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Abstract
Rice husk with high volatile content was burned in a pilot scale vortexing fluidized bed incinerator. The fluidized bed incinerator was
constructed of 6 mm stainless steel with 0.45 m in diameter and 5 m in height. The emission characteristics of CO, NO, and SO2 were
studied. The effects of operating parameters, such as primary air flow rate, secondary air flow rate, and excess air ratio on the pollutant
emissions were also investigated. The results show that a large proportion of combustion occurs at the bed surface and the freeboard
zone. The SO2 concentration in the flue gas decreases with increasing excess air ratio, while the NOx concentration shows reverse trend.
The flow rate of secondary air has a significant impact on the CO emission. For a fixed primary air flowrate, CO emission decreases
with the secondary air flowrate. For a fixed excess air ratio, CO emission decreases with the ratio of secondary to primary air flow. The
minimum CO emission of 72 ppm is attained at the operating condition of 40% excess air ratio and 0.6 partition air ratio. The NOx and
SO2 concentrations in the flue gas at this condition are 159 and 36 ppm, which conform to the EPA regulation of Taiwan.
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Introduction

Rice is the most important agricultural crop in Asia. Rice
husk is generated in large quantity as a byproduct in the
rice milling industry; with a lower heating value (LHV)
of 14.1 kJ/kg, it can be a potential energy resource. At
present, stove fired and grate fired furnaces are the most
popular ways in rice husk combustion. However, its high
volatile content makes it difficult to incinerate in conven-
tional grate-type furnaces (Bhattacharya and Wu, 1989).
Finding an economical and environmentally friendly solu-
tion to dispose this waste is needed as a renewable energy
resource and for the sake of environmental protection.

Among different combustion methods, fluidized bed
incineration has the advantage of its ability in treating
wastes of varying properties at a lower operation tem-
perature (Deng et al., 2009), which makes it a suitable
technology for recovering heat energy from rice husk. High
combustion efficiency was attained in pilot-scale fluidized
bed incinerators or combustors in many studies (Albina,
2003; Armesto et al., 2002; Kaewklum and Kuprianov,
2008). Permchart (2004) studied the combustion of rice

* Corresponding author. E-mail: cschyang@cycu.edu.tw

husk in a fluidized bed combustor and results show the
maximum combustion efficiency of 86% was attained for
excess air of about 60%. Staged combustion mode has
been used in the fluidized-bed combustion to increase the
combustion efficiency. Higher combustion efficiency can
be achieved if part (slightly more than that required for
char combustion) of the total air is supplied as the primary
air and the remainder is supplied as the secondary air above
the bed. Rice husks were fed to the fluidized bed, heated
rapidly, and released volatile matters which are mostly
burned in the freeboard. The amount of fine particles
decreases as the primary air decreases (Bhattacharya and
Wu, 1989). Fang et al. (2004) reported that secondary
air can improve the combustion efficiency and the proper
air split 7:3 are reasonable for rice husk combustion in a
circulating fluidized bed.

Boateng et al. (1992) investigated the combustion fea-
tures of rice hull char in a bench-scale fluidized-bed
reactor, and the burnout time were traced at different
temperatures. Liu et al. (1995) indicated that rice husk
pore volume and specific surface area reach maximum
at approximately 850°C, and the values decrease when
temperature exceeds 900°C. Rice husk ash contains about

http://www.jesc.ac.cn
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90% silicon by weight. The ash from low temperature
combustion is mostly made of amorphous silica, but ash
from higher temperature combustion contains mostly crys-
talline silica. The carbon does not combust well even in
pure oxygen at temperatures as high as 1200°C because
carbon-silica bonds are strong and stable (Ganesh et al.,
1992). Therefore, high temperature does not guarantee
high combustion efficiency for rice husk.

Because the rice husk is light and it is easier to be
carried up to splash zone to combust, the concept of
vortexing fluidized bed incinerator (VFBI) is to create
a vortex by blowing the second air tangentially into the
freeboard to increase the combustion intensity, and the
turndown capability. This system improved the combustion
performance of BFB incinerator (Chyang et al., 2008;
Qian et al., 2011). VFB combustor has been used for
coal combustion studies for many years, but few focused
on biomass incineration. Meanwhile, the reports about
pollutant emission characteristics of rice husk combustion
in VFBI are few. The main pollutant emissions are CO,
NOx, and SO2. Most researchers thought that NOx from
the biomass combustion was primarily formed from fuel-
N (Eldabbagh et al., 2005; Gayan et al., 2004). However,
the mechanisms of formation and reduction of NOx in
VFBI is complex. The main purpose of this research is
to study the characteristics of pollutant emissions in rice
husk combustion using VFBI, and the proper operating
condition of VFBI is also investigated.

1 Materials and methods

1.1 Apparatus

All the experiments were conducted in a pilot scale VFBI
system which includes a vortexing fluidized bed inciner-
ator with a windbox, feeding system, air supply system,
and flue gas treatment system. The process flowchart of
the VFBI system used in this study is shown in Fig. 1.

The fuel stored in two hoppers fell directly through the
screw feeders, air lock, and water-cooled chute into the
fluidized bed incinerator. The feeding spot is located 0.45
m above the distributor. The primary air was supplied by
a 15-hp roots blower and the secondary air was supplied
by a 7.5 hp turbo blower to create the swirling effect in
the freeboard. The VFBI of 5.75 m height with an inner
diameter of 0.45 m was constructed of 6 mm thickness
stainless steel covered with ceramic fiber of 150 mm thick-
ness to reduce heat loss. A perforated plate of 6 mm thick
stainless steel with 442 holes of 2.9 mm diameter was used
as the gas distributor (open-area-ratio was 1.84%). Four
equally spaced secondary air injection nozzles with inside
diameters of 12 mm were installed tangentially at a level
of 1.3 m above the distributor. Four heat exchange tubes of
31.75 mm O.D. and 1.0 m in length were installed in the
freeboard at a level of 1.75–2.75 m above the distributor
for preheating the secondary air. The configuration of the

CW

Ash

Ash

Purge air

Fig. 1 Flow diagram of the experimental system of vortexing fluidized
bed incinerator (VFBI). (1) roots blower; (2) orifice meter; (3) windbox;
(4) recorder; (5) manometer; (6) thermocouple; (7) turbo blower; (8)
rotameter; (9) secondary air; (10) compressor; (11) hopper; (12) screw
feeder; (13) air lock; (14) secondary air preheater; (15) primary cyclone;
(16) secondary cyclone; (17) shell and tube heat exchanger; (18) venturi
scrubber; (19) induced fan; (20) flue gas detector; (21) stack.
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Fig. 2 Configuration of VFBI.

VFBI used in this study is shown in Fig. 2.
Flue gas leaving the incinerator went through two cy-

clones arranged in series for the primary cleaning. Ash
and unburned char discharged from each cyclone into a
sealed vessel was collected for removal or analysis. After
the cyclones, the flue gas entered a venture scrubber after
going through a shell-and-tube heat exchanger. Finally, the
flue gas was discharged via a stack.

The temperature and pressure drops within the VF-
BI were measured with K type thermocouples and the
manometers connected to the pressure taps located near the
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wall of the incinerator, respectively. The bed temperature
was controlled by injecting water into the bed. The flue
gases were sampled at six locations: 0.45 m (the bed
surface), 1.8 m (within the freeboard), 2.3 m (also within
the freeboard), and 4.6 m (the outlet of the VFBI) above
the distributor, a point between the incinerator outlet and
the first cyclone inlet, and a point at the outlet of ID Fan.

For a given operating condition, when the temperature
profiles in the incinerator and the concentration of oxygen
in flue gas were kept constant, it was considered as steady
state combustion. Once the steady state conditions were
established, the flue gas was sampled for analysis from
the six sample points. The components in the flue gas,
such as CO, NOx, SO2 and O2 were analyzed by an
ECOM-S gas analyzer. In the preliminary test of this study,
we measured the N2O concentration by an MTI-M200
micro gas chromatograph (GC) and found that its value
is almost lower than 5 ppm. Therefore, we did not discuss
the N2O emission concentration in this manuscript. The
pollutant concentration emission concentrations reported
in this study were all corrected to 10% residual oxygen
on a dry basis.

1.2 Fuels and working conditions

Rice husk was used as the feeding material. The feed-
ing rate was kept at 130,000 kcal/hr in this study. The
proximate and ultimate analyses of rice husk are listed in
Table 1. Silica sand was employed as the bed material.
The mean size of the silica sand was 0.863 mm in diam-
eter. Working conditions for experiments are as follows:
primary air flow rate (Qp) 1.7–2.5 Nm3/min; secondary air
flow rate (Qs) 0–1.9 Nm3/min; stoichiometric air (Qg) 2.1
Nm3/min; excess air ratio 9.5%–100%; feeding rate 41.6
kg/hr; bed material silica sand; bed weight 60 kg; density
2500 kg/m3; mean diameter 0.863 mm; Umf at 800°C is
0.258 m/sec; U/Umf at 800°C is 2.72–4.0.

During this test, when we discuss the effect of param-
eters under multi variables, the other parameters are kept
fixed.

2 Results and discussion

2.1 Temperature distribution

Figure 3 shows the typical temperature distribution pro-
files within the VFBI in the axial direction at various
excess air ratios. In this study, over-bed feeding system
was employed and the secondary air was preheated. The
primary airflow rate was kept at stoichiometric air of 2.1
Nm3/min. The excess air ratio was adjusted by changing
the secondary air flow rate.

As shown in this figure, the bed temperature was almost
independent of excess air ratio. It can be explained that
the flow rate of primary air is constant. Meanwhile, it
implies that the effect of the secondary air on the com-
bustion within the bed zone is negligible. Due to the high
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Fig. 3 Temperature distribution with various excess air air ratios. Qp: 2.1
Nm3/min, Qs: 0.49–1.9 Nm3/min, Qg: 0.2 Nm3/min.

volatile content of rice husk, the temperature above the
bed surface is higher than that in the bed. The maximum
temperature within the incinerator occurs within 0.1–0.6
m below the secondary air injection points or 0.3–0.6
m above the feeding point. It can be attributed to the
combustion behavior of volatile matters and char captured
by the swirling flow created by the tangentially injected
secondary air. Because the swirling effect was enhanced by
the increasing excess air ratio, more rice husk or char was
captured. Therefore, the maximum of each temperature
profile increases with the excess air ratio. The phenomenon
that the temperature within the freeboard at level 1.75–2.75
m dropping abruptly can be attributed to the heat exchange
tubes installed in this section. The freeboard temperature
at the level above 2.75 m from the distributor increases
with the distance from the distributor. It implies that the
unburned matter is combusted in this region and the heat
generated from combustion is greater than the heat loss
from the incinerator to the surrounding. At the top of
the incinerator, the temperature declines because the heat
generated is less than the heat loss.

2.2 CO emission

The effect of secondary air flow rate on the CO emission
at various primary air flow rates is shown in Fig. 4. The
CO emissions decrease with increasing the secondary air
flow rate, while the effect of the primary air flow rate
on the CO emission is not obvious. The reasons are as
follows. Firstly, the combustion fraction in the bed zone
is smaller than that of bed surface and freeboard zone due
to the lower density and fixed carbon of rice husk. The
primary air flow rate ranges from 1.7 to 2.3 Nm3/min,
the corresponding superficial velocities are 2.7–3.65 times
minimum fluidizing velocity. Therefore, the combustion
behavior in the bed zone stays almost unchanged within
this narrow superficial velocity range. Secondly, more and
more rice husk and its unburned char are carried back to
the bed surface as the excess air increases. This prolongs
the residence time of the fuel particles in the incinerator,
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Table 1 Proximate and ultimate analysis of rice husk

Ultimate analysis (%) Proximate analysis (%) LHV (kJ/kg)
Cad Had Oad Nad Sad Mad Vad FCad Aad LHVc

45.01 5.83 48.08 0.93 0.15 10.58 59.95 16.24 13.23 13114.75
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Fig. 4 Effect of secondary air flow rate on CO emission at various
primary air flow.

which is conducive to the complete combustion of rice
husk. Thirdly, the bed surface and freeboard temperatures
increases with the secondary air flow rate (Fig. 3), resulting
in decreasing the CO concentration.

It can be seen that the CO emission is extremely high
without the secondary air. In this condition, the excess
air ratio is 9.5%. Without the swirling effect generated
by the secondary air, rice husk is easier to be carried up
to the freeboard zone, even out of the incinerator due to
its lower density. As seen in Fig. 3, the mean freeboard
temperatures are about 100–200°C lower than that of the
bed surface, which is against the complete combustion of
rice husk, resulting in higher CO emission. Meanwhile, the
effect of the secondary air flow rate on the CO emission is
minimal when the excess air ratio is over 80%, indicating
the secondary air’s accelerating effect mitigated at higher
excess ratios. Therefore, the optimum operation condition
for fluidized bed incineration of rice husk is low fluidizing
velocity and high ratio of secondary air injection over bed.
The advantage of low fluidizing velocity is it can prolong
the rice husk residence time within the dense zone and the
advantage of high secondary ratio is it can accelerate the
combustion in the freeboard zone.

2.3 NO emission

Fluidized bed incinerator has lower NOx emission com-
pared with other incinerators; this can be attributed to
the lower operating temperature (700–900°C) which sig-
nificantly limit the emission of thermal NOx and prompt
NOx. However, fuel NOx is the main content in the NOx
emission.

Figure 5 shows the effect of excess air ratio on NOx
emission at various primary air flow rates. NOx emission
concentration increases with the increasing excess oxygen
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Fig. 5 Effect of excess air ratio on the NOx emission at various primary
air flow rates.

ratio. This primary because freeboard temperature increas-
es from about 750°C to 850°C when the excess air ratio
increases from 33% to 100% (Fig. 3), and thus improves
the combustion efficiency, resulting in decreasing the CO
concentration, which reduce the chance of a NO reduction
reaction with CO:

2NO + 2CO −→ 2CO2 + N2 (1)

Meanwhile, at lower freeboard temperature, low excess
air ratio (< 40%) leads to a higher CO emission concentra-
tion which prompts Reaction (1), resulting in the reduction
of the NO concentrations. This is in agreement with the
result by Okasha et al. (2007) and Zhu and Lee (2005).

To investigate the relationship between CO and NO in
rice husk combustion using fluidized-bed incinerator, the
mean CO and NO emission concentrations are correlated
for all the operating parameters as shown in Fig. 6. This
figure shows that the mean NO concentration at the incin-
erator exit decreases with the increasing CO concentration.
This is in agreement with the results from previous studies
(Chyang et al., 2007). As seen in this figure, the maximum
NOx concentration emission is lower than 250 ppm, which
is in conformity to the regulation of Taiwan.

2.4 SO2 emission

Figure 7 shows the effect of excess air ratio on SO2
emission at various primary air flow rates. SO2 emission
decreases slightly with the rising excess air ratio. For a
certain excess air ratio, the effect of the primary air on the
SO2 is not significant. The maximum SO2 concentration
emission is below 80 ppm, and the mean SO2 emission at
optimal operating condition is lower than 25 ppm, which
are both in conformity to the regulation of Taiwan. Due to
the very low sulfur content in rice husk, the SO2 emission
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concentration from rice husk incineration is negligible.
There is no need for desulfurizer like CaO when rice husk
is burned in a fluidized bed incinerator.

3 Conclusions

The maximum temperature within the incinerator is ob-
served at the bed surface due to the high volatile content
of rice husk. The SO2 emissions from all the test runs in
this study are below 80 ppm due to the low sulfur content
in rice husk. NOx emissions increase with excess air ratio.
For a given primary air flow rate, CO emissions decrease
with rising secondary air flow rates. Under fluidization
state, the CO emissions decrease as the partition ratio of
primary air decrease for a given total air flow rate. The
optimum operation condition for rice husk in fluidized bed
incineration is low fluidizing velocity and high secondary
air injected over bed.
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