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Experimental Investigation on Rice Straw Gasification
in a Cyclone Gasifier

Worapot Ngamchompoo *

A cyclone gasifier is an effective technology for the gasification of low-
density biomass containing a high ash content. The ash removal
performance was improved in the gasifier due to being similar to a
cyclone dust collector. The cyclone reactor is relatively simple, easy to
use, and has low construction costs compared with a traditional fluidized
bed gasifier. In this study, the air gasification characteristics of rice straw
were investigated in a cyclone gasifier. The results showed that by
increasing the equivalence ratio (ER), the gasifier temperature also
increased. This, in turn, led to a higher gas quality (higher heating value
(HHV) and lower tar content) and enhanced the gasification performance
(gas yield, carbon conversion efficiency, cold gas efficiency, and hot gas
efficiency). A high ER reduced the amount of the combustible gas
component (CO and Hz) and caused the HHV of the producer gas to
decrease. The optimum value range of ER was observed to be about
0.29 to 0.34. A smaller feedstock size was more favorable for higher
producer gas quality and gasification performance. Biomass moisture
content parameters played an important role in the cyclone gasification
process. Higher moisture content decreased the gasifier temperature,
leading to low gas quality (lower HHV and higher tar content), and
resulted in lower gasification performance.
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INTRODUCTION

Rice straw, a by-product from rice production, is a valuable biomass waste used
as a second-generation biofuel in Thailand. The annual production of rice straw in
Thailand is 16 to 24.7 million tons (Suramaythangkoor and Gheewala 2010). After
harvest, most rice straw is disposed of by open-field burning, which is fast and low-cost,
but this practice has a damaging effect on air quality and human health. To avoid
pollution and to provide an alternative energy source, rice straw has been converted to
bioenergy instead of open burning. In thermochemical conversion technologies,
gasification is an attractive route compared with combustion and pyrolysis, due to its a
higher efficiency (Sheth and Babu 2010). The series of chemical processes that
transforms solid biomass into a combustible gas by partial oxidation is called biomass
gasification technology. The resulting gas, called producer gas or syngas, contains
hydrogen, carbon monoxide, carbon dioxide, methane, and nitrogen. It is burned for
thermal applications or used as an alternative fuel in an internal combustion engine or gas
turbine to produce electricity.

The cyclone gasifier technology has excellent advantages when used to generate
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producer gas from low-density biomass residues (Fredriksson and Kallner 1993; Gabra et
al. 2001). The conventional fixed-bed gasifier is not appropriate for rice straw conversion
because of its low bulk density, poor flow characteristics, high ash content, and low ash
melting point. In contrast to the traditional fluidized bed reactor, cyclone reactors are
relatively simple, low-cost, and easy to use (Guo et al. 2009; Sun et al. 2009; He et al.
2012). The cyclone gasifier is similar to cyclone dust collectors because they can also
decrease the requirement for a gas-cleaning apparatus. This advantage makes significant
advances in reducing the initial investment (Sun et al. 2009).

Initially, cyclone gasifier technology was developed at the Royal Institute of
Technology in Sweden by Fredriksson and Kallner (1993). The furnace outlet
temperature was increased gradually to about 820 °C with an increase in the equivalence
ratio (ER). This experiment produced a syngas higher heating value (HHV) of
approximately 4.4 MJ/m3. Gabra et al. (2001) studied sugarcane trash gasification in a
cyclone furnace. As the ER was varied in the range 0.20 to 0.25, the HHV of the
producer gas obtained in this investigation was between 4.4 and 4.7 MJ/m3. An inverted
cyclone gasifier reactor consists of a vortex collector pocket (VCP) and a central
collector pocket (CCP), which was developed by Syred et al. (2004). The cited study
improved ash separation from the vortex flow, which enhances the removal of heavy
metal traces and alkali in the producer gas. Sun et al. (2009) investigated the process of
rice husk powder gasification in the cyclone reactor for producing syngas. In contrast
with the traditional fluidized bed gasifier, it was reported that the producer gas
temperature was higher. Guo et al. (2009) investigated gasification of biomass micron
fuel in a cyclone reactor by using air as the gasifying agent. The results concluded that a
smaller biomass size resulted in higher syngas quality and gasification performance. By
studying the effect of the operating condition on air-steam gasification using a cyclone
gasifier, He et al. (2012) found that the gas quality was favored by the supply of steam,
but too much steam reduced the temperature of the reactor and decreased the gas quality.
Bartocci et al. (2018) studied steam gasification of charcoal pellet in lab-scale. He
reported an H. content of 58.25% in the product gas, and a process efficiency of about
25%. Wood powder gasification in the fuel staging cyclone gasifier was studied by Zhao
et al. (2013). The gasification performance was enhanced when the air-fuel ratio was
over 14%. Risberg et al. (2014) studied the cyclone gasification process by using four
different types of biomass as feedstock, which were peat, rice husk, bark, and wood.

Although there has been extensive research on the application of cyclone
gasification to process biomass, there has been none specifically on the cyclone
gasification of rice straw. In this study, the characteristics and the performance of a
cyclone gasifier for straw gasification were assessed. The influence of the ER, biomass
moisture content, and feedstock particle size on the syngas quality and the gasification
performance were studied. The results obtained may be beneficial in developing a
cyclone biomass gasification technology to use rice straw as feedstock.

EXPERIMENTAL

Feedstock Material

Rice straw was used as the biomass feedstock in this experiment. To analyze
the biomass heating value, a bomb calorimeter was used. The proximate and ultimate
analyses of the feedstock are illustrated in Table 1. To control the different biomass
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moistures for this experiment, sun drying was applied to reduce moisture content in the
feedstock. To characterize the rice straw, a sieve shaker and disk mill were used. The
disk mill was used for grinding and the material was then sieved with different mesh
sizes. The automatic-sieve shaker was employed to determine the size distribution.

Table 1. Proximate Analysis and Ultimate Analysis of the Rice Straw

Proximate Analysis (wt.%) Ultimate Analysis (wt.%)
Ash 8.55 C 45.69
Volatile matter 67.27 H 4.65
Fixed carbon 13.05 N 0
Higher heating value (MJ/kg) 14.21 S 0
o] 50.32

Experimental Setup

The concept of the rice straw cyclone gasifier is shown in Fig. 1. The air/straw
mixture entered the reactor in the tangential direction, which created a vortex flow in the
furnace. The incoming feedstock particles were forced by the swirl to the cyclone wall,
where the main parts of the reaction took place. These reactions included drying,
pyrolysis, combustion, and gasification. When the syngas exited through the top outlet
duct of the gasifier, the unreacted char particles fell downwards towards the bottom of the
reactor.
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| Drying
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Combustion
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Ash and Char

Fig. 1. Concept of the rice straw cyclone gasifier

Figure 2 shows a drawing diagram of the cyclone gasification system, which
consisted of four main parts: ring blower, fuel screw feeder, cyclone gasifier, and gas
sampling and tar measurement unit.
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A photograph of the system is displayed in Fig. 3. Air, the gasifying agent, was
injected into the gasifier by an air blower. To control the air flow rate entering the
reactor, a valve and rotameter were used. The fuel screw feeder included a fuel hopper, a
screw feeder, and a downcomer. The feedstock fuel (rice straw powder) was contained in
the hopper, and the screw feeder was used to transfer fuel from the hopper to the
downcomer, which was injected tangentially into the cyclone furnace using an air-driven
injector. The fuel feed rates were controlled with an electrical inverter varying the
rotation of the screw feeder motor.

The cyclone reactor body consisted of a conical and cylindrical chamber. The
reactor body was constructed by using a mild steel plate (5 mm wall thickness). The
cyclone gasifier was 90 cm high with a diameter of 21 cm and was wrapped with the
ceramic fiber insulation materials of 15 cm.

The cylindrical chamber was enveloped with an electrical heater of 20 kW, which
is used to preheat the gasifier. The water-venturi educator was installed at the bottom of
the furnace for ash removal. The syngas departed the reactor through the exhaust upper
port where the gas sampling and tar measurement unit was installed. Thermocouple
probes were installed to monitor the temperature variation along the vertical direction of
the furnace.
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Fig. 2. Schematic of biomass cyclone gasifier systems: (1) air ring blower; (2) fuel screw feeder;
(3) cyclone gasifier; (4) gas sampling and tar measurement unit
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Fig. 3. Photograph of biomass cyclone gasifier system

Measurements System

When the gasification system was at a stable state, producer gas was sampled and
the tar concentration was analyzed (by the gas sampling and tar measurement unit).
A gas chromatograph (Shimadzu GC-2014, Shimadzu Corporation, Kyoto, Japan)
equipped with a thermal conductivity detector, fitted with unibeads C column was used to
analyze the main gas composition (CO2, Hz, CO, and CHs). For all experiments, high-
purity argon gas was used as the carrier gas. The use of cold trapping was used, which
included six 250 mL impingers immersed in an ice bath (-15 °C) as a tar measuring unit.
Sampling gas that was collected by the gas collector flowed into the impinge, and then
the tar from the syngas was condensed. Finally, the tar concentration was estimated and
contrasted with the syngas flow rate in mg/m?. Tar content in the producer gas caused
critical problems by blocking the pipeline and polluting the environment. Tar elimination
by thermal cracking (Bui et al. 1994) or by using a catalyst (Hu et al. 2018) are widely used

methods.
! 1DIcm TAE]

Fig. 4. Schematic of thermocouple locations
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The tar removal by physical process is attractive by a technical and economical
point of view; moreover it is uncomplicated and adaptable. An oil scrubber combined
with char adsorption for tar removal was investigated by Paethanom et al. (2013). The
demonstrating test was successful and a gravimetric tar removal efficiency was 98.7%.
The thermocouple (Chromel-Alumel, K-type, IES-Electric Corporation, Bangkok,
Thailand) as displayed in Fig. 4, was used to monitor the temperature profiles along the
vertical plane of the gasifier. There was temperature measurement of the upper-reactor
zone (T1) at 10 cm, the middle-reactor zone (T2) at 30 cm, the bottom-reactor zone (T3)
at 50 cm below the top reactor, and the exit gas (T4) at 10 cm above the top gasifier. To
measure and record the temperature, all thermocouples were equipped with a data logger.

Experimental Procedure

The first step of the cyclone gasification experiment was executed by heating the
gasifier with an electrical heater to a temperature of 700 °C (monitored at T2). The fuel
screw feeder was switched on at the desired rotation speed keeping a 12 kg/h biomass
feed rate, and the air blower was also switched on to supply an excess quantity of air
corresponding to the desired ER. When the gasifier temperature was stable and running
smoothly (after 20 to 30 min), the testing began and the gas sampling and tar
measurement were recorded. All experimental data were recorded by using the average
value (three measurements spaced 5 min apart).

To assess the process technology, the following variables were defined and
determined.

The equivalence ratio (ER) is defined by Eq. 1 (Zainal et al. 2002).

_ [Flow rate of air/Rate of biomass consumption]

ER — — ; -
[St0|ch|ometr|c air / biomass ratlo]

1)

The higher heating value (HHV) of producer gas was calculated using Eq. 2
(Jarungthammachote and Dutta 2010).

HHV =13.1CO +13.2H, +41.2CH, (2

where CO, Hz, and CHys are the gas contents of the syngas.
The gas yield is defined by Eg. 3.
Total dry gas flow rate

GasYield = —
Biomass feed rate (wh.)

©)

The carbon conversion efficiency (7. ) was calculated by Eq. 4 (Lv et al. 2004).

m, x1000x (CH, +CO +CO,)
x(12/22.4)
I:mfeed,dry (1_ Xash) XC]

where CO, COy, and CHs were the gas contents of the syngas (vol.%), mg was the
producer gas flow rate (N m3h), mredary Was the biomass feed rate (g/h), C was the
carbon content in the feedstock component (wt.%), and Xash was the ash content in the
biomass (wt.%).

The cold gas efficiency (CGE) was estimated by Eqg. 5 while the hot gas

} x100% (4)

.=
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efficiency (HGE) was calculated by Eq. 6 (Sheth and Babu 2010).

HHV__xm
CGE = ¢ g
HHered X mfeed,dry

()

HHVgas xm, + Epg
HHered X mfeed,dry

HGE =

(6)

where HHVgas Was the HHV of the syngas (MJ/Nm?3), Epq was the syngas sensible heat
(MJ/h), mg was the syngas flow rate (N m3/h), HHVseeq Was the biomass HHV (MJ/kg),
and Myeed,dry Was the biomass feed rate (kg/h).

RESULTS AND DISCUSSION

Cyclone Gasifier Temperature

The gasifier temperature was examined under different operating conditions. The
measurements of the temperature along the height of the gasifier (upper gasifier zone
(T1), middle gasifier zone (T2), bottom gasifier zone (T3), and exit producer gas (T4))
were analyzed in Figs. 5, 6, and 7.

The influence of ER on gasifier temperature is illustrated in Fig. 5. The
temperature profile in the cyclone reactor was very influential based on the ER, and it
rapidly increased with the increment of ER. At a higher ER, more oxygen promoted the
combustion reaction, which led to more heat being released and resulted in the increase in
furnace temperature. Similar results were observed with the research performed by He et
al. (2012). It has been reported that the cyclone gasifier temperature increased with
increasing ER. The temperature of the upper gasifier zone, middle gasifier zone, bottom
gasifier zone, and exit producer gas reached 763 to 832 °C, 640 to 756 °C, 418 to 578 °C,
and 363 to 511°C, respectively. The highest temperature was shown in the gasifier upper
part, which indicated that this position was the main oxidation zone.
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Fig. 5. Effect of ER on gasifier temperature (biomass size 0.25-0.5 mm; moisture content = 9.5%)
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Fig. 6. Effect of biomass size on gasifier temperature (ER = 0.29; moisture content = 9.5%)
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Fig. 7. Effect of moisture content on gasifier temperature (ER = 0.29; biomass size = 0.25-0.5
mm)

Figure 6 shows the effect of biomass size on gasifier temperature, while keeping
all other operating conditions constant (ER = 0.29, biomass moisture content = 9.5%).
There was a significant increase in the temperature at different positions of the gasifier
due to the reducing influence of the feedstock particle size. Due to the heat generation
rate of biomass-feedstock, combustion in the reactor has a direct effect on the gasification
reaction (Blasi 1996; Lv et al. 2004). Since the smaller feedstock had a larger contact
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area and a rapid heating rate, the size of feedstock will have an influence on gasifier
temperature.

Figure 7 shows that the gasifier temperature at difference parts was reduced
significantly when the moisture content of the biomass feedstock was increased. The
decrease in temperature was due to the large quantity of heat required for moisture
evaporation, which would be used essentially by the endothermic gasification reaction.
Kaewluan and Pipatmanomai (2011) showed a similar finding that when the moisture
content increased from 9.5% to 25.5%, it caused the gasifier temperature to be reduced
from 761 °C to 699 °C.

Effect of ER on Rice Straw Gasification in the Cyclone Gasifier

In this experiment, ER was changed from 0.19 to 0.34, keeping biomass size in a
range of 0.25 to 0.50 mm and moisture content at 9.5%. The air flow rate into the gasifier
was changed to study the influence of ER at a constant biomass feed rate at 12 kg/h.
Figure 8 illustrates the effect of ER on the main gas component of the syngas. The main
oxidizable compositions in the syngas were CO and Hz, and the content of those gases
have a direct influence on the quality of the syngas. As a result, the content of CO and H>
increased from 13.57% to 15.71% (as ER varied from 0.19 to 0.24) and from 8.17% to
9.13% (as ER varied from 0.19 to 0.29), respectively, then decreased from 15.71% to
14.76% and from 9.13% to 8.33%, respectively. At higher ERs, the combustion reaction
became more important than other reactions because of the oxygen amount increment,
which led to more oxidizable gases (Hz2, CO, and CHa) being used to generate more COo,
thus causing the gas quality to degrade (Guo et al. 2009). When ER varied from 0.19 to
0.34, the content of CO, always increased, while the CH4 concentration showed a very
small variation with the changing of the ER.

The combustible composition of product gas was used to estimate the HHV in
MJ/Nm? (calculated by Eq. 2). The tar content in the product gas caused serious problems
by blocking the pipeline and polluting the environment. Tar elimination by thermal
cracking or using a catalyst has been widely used. The influence of ER on the syngas
HHV and the tar content are shown in Fig. 9. It is indicated that in the ranges of the ER
from 0.19 to 0.24, the HHV of syngas increased from 3.96 to 4.34 MJ/Nm3, As the ER
ranged from 0.24 to 0.34, the HHV exhibited decreasing trends, which was possibly due
to the strengthened combustion reaction of the oxidizable product gases. In this study, it
was found that the contaminated tar in the gasified gas decreased from 136.2 to 98.7
mg/Nm? over the range of ERs. Due to tar cracking at higher temperatures (Devi et al.
2003; Li et al. 2009), a higher ER promotes the oxidization reactions, which leads to
more heat release and the temperature increases in the gasifier.

The influence of ER on gasification performance is presented in Table 2. As
expected, the gas yields increased from 1.31 to 2.42 Nm®kg feed, while the carbon
conversion efficiency ranged from 35.9 to 73.4% over the various ER ranges. On the
other hand, it was observed that the CGE and HGE reached their highest values at an ER
of 0.34. The results suggested that an ER of about 0.29 to 0.34 should be selected for
further study, because the most optimal results were obtained for the gas yield and the
carbon conversion efficiency, as well as for HGE and CGE, in this range of ERs.
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Fig. 8. Effect of ER on the main gas composition (biomass size = 0.25 to 0.5 mm; moisture
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5.0 160
4.5 1 - 140
- A [ )
- ~
E =~
S 40- - "2
= =g ~ &0
= AN £
. N ~
a0 3.5 A s =
= ~- f100 £
]
£ S
P
% 3.0 1 &
= [ HHV - 80
= Trend
25 4 A Tar content
— — Trend
- 60
20 T T T T T T T T T
0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32 0.34
Equivalence Ratio (ER)
Fig. 9. Effect of ER on HHV and tar content (biomass size = 0.25-0.5 mm; moisture content =
9.5%)
Ngamchompoo (2018). “Rice straw; cyclone gasifier,” BioResources 13(4), 7654-7670. 7663



PEER-REVIEWED ARTICLE b | oresources.com

Table 2. Effect of ER on the Gasification Performance

Air flow rate (Ipm) 200 250 300 350
ER 0.19 0.24 0.29 0.34

Gas yield (Nm?/kg,feed) 1.31 1.74 2.09 2.42
Carbon conv. Eff. (%) 35.86 53.01 62.28 73.36
CGE (%) 36.39 53.04 63.18 71.23

HGE (%) 40.99 59.95 72.37 83.49

At biomass size = 0.25 to 0.5 mm; moisture content = 9.5%

Effect of Biomass Size on Rice Straw Gasification in the Cyclone Gasifier

Because the biomass feedstock size directly influences the heating rate in the
reactor, it also will have an influence on the biomass gasification process (Lv et al. 2004).
In this experiment, four size ranges of rice straw powders (0.5 to 1.0 mm, 0.25 to 0.5 mm,
0.125 to 0.25 mm, and 0.063 to 0.125 mm) were selected, holding the ER at 0.29 and
moisture content at 9.5%.

Figure 10 shows the influence of biomass size on the main gas component. CO
and H> concentrations increased from 15.6% to 17.1% and 6.8% to 8.4%, respectively, as
the biomass particle size decreased. Similar results were also monitored with the
investigation performed by Guo et al. (2009). This can also explain the results that the
smaller biomass feedstock size may have a higher content of inorganic matter and
moisture concentration than large biomass particles to accelerate the gasification process.
When the biomass particle size is reduced, the product gas resultant inside the biomass
was rather easy to diffuse out. In this experiment, it was found that when the size of the
feedstock was reduced, the content of CO: increased, while CH4 concentrations also
slightly change with the decreasing size of the biomass particle.
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Fig. 10. Effect of biomass size on the main gas composition (ER = 0.29; moisture content =
9.5%)
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Fig. 11. Effect of biomass size on HHV and tar content (ER = 0.29; moisture content = 9.5%)

The effects of the size of the rice straw powders on the producer gas HHV and the
tar content are illustrated in Fig. 11. When the biomass particle size decreased from the A
size (0.5 to 1.0 mm) to the D size (0.063 to 0.125 mm), the syngas HHV increased from
4.12 to 4.51 MJ/Nm?. This indicated that a decrease of feedstock size was more favorable
for cyclone gasification, which in turn influenced the increase of combustible gases (CO
and Hy), causing an increase in the HHV of the producer gas. Tar content in the producer
gas significantly decreased from 132.3 to 110.1 mg/Nm?3. According to Mohammed et al.
(2011), it has been reported that the smaller the feedstock size, the greater the contact
area of biomass and gasifying agent, leads to a higher heating rate, which favors tar
elimination by thermal cracking.

Table 3 illustrates the influence of the size of the biomass particles on the
gasification performance. It was evident that decreasing feedstock size enhanced
gasification performance. The gas yield, the carbon conversion efficiency, CGE, and
HGE reached maximum values when the feedstock particle size was in the D size range
(0.063 to 0.125 mm). In this way, it is suggested that the feedstock size parameters played
a important role in the effects of the cyclone gasifier performance.

Table 3. Effect of Biomass Size on the Gasification Performance

Biomass size A B c D
(0.5-1.0 mm) | (0.25-0.5 mm)| (0.125-0.25 mm) (0.063-0.125 mm
Gas yield (Nm3/kg,feed) 2.02 2.04 2.16 2.22
Carbon conv. Eff. (%) 54.92 56.84 65.57 70.66
CGE (%) 48.34 52.12 57.59 60.03
HGE (%) 54.44 59.01 65.99 69.07

At ER = 0.29; moisture content = 9.5%
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Effect of Moisture Content in Biomass on Rice Straw Gasification in the
Cyclone Gasifier

The biomass moisture content is a main parameter that influences the gasification
process. To study the effect of moisture content, the moisture content in rice straw was
varied at 9.50, 14.53, 16.84, and 19.03% (wet basis). All experiments were performed at
an ER of 0.29 and biomass size at range of 0.25 to 0.50 mm.

The effect of the moisture content on the main syngas component (H2, CO2, CO,
and CHgy) is shown in Fig. 12. The negative effect of the moisture content in biomass
played a more important role; thus, the concentration of CO and H: decreased from
15.73% to 9.67% and from 7.29% to 5.22%, respectively, while the content of CO-
increased from 16.9% to 18.4%. The CHs varied little in the range of the moisture
content tested. As a result, it could be explained that the increased moisture content,
which decreased the gasifier temperature, was not favorable relative to either the
endothermic water-gas reaction (C+H,O0«<CO+H,) or the Boudouard (

C +CO, <> 2C0O) reaction. This resulted in a marked decrease of Hz2 and CO content and

a clear increase in CO content. This behavior agrees with the studies performed by
Kaewluan and Pipatmanomai (2011). It was reported that the increase of moisture
content in biomass causes a drop in the reactor temperature, which causes a decrease in
the production of Hz and CO content.
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Fig. 12. Effect of biomass moisture content on the main gas composition (ER = 0.29; biomass
size = 0.25-0.5 mm)

Figure 13 shows that the HHV of the syngas was reduced significantly with the
increased moisture content. The product gas HHV decreased from 4.23 to 3.09 MJ/Nm?
as the moisture content increased from 9.50 to 19.03%.
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This apparent result is also in agreement with the research conducted by Zainal et
al. (2001) and Morita et al. (2004), who created a mathematic model of the biomass
gasifier to predict the main component and tar content of the syngas under a steady state
operation. As the biomass moisture content varied from 9.50 to 19.03%, the tar
concentration in the product gas increased from 101.1 to 150.1 mg/Nm?3. Due to the
significant amount of heat from the combustion reaction being utilized for the moisture
evaporation process, it led to a decrease in reactor temperature and caused the tar content
to increase (Kaewluan and Pipatmanomai 2011).

The effects of the moisture content on the gasification performance are shown in
Table 4. It was evident that the higher feedstock moisture was detrimental to the
gasification performance. The gas yield, the carbon conversion efficiency, CGE, and
HGE exhibited decreasing trends.
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Fig. 13. Effect of biomass moisture on HHV and tar content (ER = 0.29; biomass size = 0.25-0.5
mm)

Table 4. Effect of Biomass Moisture on the Gasification Performance

Moisture content (%) 9.50 14.53 16.84 19.03
Gas yield (Nm?/kg,feed) 2.07 2.01 1.96 1.86
Carbon conv. Eff. (%) 64.65 62.98 59.01 56.08
CGE (%) 46.65 45.89 37.45 30.69

HGE (%) 55.22 53.48 43.56 35.99

At ER = 0.29; biomass size = 0.25 to 0.5 mm
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CONCLUSIONS

1. The equivalence ratio (ER), feedstock size, and feedstock moisture content were
examined as the main variables affecting the rice straw gasification in the cyclone
gasifier. The increasing ER resulted in the increment of furnace temperature and an
increase in gas quality and gasification performance. When the ER was too high, it
reduced the combustible gas composition (CO and H>), which led to lower HHV of
the syngas.

2. The optimal ER obtained was 0.29 to 0.34. Under this optimum condition, HHV of
the producer gas, tar content, gas yield, carbon conversion efficiency, cold gas
efficiency, and hot gas efficiency varied in the range of 4.18 to 4.30 MJ/Nm?3, 98.7 to
111.2 mg/Nm?, 2.09 to 2.42 Nm®/kg feed, 62.3 to 73.4%, 63.2 to 71.2%, and 72.4 to
83.5%.

3. A smaller feedstock size was more favorable for higher gasifier temperatures,
producer gas quality, and gasification performance.

4. An increase in moisture content persistently decreased both the syngas quality and the
gasification performance.

ACKNOWLEDGMENTS

The author Kkindly acknowledges the financial support by the Energy
Conservation Fund (ENCON Fund), Ministry of Energy, Thailand. This work is
furthermore supported by the Faculty of Engineering, Rajabhat Maha Sarakham
University.

REFERENCES CITED

Bartocci, P., Zampilli, M., Bidini, G., and Fantozzi, F. (2018). “Hydrogen-rich gas
production through steam gasification of charcoal pellet,” Applied Thermal
Engineering 132, 817-823. DOI: 10.1016/j.applthermaleng.2018.01.016

Bui, T., Roof, R., and Bhattacharya, S.C. (1994). “Multi-stage reactor for thermal
gasification of wood,” Energy 19, 397-404. DOI: 10.1016/0360-5442(94)90118-X

Devi, L., Ptasinski, K., and Janssen, F. (2003). “A review of the primary measures for tar
elimination in biomass gasification processes,” Biomass and Bioenergy 24(2), 125-
140. DOI: 10.1016/S0961-9534(02)00102-2

Di Blasi, C. (1996). “Kinetic and heat transfer control in the slow and flash pyrolysis of
solids,” Industrial and Chemical Engineering Research 35(1), 37-46. DOI:
10.1021/ie950243d

Fredriksson, F., and Kallner, P. (1993). Cyclone Combustion of Wood Powder for Gas
Turbine Application, Master’s Thesis, Royal Institute of Technology, Stockholm,
Sweden.

Gabra, M., Pettersson, E., Backman, R., and Kjellstram, B. (2001). “Evaluation of
cyclone gasifier performance for gasification of sugar cane residue - Part 1:
Gasification of bagasse,” Biomass and Bioenergy 21(5), 351-369.

Ngamchompoo (2018). “Rice straw; cyclone gasifier,” BioResources 13(4), 7654-7670. 7668



PEER-REVIEWED ARTICLE b | oresources.com

DOI:10.1016/S0961-9534(01)00043-5

Guo, X. J., Xiao, B., Liu, S., Hu, Z., Luo, S., and He, M. (2009). “An experimental study
on air gasification of biomass micron fuel (BMF) in a cyclone gasifier,” International
Journal of Hydrogen Energy 34(3), 1265-1269. DOI: 10.1016/j.ijhydene.2008.11.107

He, P. W., Luo, S. Y., Cheng, G., Xiao, B., Cali, L., and Wang, J. B. (2012) “Gasification
of biomass char with air-steam in a cyclone furnace,” Renewable Energy 37(1), 398-
402. DOI:10.1016/j.renene.2011.07.001

Hu, M., Laghari, M., CuiaBo, B., Zhang, B. and Guo, D. (2018). “Catalytic cracking of
biomass tar over char supported nickel catalyst,” Energy 145, 228-237. DOI:
10.1016/j.energy.2017.12.096

Jarungthammachote, S., and Dutta, A. (2010). “Experimental investigation of a multi-
stage air-steam gasification process for hydrogen enriched gas production,”
International Journal of Energy Research 36(3), 335-345. DOI: 10.1002/er.1795

Kaewluan, S., and Pipatmanomai, S. (2011). “Gasification of high moisture rubber
woodchip with rubber waste in a bubbling fluidized bed,” Fuel Processing
Technology 92(3), 671-677. DOI: 10.1016/j.fuproc.2010.11.026

Li, J., Xiao, B., Yan, R., and Xu, X. (2009). “Development of a supported tri-metallic
catalyst and evaluation of the catalytic activity in biomass steam gasification,”
Bioresource Technology 100(21), 5295-5300. DOI: 10.1016/j.biortech.2009.05.030

Lv, P., Yuana, Z., Ma, L., Wu, C., Chen, Y., and Zhu, J. (2004). “An experimental study
on biomass air—steam gasification in a fluidized bed,” Bioresource Technology 95(1),
95-101. DOI: 10.1016/j.biortech.2004.02.003

Mohammed, M. A. A., Salmiaton, A., Wan Azlina, W. A. K. G., Mohammad Amran, M.
S., and Fakhru’l-Razi, A. (2011). “Air gasification of empty fruit bunch for hydrogen-
rich gas production in a fluidized-bed reactor,” Energy Conversion and Management
52(2), 1555-1561. DOI: 10.1016/j.enconman.2010.10.023

Morita, H., Yoshiba, F., Woudstra, N., Hemmes, K., and Spliethoff, H. (2004).
“Feasibility study of wood biomass gasification/molten carbonate fuel cell power
system - comparative characterization of fuel cell and gas turbine systems,” Journal
of Power Sources 138(1), 31-40. DOI: 10.1016/j.jpowsour.2004.06.018

Paethanom, A., Bartocci, P., D' Alessandro, B., D' Amico, M., Testarmata, F., Moriconi,
N., Slopiecka, K., Yoshikawa, K. and Fantozzi, F. (2013). “A low-cost pyrogas
cleaning system for power generation: Scaling up from lab to pilot,” Applied Energy
111, 1080-1088. DOI: 10.1016/j.apenergy.2013.06.044

Risberg, M., Ohrman, O. G. W., Gebart, B. R., Nilsson, P. T., and Sanati, M. (2014).
“Influence from fuel type on the performance of an air-blown cyclone gasifier,” Fuel,
116, 751-759. DOI: 10.1016/j.fuel.2013.08.008

Sheth, P. N., and Babu, B. V. (2010). “Production of hydrogen energy through biomass
(waste wood) gasification,” International Journal Hydrogen Energy 35(19), 10803-
10810. DOI: 10.1016/j.ijhydene.2010.03.009

Sun, S., Zhao, Y., Su, F., and Ling, F. (2009). “Gasification of rice husk in a cyclone
gasifier,” Korean Journal of Chemical Engineering 26(2), 528-533. DOI:
10.1007/s11814-009-0090-1

Suramaythangkoor, T., and Gheewala, S. H. (2010). “Potential alternatives of heat and
power technology application using rice straw in Thailand,” Applied Energy 87(1),
128-133. DOI: 10.1016/j.apenergy.2009.06.018

Syred, C., Fick, W., Griffiths, A. J., and Syred, N. (2004). “Cyclone gasifier and cyclone
combustor for the use of biomass derived gas in the operation of a small gas turbine

Ngamchompoo (2018). “Rice straw; cyclone gasifier,” BioResources 13(4), 7654-7670. 7669



PEER-REVIEWED ARTICLE b | oresources.com

in cogeneration plants,” Fuel 83(17), 2381-2392. DOI: 10.1016/j.fuel.2004.01.013

Zainal, Z. A., Ali, R., Lean, C. H., and Seetharamu, K. N. (2001). “Prediction of
performance of a downdraft gasifier using equilibrium modeling of different biomass
materials,” Energy Conversion and Management 42(12), 1499-1515. DOI:
10.1016/S0196-8904(00)00078-9

Zainal, Z. A., Ali, R., Quadir, G., and Seetharamu, K. N. (2002). “Experimental
investigations of a downdraft biomass gasifier,” Biomass and Bioenergy 23(4), 283-
289. DOI: 10.1016/S0961-9534(02)00059-4

Zhao, Y., Sun, S., Zhang, T., and Zhou, H. (2013). “Experimental research on fuel
staging cyclone gasification of wood powder,” Fuel 103, 53-57. DOI:
10.1016/j.fuel.2011.08.020

Avrticle submitted: May 14, 2018; Peer review completed: August 10, 2018; Revised
version received: August 17, 2018; Accepted: August 18, 2018; Published: August 22,
2018.

DOI: 10.15376/biores.13.4.7654-7670

Ngamchompoo (2018). “Rice straw; cyclone gasifier,” BioResources 13(4), 7654-7670. 7670



