char generated 3 
from gasification is combusted to heat up the circulating material which supplies heat to the endothermic steam 4 
gasification in the bubbling fluidized bed (BFB) gasification reactor. Air injected into the FFB reactor acts as the 5 
combustion medium, while steam acts as the fluidization medium and the reactant in the BFB gasification reactor. 6 
With appropriate surface composition, the bed material acts not only as the heat carrier, but also as a catalyst to 7 
enhance tar reforming and promote certain gasification reactions [3,4,10,11].  8 

The DFB gasification system, first developed by the Vienna University of Technology (VUT) [9] at a scale 9 
of 100 kWth, has been commercialized successfully in Europe and Thailand [11]. The first power plant with this DFB 10 
technology was installed in Güssing, Austria in 2001 with a capacity of 8 MWth (denoted as “Güssing Plant” in this 11 
article). It has been operating successfully since then. Following this, more power plants using DFB gasification 12 
technology have been installed, including the 8.5 MWth fuel power in Oberwart, Austria; the 15 MWth in Villach, 13 
Austria; the 16 MWth in Senden, Germany; and the 32 MWth in Gothenburg, Sweden [5,9,12-14]. Recently, a 3.8 14 
MWth prototype of the DFB gasifier was built and commissioned in Thailand with new engineering design and 15 
improvements on certain equipment, i.e. biomass dryer, gasifier design, tar scrubber design and heat exchanger 16 
system. With these improvements, the new plant in Thailand can handle various biomass feedstocks such as 17 
woodchips, sugar-cane leaf, corn cobs, cassava rhizomes and many others [15].  18 

 19 
1.2. Tars 20 

In biomass gasification, tars in the product gas are undesirable. They condense and cause problems in pipes, heat 21 
exchangers and other downstream process equipment when the product gas is cooled down [1,5,6,8]. Therefore, one 22 
of the objectives in the biomass gasification operation is to reduce tar concentration in the product gas. Tars are defined 23 
as organics, produced under thermal or partial-oxidation regimes (gasification) of any organic material, and are 24 
generally assumed to be largely aromatics [9]. They are often classified as primary tars, secondary tars and tertiary 25 
tars. In general, primary tars or heterocyclic components such as pyridine, phenol and cresols are formed in biomass 26 
gasification. At high gasification temperatures, these heterocyclic tars recombine into heavier molecules, which are 27 
referred to as secondary tars or light aromatics. Examples of light aromatics and polyaromatics are styrene, 28 
naphthalene, acenaphthylene, phenanthrene, fluorene and anthracene. Finally, the secondary tars are recombined into 29 
tertiary tars or heavy polyaromatics. Examples of these tertiary tars include fluoranthene and pyrene [9]. Tar 30 
concentration and composition depend on type of fuel, gasification temperature, residence time, gasification agent, 31 
steam-to-carbon ratio when steam is used as the gasification agent, and any catalysts that may be present [16]. The 32 
operating temperature is a strong influencing parameter regarding the formation and decomposition of tars [17]. 33 
Nevertheless, the minimum limit of tar concentration in the product gas depends on the product gas applications [8]. 34 
Considerable research effort has been put into finding ways to remove tars from the product gas effectively and 35 
economically. These methods may be divided into primary methods, which occur in the gasifier, and secondary 36 
methods, which are applied downstream of the gasification reactor [1].  37 

For primary tar reduction in the gasifier, a catalyst can be used to enhance the tar reforming reaction pathway 38 
of biomass gasification according to Le Chatelier’s principle, which is related to gas composition, reaction temperature 39 
and operating pressure [5]. It has been reported that tars could be reduced at high gasification temperatures, but the 40 
temperature is limited by the ash melting point, determined by the properties of the biomass feedstock and bed material 41 
[6]. The use of catalytically active calcined olivine or catalysts has been reported as a typical primary method to reduce 42 
the tar concentration in the product gas [4,16]. The use of bed materials should be economically feasible and, at the 43 
same time, should enhance or at least not inhibit the formation of useful gaseous species and increase the heating value 44 
[16]. In addition, the use of catalytically active calcined olivine is state of the art for biomass gasification using the 45 
DFB gasification system [18]. The catalyst influences plant performance in terms of product gas composition and its 46 
heating value. 47 

 48 
1.3. Bed Materials 49 

In recent studies, a number of bed materials and catalysts have been used for tar reduction in biomass gasification 50 
processes [19-20]. Among the most studied materials are dolomite/calcined dolomite [21], olivine/calcined olivine 51 
[6,22-23], alkali-feldspars [24-26], and calcium-based catalysts such as limestone [27] and calcium oxide [28]. Metal-52 
based catalysts such as Ni, Co, Pt, Rh and Ru, including Ni-Olivine, have also been investigated for conversion of tars 53 
to hydrogen and light hydrocarbon gases, and for increasing the olivine tar reforming activity [29-33]. It is reported 54 
that olivine, as a bed material, generates four to six times less dust than dolomite in flue gas in DFB gasification 55 
because dolomite particles suffer higher attrition in the fluidized bed process [20,34]. However, dolomite shows 1.4 56 
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times higher tar removal efficiency than olivine [5,23]. In addition, dolomite is a well-known, natural, inexpensive 1 
additive, which is disposable and can be calcined. However, when used in fluidized bed gasification, it softens and 2 
thus suffers higher attrition [20,23,35].  3 

On the other hand, olivine, as a natural and disposable bed material, is not expensive, has high tar reforming 4 
activity as well as strong mechanical resistance, even at high temperatures. Therefore, olivine is suitable as a bed 5 
material in DFB gasification [3,23,36]. Olivine consists mainly of magnesium oxide, iron oxide and silica 6 
((Mg,Fe)2SiO4) whereas the major components of dolomite are calcium and magnesium carbonate ((Ca,Mg) CO3) [1]. 7 
Olivine from different locations may have slightly different compositions, which fall into various groups according to 8 
its composition. These groups include fayalite, iron-rich silicate (Fe2SiO4); forsterite, magnesium-rich (Mg2SiO4) and 9 
other minerals [19,21,33]. Olivine activity, or to be more specific, olivine activation, was reported to be dependent on 10 
the iron oxide content [37-40]. With the olivine treatment temperature, the iron structure can be presented in the olivine 11 
phase or as iron oxides (Fe2O3) [41].  12 

In addition to the iron oxides, magnesium oxide (MgO) has also been reported to be related to the activity of 13 
olivine [36]. Once an ash layer has formed through the interaction of the bed particles with the biomass ash, calcium, 14 
(most likely as calcium oxide (CaO) at the surface of the layer) is another key component of the catalyst [42]. SEM 15 
images of unused calcined olivine, used calcined olivine and a magnified SEM image of the used calcined olivine 16 
from the study of Kirnbauer and Hofbauer [43], as shown in Figure 1, reveal that the calcium-rich layer was clearly 17 
observed on the outer layer of the used calcined olivine. However, such a calcium-rich layer was not found on the 18 
unused calcined olivine.  19 

 20 
Figure 1. SEM images of unused calcined olivine (left), used calcined olivine (centre), and an SEM image at higher 21 

magnification of the used calcined olivine (right) showing an inner layer (1) and outer catalytic layer (2) [43].  22 
 23 
It is also noted that, in general, the catalyst is deactivated when its active sites are covered and no longer 24 

available due to the deposition of char or coke on the surface. Although catalytic bed materials have been widely used 25 
and investigated for tar reduction in biomass gasification, the exact mechanism on gasification performance under 26 
different operational conditions in one commercial-scale plant, where the operating conditions may differ from other 27 
commercial-scale plants, has not yet been comprehensively investigated. It is anticipated that the chemical 28 
composition of the catalytic bed material can be influenced by gasification conditions [4,43].  29 

 30 
1.4. Purposes of This Study 31 

This study will investigate the influence of catalytic bed materials on the product gas composition and tar 32 
concentration of a commercial-scale 3.8 MWth DFB gasification system in Thailand where woodchips are used as the 33 
biomass fuel. Surface morphology and compositional mapping of the bed materials collected from the gasifier will be 34 
analyzed. The bed materials analyzed were the used calcined olivine from Güssing, Austria and the purchased calcined 35 
olivine from China mixed with additives, which will be described in this article as “used Austrian olivine” and “layered 36 
Chinese olivine”, respectively. The local proximity and availability of bed materials (calcined olivine purchased from 37 
China) is of importance to the operation in Thailand. Therefore, the calcined olivine from a source not far away has 38 
strategic advantages and has never been investigated before. The results from these analyses will be used to establish 39 
a benchmark for further comparison with gasification of other agricultural residues typical for the operation in 40 
Thailand, and Asia in general. Fly ash composition is also analyzed regarding the previously reported components Ca, 41 
Si, Fe, Mg, K and P [44]. Moreover, fly ash has been reported to be rich in unconverted carbon [6]. 42 
  43 
2. Material and Methods 44 

2.1. Bed Materials and Additives 45 
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Bed materials used in this study were mainly calcined olivine sand, which is iron and magnesium orthosilicate 1 
((Mg,Fe)2SiO4). It can be classified into two samples, denoted as “used Austrian olivine” and “layered Chinese 2 
olivine”, regarding the bed material activity. 3 

The used Austrian olivine is the used calcined olivine obtained from the Güssing Plant in Austria. The fresh 4 
calcined olivine, before use in the Güssing Plant, was sourced from Austria and, according to its specification, was 5 
magnolite with a particle size of 0.3–0.8 mm. Its chemical composition analyzed by the Magnolithe GmbH is shown 6 
in Table 1. The used Austrian olivine has been utilised many times during hot tests at the Nong Bua Plant since April 7 
2017. 8 

The layered Chinese olivine is the used Austrian olivine after it has been utilised many times for hot tests, 9 
mixed with calcined olivine purchased from China (denoted as “fresh Chinese olivine”) with the addition of calcium 10 
hydroxide (Ca(OH)2), biomass ash and dolomite (CaCO3MgCO3). The fresh Chinese olivine has a particle size 11 
between 0.3–0.8 mm. Its analyzed composition by the Minchem Materials (Tianjin) Import & Export Co., Ltd. is 12 
summarized in Table 1. The layered Chinese olivine was used for the total 34.5 hours operating time after the 13 
successful hot tests in December 2017.  14 

 15 
Table 1. Analyzed composition in weight percentage (wt %) of fresh calcined Austrian olivine according to 16 

the specification from the Magnolithe GmbH and fresh calcined Chinese olivine according to the specification from 17 
the Minchem Materials (Tianjin) Import & Export Co., Ltd.  18 

 19 
Component Fresh Austrian olivine  Fresh Chinese olivine  

MgO 47.5–50.0 45.3 

SiO2 39.0–42.0 41.8 

CaO  0.4 N/A 

Fe2O3 8.0–10.5 9.2 

Al2O3 N/A 0.45 

H2O N/A 0.46 

Loss on Ignition 0.2 0.5 

 20 
2.2. Dual Fluidized Bed (DFB) Gasification System Principles 21 

The dual fluidized bed (DFB) gasification system used for this research project has been reported in literature with its 22 
schematic diagram shown in Figure 2 [5,15,43,45]. The DFB gasifier is composed of two fluidized bed reactors, which 23 
are a bubbling fluidized bed (BFB) gasification reactor (gasifier) and a fast fluidized bed (FFB) combustion reactor 24 
(combustor). The biomass feedstock is fed directly into the gasifier via a screw feeder, where the bed material is 25 
fluidized with superheated steam as the gasifying agent. In the combustor, the bed material is fluidized with the input 26 
air, and heated by the combustion of char and supplementary fuel, when needed, at the operating temperature of 900–27 
950 C. At the top of the combustor, the flue gas and the hot bed material are separated through a cyclone. Then the 28 
hot bed material flows to the gasifier through a loop seal to provide heat to the endothermic biomass steam gasification. 29 
The loop seal, or syphon, effectively prevents gas cross-flow between the two reactors and allows high biomass solid 30 
throughput. This loop seal and chute also let the solid flow of bed material circulate between the gasifier and the 31 
combustor. 32 
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 1 
 2 

Figure 2. Schematic diagram of a DFB gasifier [12]. 3 
 4 

When catalytic bed material is used or a catalyst is added, the bed material also enhances steam gasification, 5 
tar reforming or tar cracking, in addition to its function as heat carrier from combustion to gasification reactors. The 6 
product gas generated from the gasifier flows out of the gasification reactor and is cooled down, using a heat exchanger 7 
and recycled gas, to approximately 150–200 C. It is further filtered in a bag filter to remove the remaining fine 8 
particles. Finally, the product gas is cleaned in a scrubber to remove tars, using rapeseed methyl ester (RME) as a tar-9 
scrubbing liquid. For gas analysis, the gas composition is measured after the RME scrubber. More samples of tars 10 
were also taken after the RME scrubber via gravimetric and gas chromatography (GC) analyses. The cleaned product 11 
gas eventually enters the gas engine or may undertake further treatments if the product gas is used for other 12 
applications.  13 

It has been noted that the operating temperature of both reactors is affected by the energy required for 14 
gasification, the energy supply from the combustion of char and supplementary fuel, and the bed circulation rate. The 15 
operating temperature in the gasifier can be self-stabilized because, when the temperature in the gasifier decreases, 16 
the amount of residual char increases, which provides more heat in the combustor and delivers more energy to the 17 
gasifier [3]. For the commercial-scale plant, the temperature in the gasifier can be controlled by varying the amount 18 
of recycled char and tars from the bag filter, the tar-loaded scrubbing liquid, the char from the gasifier and the clean 19 
product gas to the combustor.  20 
 21 

2.3. Nong Bua DFB Gasification System  22 
2.3.1. Description of the Nong Bua DFB Gasification System 23 

In the present study, experiments were performed at the Nong Bua DFB gasification system (denoted as the “Nong 24 
Bua Plant” in this article), which has a heat input capacity of 3.8 MWth and is located in the Nong Bua district, 25 
Nakhonsawan province, Thailand. The gasifier is approximately 7 m high with an external diameter of about 2.8 m, 26 
while the combustor is around 10 m high with an external diameter of about 1 m. The schematic diagram of the Nong 27 
Bua Plant is shown in Figure 3. The process can be described as follows. 28 

Biomass feedstock is fed into the gasifier via a fuel handling system. Then the produced product gas from 29 
the gasifier flows into two product gas coolers, a product gas bag filter and a scrubber before entering the gas engine 30 
for further electricity and heat production [46]. The first product gas cooler reduces the product gas temperature from 31 
about 820 C to 280 C. The second gas cooler further cools the product gas from 280 C to approximately 200–220 32 
C by mixing it with the return flow of the cold, clean product gas after the scrubber. The product gas bag filter is 33 
used to remove almost all the particulates, which are char, and ash and fine bed materials, from the product gas. The 34 
particulates collected in the filter, which are mainly char, are recycled in the combustor as an additional fuel. It is 35 
worthwhile to note that a certain amount of fresh bed material (fresh calcined olivine) was continuously added to the 36 
gasification system via the combustor, to compensate for the loss of very fine particles of bed material, at 37 
approximately 20 kg/hr. 38 
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The final step before entering the gas engine is the scrubbing system. The scrubber completely removes all 1 
heavy tars and particulates from the product gas using biodiesel, which is rapeseed methyl ester (RME). The product 2 
gas temperature is also reduced by the scrubber from 200–220 C to approximately 40 C and compressed to 300 mbar 3 
as required for the gas engine [46]. The saturated biodiesel flows into the scrubber basin, where the used biodiesel and 4 
water are separated. The used biodiesel is also recycled into the combustor as the other additional fuel. The water 5 
flows into the condensate evaporator, where the condensed water is used for steam generation in the gasifier.  6 

For the flue gas, which is generated from the combustor, its sensible heat is used to superheat the steam and 7 
preheat air for the gasifier and combustor, respectively. The flue gas then flows to the flue gas cooler, which reduces 8 
the temperature of the flue gas to approximately 160–170 C, before flowing into the flue gas filter and stack, 9 
sequentially [46]. The fly ash is collected from the flue gas bag filter for further use in other industries. 10 

 11 

 12 
Figure 3. Schematic diagram of the DFB gasification system in Nong Bua district, Nakhonsawan province, 13 

Thailand [46]. 14 
 15 
The Nong Bua Plant was commissioned in April 2017 and is an improved plant design based on the 8 MW th 16 

DFB gasification system operating in Güssing Plant. The improved operation units in the Nong Bua Plant include the 17 
biomass dryer, the gasifier design, the tar scrubber design, the product gas cooler and the flue gas cooling system [15]. 18 
With these improvements, the Nong Bua Plant can operate with various biomass feedstocks, including woodchips, 19 
cassava rhizomes, sugar-cane leaf, rice straw, corn cobs, other agricultural residues and municipal organic solid 20 
wastes. In this study, the focus will be on woodchips to establish a benchmark for further comparison with other fuels 21 
to be used in the Nong Bua Plant, which can process 30 tonnes per day of woodchips with 40% moisture content 22 
before drying. After drying, random samples of dried wood were taken for moisture content measurement, which was 23 
approximately 15–20%. The characteristics of the plant are summarized in Table 2. 24 

 25 
Table 2. Characteristics of the Nong Bua Plant in Thailand [11,15].  26 

Characteristics Value 

Type of Plant Commercial Plant 

Fuel Energy Capacity (MWth) 3.80 



7 

 
 

Characteristics Value 

Electrical Output (MWel) 1.00 

Thermal Output (MW) 1.25 

Electrical Efficiency 26.32% 

Thermal Efficiency 32.89% 

Total Efficiency 59.21% 

 1 
2.3.2. Start-up Procedures and Operating Conditions of the Gasifier and Combustor 2 

At start-up, the bed material was first added into the combustor and heated up using supplementary fuel, while the 3 
loaded bed material was circulating between the two reactors, until the temperature of the gasifier reached the set point 4 
of 820 C. This start-up process took about 24 hours. Then the biomass of woodchips was fed to the gasifier through a 5 
screw feeder. When the biomass was first fed to the gasifier, the temperature of both reactors decreased due to the 6 
endothermic gasification reactions as mentioned above. However, after a certain period of time, the system reached the 7 
steady-state condition in which the temperatures in the gasifier were 800–860 C, varying with the height of the gasifier, 8 
and those in the combustor were 870–920 C. The temperature of the gasifier was measured at the top, middle and 9 
bottom of the gasifier during the operation time using layered Chinese olivine, and is shown in Figure 4. The 10 
temperatures at each location from top to bottom are called the free-board temperature, middle-height column 11 
temperature and in-bed temperature, respectively. The minor fluctuation is due to noise. The pressure drop in the gasifier 12 
and combustor was measured as 110–140 mbar and 80–120 mbar, respectively. 13 

 14 

 15 
 16 

Figure 4. The gasifier temperature at different heights in the gasification reactor over the operating time when using 17 
layered Chinese olivine as the bed material. 18 

 19 
 20 

2.4. Determination of Product Gas Composition and Tar Concentration  21 
2.4.1. Tar Sampling Points and Methods 22 

Tar in the product gas was sampled, after it had been through the product gas scrubber, for gravimetric tar analysis. 23 
The product gas composition and gravimetric tar concentration in the product gas were determined in the experiments 24 
where, first, the used Austrian olivine, and then the layered Chinese olivine, were used.  25 

The gravimetric tar sampling was carried out at preset time intervals using the wet chemical principle 26 
following the modified European Standard (EN) DD CEN/TS 15439:2006 “Biomass gasification – Tar and particles 27 
in product gases – Sampling and analysis”. Principally, the method applies five impinger bottles to condense and 28 
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dissolve the condensable hydrocarbons. Four impinger bottles were filled with toluene of approximately 200 ml per 1 
bottle. The fifth bottle was empty, and it was connected to an ABB flow meter, and a diaphragm pump. All impinger 2 
bottles were kept in a water bath at a temperature of 0–3 C. The sampling duration depended on the amount of tar 3 
collected, which was visually observed. In this study, the dissolved tar samples for gravimetric tar analysis were 4 
collected after the heat exchanger and RME scrubber. The samples were collected in quadruple. The With temperature 5 
probes, the temperature of the product gas in the tar sampling line was heated with trace heating elements, which were 6 
set at a constant of 200 C, approximately. This was to avoid water vapor and tar condensation and loss of analyte. 7 
The dissolved tars in the impinger bottles were further extracted using a rotary evaporator until finally only 8 
condensable hydrocarbons or gravimetric tars were left. After this, the evaporate bottle was put in an oven at 105 C 9 
for drying before weighing. Further detail is described by Hongrapipat et al. [46].  10 

 11 
2.4.2. Product Gas Composition Points and Analysis 12 

The product gas was analyzed after it had cooled down to 45–55 C and the tars were eliminated after the scrubber. 13 
Concentrations of methane (CH4), carbon monoxide (CO), carbon dioxide (CO2) and oxygen (O2) were measured 14 
online using the ABB gas analyser, every second. All measured values were presented and stored online in the SCADA 15 
system. Other gases including N2 were estimated from previous manual product gas analyses to be 8 vol. %. The 16 
percentage of hydrogen in the product gas was determined by calculation from the measured and estimated gases.   17 

 18 
2.5. Feedstock Analysis  19 

In the present study, local Thai woodchips were used as the biomass feedstock. It contains mainly softwood with the 20 
particle cross-section length in a range of 0.5–10 cm. The ultimate analysis, proximate analysis and ash fusion 21 
temperature were carried out by SGS (Thailand) Limited. The remaining ash composition collected after the ultimate 22 
and proximate analyses was analyzed using X-ray fluorescence spectroscopy (XRF). 23 

 24 
2.6. Bed Material Sample Preparation and Characterization  25 

2.6.1. Bed Material Sample Preparation 26 
Bed material samples as received were analyzed at the delivery of the olivine. Used bed materials from this study 27 
were taken from the bottom of the gasifier of the Nong Bua Plant, after the gasifier and combustor had cooled down 28 
during shutdown. Fly ash was also analyzed. It was collected from the ash container after the flue gas filter. The 29 
olivine and fly ash samples collected were cast using epoxy resin with the addition of carbon powder without any 30 
treatment. For the surface morphology analysis, the olivine and fly ash samples were analyzed as cast. For the cross-31 
section analysis, the cast olivine samples were polished before characterization. No cross-section analysis was 32 
conducted for fly ash. 33 

2.6.2. Bed Material Characterization  34 
Bed materials were analyzed regarding their surface morphologically and elemental composition using a Carl Zeiss 35 
EVO MA10 scanning electron microscope (SEM) and energy dispersive spectroscopy (EDS). The main composition 36 
of the bed material samples measured was magnesium (Mg), silicon (Si), phosphorous (P), potassium (K), calcium 37 
(Ca) and iron (Fe). At least three samples collected from different spots of the total samples were analyzed, and the 38 
average values were used in this study. Carbon and oxygen content were not analyzed. 39 

For fly ash, the analysis method is similar to that of the bed material sample.  40 
 41 

3. Results and Discussion 42 
In this article, product gas composition and tar concentration from the DFB steam gasification system of the Nong 43 
Bua Plant were characterized when used Austrian olivine and layered Chinese olivine were used, respectively. In order 44 
to investigate the effects of the bed materials, all other operation parameters were controlled at a steady state. Table 3 45 
summarizes the use of bed materials, operating temperature range of the gasifier and operating time before the bed 46 
material collection. The used Austrian olivine was used first, but the operation was interrupted due to a high amount 47 
of tar in the product gas. The system was stopped, and cleaning was carried out. Therefore, calcium hydroxide and 48 
dolomite were added into the gasifier to activate the used Austrian olivine. Later, the fresh Chinese olivine was used 49 
to replace the used Austrian olivine, and this developed into layered Chinese olivine. When using the layered Chinese 50 
olivine, the Nong Bua Plant performed well. The results of bed material characterization, feedstock analysis and the 51 
Nong Bua Plant performance are described below.  52 
 53 
  54 

 55 
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Table 3. Gasifier operating temperatures and operating time before the collection of each bed material. 1 
 2 

Bed materials Gasifier operating 

temperatures (C) 

Operating time  

(Hours) 

Used Austrian Olivine 
800–860 

1.7 

Layered Chinese Olivine 34.5 

  3 
 4 

3.1. Feedstock Analysis 5 
Results of the proximate (as-received basis) and ultimate (dry, ash-free basis) analysis for local woodchips are given 6 
in Table 4, while the results of the ash composition analysis and ash fusion temperature are summarized in Tables 5 7 
and 6, respectively.  8 
 9 

Table 4. Results of proximate and ultimate analysis of woodchips used in this study.  10 
 11 

 Parameter Woodchips 

Proximate analysis 

(as-received basis) 

Moisture (wt %) 38.74 

Ash content (wt %) 1.39 

Volatile matter (wt %) 49.13 

Fixed carbon (wt %) 10.74 

Ultimate analysis 

(dry, ash-free basis) 

Carbon (C) (wt %) 49.64 

Hydrogen (H) (wt %) 5.98 

Nitrogen (N) (wt %) 0.47 

Sulphur (S) (wt %) 0.08 

Oxygen (O) (wt %) 43.83 

Lower heating value LHV (MJ/kg) 9.89 

 12 
Table 5. Summary of XRF analysis on ash composition of woodchips. 13 
 14 

Oxides Ash analysis (wt %) 

Fe2O3 0.93 

MnO 0.10 

CaO 40.80 

K2O 15.17 

SO3 7.18 

P2O5 7.93 

SiO2 13.96 

Al2O3 4.86 

MgO 6.49 

Na2O 1.72 

Others 0.86 

Total 100.0 

 15 
Table 6. Ash fusion temperature according to NEN EN 15370 standard. 16 
  17 

Phase Reducing Oxidizing 

Initial deformation temperature (℃) 1405 1450 

Spherical temperature (℃) 1420 1465 

Hemispherical temperature (℃) 1430 1484 

Flow temperature (℃) 1435 1500 

 18 
3.2. Bed Material Characterization 19 

From past research, it is known that used calcined olivine has a calcium-rich outer layer, which shows apparent catalyst 20 
properties for tar cracking or reforming reactions from the incorporation of wood ash and additives during gasification 21 
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[5,9,20,43]. This has also been verified in this study, both from experience in operating the Nong Bua Plant and from 1 
the bed material analysis. In these experiments, the used Austrian olivine from the Güssing Plant was initially 2 
requested and shipped to the Nong Bua Plant for its first start-up. This is because it was recommended that the used 3 
calcined olivine should be utilised during every start-up period in biomass gasification to minimize tars in the product 4 
gas, and the used calcined olivine from the previous run should be reused in the next run [11]. With this used Austrian 5 
olivine, there should not be a high tar concentration problem in the initial gasification. 6 

3.2.1. Surface Morphology Analysis on the Bed Materials 7 
Figure 5 shows the SEM images of used Austrian olivine and layered Chinese olivine collected from the gasifier, and 8 
Figure 6 shows the image of fresh Chinese olivine. In the biomass gasification experiments, the fresh Chinese olivine 9 
was mixed with the used Austrian olivine and other additives as aforementioned in Section 2.1. From the SEM, it can 10 
be visually observed that the surface of the used Austrian olivine and layered Chinese olivine are smoother compared 11 
to the fresh Chinese olivine, due to the attrition inside the combustor and gasifier.  12 

  13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 

 23 
 24 
 25 
 26 
 27 
 28 

 29 
Figure 5. SEM images of the surface of the used Austrian olivine (left) and the layered Chinese olivine (right) at a 30 
magnification of 100×. 31 
 32 

 33 
 34 
 35 
 36 
 37 
 38 
 39 
 40 
 41 
 42 
 43 
 44 
 45 
 46 
 47 
 48 
Figure 6. SEM images of the surface of fresh Chinese olivine at a magnification of 100×. 49 

 50 
3.2.2. Elemental Composition Analysis  51 

The results of the elemental composition analysis of the used Austrian olivine and layered Chinese olivine collected 52 
after the gasification experiments, and those bed materials as received from the Güssing Plant for the used Austrian 53 
olivine, and purchased from China for the fresh Chinese olivine, and fly ash are given in Table 7. The images of these 54 
bed materials are shown in Figure 7 for EDS compositional mapping and in Figure 8 for magnified images.  55 
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Considering the used Austrian olivine elemental composition as received, as tabulated in Table 7, a 1 
substantial amount of calcium was detected with other main elementals, including magnesium, silicon and iron. Trace 2 
amounts of phosphorous and potassium were also observed. In the used Austrian olivine collected after the gasifier, 3 
high amounts of magnesium, silicon and iron were observed on the surface of the used Austrian olivine. The EDS 4 
result, in the form of mappings and tables, shows a very low amount of calcium of 0.18 percent on the surface of the 5 
used Austrian olivine. No calcium was observed inside the used Austrian olivine from the elemental analysis of the 6 
cross-section of the used Austrian olivine. This is in accordance with the findings of Kirnbauer et al., that the calcium-7 
rich layer was observed on the outer layer of the calcined olivine [43].  8 

 9 
Table 7. EDS analysis in component atomic percentage (at %) when using used Austrian olivine or layered Chinese 10 
olivine as the bed materials collected from the gasifier, and fly ash collected from the flue gas bag filter, and the bed 11 
materials as received from the Güssing Plant for the used Austrian olivine and purchased from China for the fresh 12 
Chinese olivine. 13 
 14 

Component 

Bed materials collected from gasifier Bed materials as 

received 

Fly ash collected from 

each gasifier test run Surface Cross-section   
Used 

Austrian 

olivine 

Layered 

Chinese 

olivine 

Used 

Austrian 

olivine 

Layered 

Chinese 

olivine 

Used 

Austrian 

olivine 

Fresh 

Chinese 

Olivine 

Used 

Austrian 

olivine 

Layered 

Chinese 

olivine 

Mg 42.42 23.93 42.95 40.33 27.74 41.30 37.37 11.33 

Si 32.77 14.14 35.80 35.86 20.81 39.53 35.13 5.93 

P 0.33 2.64 0.00 0.48 1.04 0.00 0.60 2.42 

K 1.01 5.24 0.00 2.60 1.13 0.00 4.45 13.85 

Ca 0.18 44.95 0.00 8.78 43.56 3.51 10.57 63.07 

Fe 23.29 9.10 21.25 11.95 11.71 15.67 11.88 3.40 

 15 
 16 

 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
 39 
 40 
Figure 7. EDS compositional mapping of the cross-section of the used Austrian olivine (left) and the layered Chinese 41 
olivine (right) collected after the gasification experiments. The red color shows the calcium layer. 42 
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 1 
In the layered Chinese olivine, a high amount of calcium was detected on the surface of almost all particles, 2 

as shown in Figure 7 and Table 7. Approximately 9 percent of the calcium was detected at the cross-section of the 3 
layered Chinese olivine, whereas about 45 percent of the calcium was observed at the surface of the layered Chinese 4 
olivine. The calcium-rich layer was found to be more on the outer layer of the layered Chinese olivine, as shown in 5 
the EDS in the form of mapping in Figure 7 (right).  6 

When comparing the composition of the fresh Chinese olivine obtained from the supplier in weight 7 
percentage according to Table 1, and the analysis of fresh Chinese olivine as received using EDS in atomic percentage 8 
in Table 7, low calcium was observed with magnesium, silicon and iron as major components.  9 

 10 
 11 
 12 

 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
Figure 8. Magnified SEM images showing an inner layer (1) and an outer layer (2) of the used Austrian olivine (left) 26 
and the layered Chinese olivine (right) collected after the gasification experiments. The images have a magnification 27 
of 1000×. 28 
 29 

In both used Austrian olivine and layered Chinese olivine, magnesium, silicon and iron are present because 30 
both bed materials have two crystal structures, as aforementioned – fayalite, (Fe2SiO4) and forsterite (Mg2SiO4) 31 
[19,21,33]. When comparing the elemental composition on the surface of the bed materials, collected after each 32 
gasifier run, between used Austrian olivine and layered Chinese olivine, the amount of calcium and potassium in the 33 
layered Chinese olivine is obviously much higher than that in the used Austrian olivine. As shown in Figure 8, the 34 
outer calcium-rich layer (identified as 2 in the figure) in the layered Chinese olivine is much thicker than that in the 35 
used Austrian olivine. However, from the EDS mapping of cross-section of the used Austrian olivine, no calcium was 36 
observed. This may be due to the limitation of the EDS mapping applied. The calcium in the layered Chinese olivine 37 
came from the addition of the aforementioned additives of calcium hydroxide (Ca(OH)2), biomass ash (40% CaO) 38 
and dolomite (CaCO3MgCO3).  39 

The quantity of magnesium, silicon and iron in the layered Chinese olivine is lower than in the used Austrian 40 
olivine. The lower quantity of iron and magnesium observed came from the substitution of calcium for the iron and 41 
magnesium [20,47,48]. For the used Austrian olivine, the active surface, including the calcium-rich layer of the used 42 
Austrian olivine, was removed due to attrition because it was used many times during the Nong Bua Plant 43 
commissioning.  44 

Regarding the effect of bed material on tar reduction, it has been reported that the activity of tar cracking in 45 
the bed material was related to the mobility of iron at high temperatures [8,11,20,49]. From the above reasons, on the 46 
one hand, the used Austrian olivine may no longer be active, as there was no calcium; hence it did not indicate the 47 
iron or magnesium substitution. On the other hand, the layered Chinese olivine was active, as there was calcium, on 48 
which the mobility of the iron and substitution of calcium for iron or magnesium was observed. This is, as mentioned 49 
previously, that the amount of iron or magnesium was reduced while the calcium was increased.    50 

Low amounts of calcium were observed on the fresh Chinese olivine before it was developed to the layered 51 
Chinese olivine. This is because calcium from the additives requires time to interact and incorporate into the bed 52 
material, as the interaction is based on a solid–solid reaction, which in general comes from biomass ash and additives 53 
(in this study it is calcium hydroxide and dolomite) [11,15,20]. This reaction was observed in the used Austrian olivine 54 
as received, which was the used calcined olivine from the Güssing Plant, in which a high amount of calcium was 55 

1 

2 

1 

2 
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detected. The amount of calcium related to the Nong Bua Plant’s performance, as it has been reported to have increased 1 
the catalytic activity significantly [5,9,50-52], is discussed further.  2 

In the fly ash, calcium was also present in significant amounts. This was confirmed by the fact that certain 3 
bed material particles were entrained with the fly ash. The amount of lost bed material depends on the efficiency of 4 
the cyclone. A small amount of fly ash was reused in the gasifier as it is a catalyst for the steam gasification system. 5 
Additionally, fly ash is used by other industries, mainly in cement in the construction industry [53-54].  6 

 7 
3.3. Determination of Product Gas Composition and Tar Concentration 8 

The indicators used to evaluate the Nong Bua Plant performance in this study are gas composition and tar 9 
concentration. The measured results for the product gas composition are given in Table 8. Averaged gas composition 10 
and its LHV values are illustrated in Figure 9. From the table, it can be found that the gas component contents when 11 
using used Austrian olivine varies from the design values in much wider ranges than the layered Chinese olivine. High 12 
tar concentration in the product gas when the Austrian olivine was used is due to low tar reforming and tar cracking 13 
activity. The design values are the suggested values of the Nong Bua Plant performance based on mass and energy 14 
balance design.   15 

 16 
Table 8. Average gas composition, lower heating value (LHV) and tar concentration measured in the biomass 17 
gasification experiments.  18 

 19 

Gas component /LHV Design values  
Used Austrian 

olivine 

Layered Chinese 

olivine 

H2 (vol.%) 37–40 40.8  6.8 40.9  2.2 

CO (vol.%) 21–24 26.3  4.2 22.8  1.2 

CO2 (vol.%) 19–23 14.4  1.5 19.4  1.5 

CH4 (vol.%) 9–10 10.5  1.6 9.0  0.5 

LHV (MJ/Nm3) 13 13.7  0.3 12.7  0.2 

Average Tar (mg/Nm3) 50 1201  220 872  125 

 20 

 21 
 22 
Figure 9. The product gas composition over the 34.5 hours operating time using layered Chinese olivine.   23 
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 1 
According to Table 8 and Figure 9, when the layered Chinese olivine was used, the average hydrogen and 2 

methane concentrations were 40.9  2.2 vol.%  and 9.0  0.5 vol.%, respectively. The hydrogen concentration, on 3 
average, was in the range of the design value of 37–40 vol.%, while the methane concentration was at the minimum 4 
threshold of the design value of 9–10 vol.%. The lower heating value (LHV) of the product gas was 12.7  0.2 MJ/Nm3, 5 
which was close to the design value of 13 MJ/m3. From Figure 9, there were some peaks, which may be noise of 6 
instruments [45].  7 

The tar concentration in the product gas was lower than that when utilising the used Austrian olivine, 8 
however, still higher than the design value. This indicates that further improvements to the gasification system and 9 
the gas cleaning system are needed to reduce tar concentrations in the product gas. 10 

Nevertheless, stable and normal operation, as shown in Figure 9, was accomplished without a tar 11 
accumulation problem for 34.5 hours using layered Chinese olivine, but further adjustments were required in order to 12 
run the gasifier for a longer time. The addition of calcium from biomass ash, calcium hydroxide and dolomite should 13 
increase the catalytic activity of the bed material for tar reduction, hence better performance of the plant with reduced 14 
tar level in the product gas is expected. The calcium presented on the layered Chinese olivine indicated that this 15 
calcium layer, which replaced the iron and magnesium, is a key parameter for low tar concentration in the product 16 
gas. 17 

When comparing the product gas composition as summarized in Table 8, it was found that the average carbon 18 
monoxide and methane concentrations when using layered Chinese olivine were lower than those when using used 19 
Austrian olivine. This indicates the water–gas shift reaction and steam–methane–reforming reactions were enhanced 20 
with the layered Chinese olivine which promoted hydrogen and carbon dioxide production.   21 

 22 
4. Conclusion 23 
The activity of bed material was found to influence the performance of the 3.8 MWth DFB steam gasification system 24 
installed in Nong Bua, Thailand. Two sources of bed materials used in the Nong Bua Plant – used Austrian olivine 25 
and layered Chinese olivine – were characterized using SEM and EDS techniques. It was found that a very low amount 26 
of calcium was observed on the surface of the used Austrian olivine, thus the inactivity of the used Austrian olivine is 27 
likely to be due to the attrition of calcium from the outer layer. However, further studies are recommended to confirm 28 
this implication.  29 

When the layered Chinese olivine was used, a substantial amount of calcium was detected on the bed material 30 
surface, and the Nong Bua Plant operated stably and normally with lower tar concentration in the product gas. Plant 31 
performance depends significantly on the activity of bed material, which is related to and characterized by the amount 32 
of calcium on the surface of the bed material used in the Nong Bua Plant, and also operation parameters and feedstock 33 
properties. The Nong Bua Plant, from this study, will be useful in terms of a benchmark for other agricultural residues 34 
in the future.   35 

When layered Chinese olivine was used, the hydrogen on average was in the range of the design value, while 36 
the methane concentration was at the minimum threshold of the design value. The lower heating value (LHV) of the 37 
product gas was close to the design value. The tar concentration in the product gas was lower than that when using 38 
the used Austrian olivine, however still higher than the design value. This indicates that further improvements to the 39 
gasification system and the gas cleaning system are needed.  40 

This study determined that the calcined olivine purchased from China can be used to replace the calcined 41 
olivine sourced from Austria as long as its composition is similar and the calcium-rich layer is developed on the 42 
surface. The calcined olivine purchased from China is more suitable for the Nong Bua Plant in terms of cost, as China 43 
is closer to Thailand than Austria. The plant performance of olivine from both sources is expected to be similar when 44 
they are activated with additives i.e. calcium hydroxide, biomass ash and dolomite.  45 

 46 
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