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! The quality of the product gas increases with decreasing ER.
! The LHV–ER correlations are developed.
! Hazelnut shell is more sensitive to the variation in ER than cotton stalk.
! Steam to fuel ratio hardly changes the LHV.
! Steam consumption can be kept at the lowest.

a r t i c l e i n f o

Article history:
Received 22 February 2013
Received in revised form 26 March 2013
Accepted 11 April 2013
Available online 25 April 2013

Keywords:
Gasification
Fluidized bed
Biomass
Cotton stalk
Hazelnut shell

a b s t r a c t

Gasification converts solid fuel into product gas which can be used in various applications. The product
gas can be combusted to generate heat and electricity. It can also be used as a feedstock for the produc-
tion of synthesis gas, liquid fuel and chemicals. This paper presents the experimental results of gasifica-
tion of cotton stalk (C.S.) and hazelnut shell (H.S.) in a laboratory scale bubbling fluidized bed gasifier
under air and steam atmospheres. The effects of equivalence ratio (ER) and steam to fuel ratio on the
quality of the product gas are investigated for the air and steam atmospheres, respectively. Identical tests
are conducted to investigate the repeatability of experimental results. The composition of the product gas
is determined with an online gas analyzer which measures CO, CO2, CH4, H2 and O2 components. The
lower heating value (LHV) of the product gas is calculated by using the gas composition measurements.
The LHV is obtained in the range of 2.49–11.28 MJ/Nm3. In the case of air gasification, the ER is varied in
the range of 0.71–0.36 and 0.68–0.25 for the cotton stalk and hazelnut shell cases, respectively. The ER
significantly affects the LHV for hazelnut shell. In the case of steam gasification, the steam to fuel ratio
is changed in the range of 1.69–0.52 and 2.26–0.33 for the cotton stalk and hazelnut shell cases, respec-
tively. The steam feeding rate can be maintained at minimum because it slightly changes the LHV.

! 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Gasification process is used to obtain a product gas from a solid
fuel such as coal or biomass. The product gas is mainly composed
of CO, CO2, CH4, H2, O2 and N2 gases. The product gas also contains
particulates, tar, ammonia and hydrogen sulfide in minor amounts.
Since these compounds cause blockage and corrosion problems,
they should be eliminated in-bed (in situ) or post-bed (down-
stream). After being subjected to an appropriate cleaning process,
the product gas can be used to generate electrical energy by using
a fuel cell, gas turbine or gas engine. Apart from the energy produc-
tion, the product gas can also be used to produce a liquid fuel
through a synthesis process.

Bubbling fluidized bed is one of the most widely used technol-
ogies for moderate capacities with low investment costs. It oper-
ates at lower temperatures than entrained bed. It has lower
agglomeration and corrosion potentials than circulating fluidized
bed. It provides good air and fuel mixing, produces less tar and is
more tolerant to fuel type than fixed bed. In addition, bubbling flu-
idized bed has high heat transfer characteristics and high scale-up
potential.

Gasification of biomass for the generation of product gas has at-
tracted many researchers because biomass is abundant, widely
available, carbon neutral and renewable. In general, three types
of biomass resources were taken into consideration: Forestry, agri-
cultural and fruit residues.

Kar and Tekeli [1] reported that Turkey’s annual biomass energy
potential was 32 Mtoe (million tons of oil equivalent). They also
reported that the available annual cotton stalk and hazelnut
shell productions were 1,512,169 and 453,150 tons in 2003,
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respectively. Therefore, Turkey’s cotton stalk and hazelnut shell
residues can be considered as potential biomass resources for
gasification.

Many researchers investigated the gasification of forestry resi-
dues in fluidized bed. Several of them used air as a gasification
agent. Narvaez et al. [2] gasified sawdust under air atmosphere
by using silica sand as a bed material. They changed the equiva-
lence ratio from 0.28 to 0.47. Kaewluan and Pipatmanomai [3] gas-
ified rubber wood chip under air atmosphere. They used silica sand
and varied the ER between 0.32 and 0.43. Campoy et al. [4] per-
formed gasification experiments on wood under air atmosphere
by using ofite as a bed material. They kept the ER at 0.35. Hanping
et al. [5] studied gasification of sawdust with air for the ER range of
0.15–0.35.

Some other researchers used either steam or air and steam mix-
ture as a gasification agent. Turn et al. [6] gasified sawdust under
steam atmosphere by using alumina as a bed material. They varied
the steam to fuel ratio between 1.1 and 4.7. Cui et al. [7] gasified
leucaena under steam atmosphere. They used alumina and kept
the steam to fuel ratio at 2.0. Lv et al. [8] and Pinto et al. [9] gasified
sawdust and pine, respectively, and used air and steam mixture as
a gasification agent and utilized silica sand as a bed material.

Much research has also been done on agricultural residues.
Boateng et al. [10] gasified rice hull under steam atmosphere by
using the mixture of 75% of silica sand and 25% of limestone as a
bed material. Sun et al. [11] and Sun et al. [12] investigated the
combustion of Chinese cotton stalk in circulating and fluidized
bed combustors, respectively. They [11,12] reported that cotton
stalk could be a potential biomass fuel in energy production. Chen
et al. [13] performed thermogravimetric analysis (TGA) of Chinese
cotton stalk with a carbon content of 42.49%. Putun et al. [14]
investigated the pyrolysis of Turkish cotton stalk having a carbon
content of 48.89%, on dry basis, in a fixed bed Heinze reactor. They
also conducted thermogravimetric (TG) and derivative thermo-
gravimetric (DTG) analyses under nitrogen atmosphere. In conclu-
sion, no one investigated the gasification of Turkish cotton stalk in
a fluidized bed under air and steam atmospheres.

Few researchers investigated the gasification of fruit residues.
Mohammed et al. [15] gasified empty fruit bunch of oil palm in flu-
idized bed under air atmosphere. They used silica sand as a bed
material and varied the ER from 0.15 to 0.35. Rapagna et al. [16]
conducted gasification experiments on almond shell in fluidized
bed under steam atmosphere. They used silica sand and kept the
steam to fuel ratio at 1.0. Dogru et al. [17] investigated the gasifi-
cation of Turkish hazelnut shell having a carbon content of 46.76%,
on dry basis, in a downdraft fixed bed gasifier under air
atmosphere.

Although many researchers studied the gasification of various
forestry, agricultural and fruit biomass samples, the published
work on gasification of cotton stalk and hazelnut shell in fluidized
bed is scarce. This work aims to fill this void in the literature.
Hence, the present study investigates the gasification of cotton
stalk and hazelnut shell in a bubbling fluidized bed gasifier under
air and steam atmospheres by using silica sand as a bed material.
This work focuses on the effects of equivalence ratio (ER) and
steam to fuel ratio on the quality of the product gas for the air
and steam cases, respectively.

2. Experimental set-up

The gasification experiments were performed in an atmospheric
pressure bubbling fluidized bed gasifier [18]. Fig. 1 shows the sche-
matic drawing of the experimental facility. The gasification reactor
had a thermal capacity of 20 kW, a height of 2.29 m and an inner
diameter of 82 mm. The reactor was made of stainless steel AISI

310S. Four thermocouples, T/C-1, T/C-2, T/C-3 and T/C-4, were in-
stalled to measure the temperature at the axis of the reactor. The
thermocouples were type K, NiCr–Ni. Two electrical furnaces were
used to heat the reactor. The furnaces circumferentially wrapped
the reactor pipe, and were controlled by using the thermocouples,
T/C-2 and T/C-3, and the PID control units.

Two screw feeders, positioned one on top of the other, were
used to feed the biomass fuel to the reactor. The bottom screw fee-
der was passed through the hopper in which the biomass sample
was stored. The fuel feeding rate was controlled by changing the
revolution speed of the top screw feeder. Meanwhile, the bottom
screw feeder was turned at a constant rate. Both motors had their
own speed controller units. The nitrogen was used to facilitate the
biomass feeding and supplied from a cylinder. A rotameter with a
measurement range of 0–150 (slpm) was used to measure the
nitrogen flow.

In this work, two different gasification agents were used: Air
and steam. The air was supplied from an air compressor and fed
into the reactor at ambient temperature. The flow rate of air was
measured by using a rotameter. The measurement range of the
rotameter was 0–150 (slpm). The steam was supplied from a steam
generator which produces saturated steam. Therefore, in addition
to the generator, an electrical heater was used to obtain super-
heated steam. The thermocouple T/C-5, positioned at the end of
the steam supply line, and a temperature controller were used to
control the steam temperature. The mass flow rate of the steam
was determined by using a precision weight scale and a chronom-
eter to measure the discharged mass and time, respectively. Before
fed to the reactor, the gasification agent was passed through a
wind box and a distributor plate. The wind box was used to
straighten the flow. The distributor plate has 180 holes with a
diameter of 2 mm. The holes were arranged in a circular pattern.

When the product gas leaves the gasifier, it flows into the cy-
clone where the solid particles in the product gas are captured. A
T-junction and a valve were set at the cyclone outlet pipe. An ancil-
lary flow line was connected to this junction. The flow of product
gas to the gas analyzer was performed with a vacuum pump. The
gas sample was passed through first a perlite column, then a silica
gel bed and finally a glass wool bed. The last two filters were filled
into the arms of a U glass tube, which is immersed into a cooling
tank, to cool the gas. The cooling tank was cooled by means of a
water cooling bath. A commercial gas analyzer is used to measure
the CO, CO2, CH4, H2 and O2 gases in volume fraction. The gas ana-
lyzer uses a non-dispersive infrared absorption technique to mea-
sure the concentrations of the CO, CO2 and CH4. The analyzer
performs a thermal conductivity measurement to obtain the H2.
The analyzer measures the O2 on the basis of the specific paramag-
netic behavior of oxygen. The N2 component of the product gas is
calculated by subtracting the sum of the CO, CO2, CH4, H2 and O2

from 100.

3. Experimental methodology

In the present study, two different types of Turkish biomass
feedstocks were gasified: Cotton stalk and hazelnut shell. These
biomass samples were commercial products of local companies.
Table 1 shows the proximate analysis, ultimate analysis and calo-
rific value of the cotton stalk and hazelnut shell samples on dry
basis.

Table 2 shows the matrix of experiments. Silica sand, which is
composed of SiO2, Al2O3 and Na2O of 99.2%, 0.5% and 0.1%, respec-
tively, was used as a bed material. The bed material had a mean
particle size of 450 lm, a weight of 1082 g and a static height of
152 mm. The particle sizes of the cotton stalk and the hazelnut
shell were 0.5–2.0 and 0.2–2.0 mm, respectively. The fuel feeding
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rates of the cotton stalk and the hazelnut shell were 0.698 and
0.904 kg/h, respectively. The feeding temperatures of nitrogen
and biomass were kept constant at 20 "C. Experiments were con-
ducted for two different gasification agents: Air and steam. In the
case of air gasification, the air was maintained at a temperature
of 20 "C and the equivalence ratio (ER) was varied. The ER is the
mass ratio of the actual air fed in gasification to the stoichiometric
air required for combustion. In the case of steam gasification, the
steam was supplied at a temperature of 230 "C and the steam to
fuel ratio was changed. Considering all cases, a total of 39 tests
were performed in the present study. For the ER of 0.44 in air
gasification, the residence time and the superficial velocity were
calculated as 2.9 s and 0.7 m/s, respectively.

Prior to the experiment, the bed material was loaded into the
reactor. Then, the gasification agent, the bottom screw feeder,
the nitrogen purge to the bottom screw feeder, the bottom hea-
ter and the top heater were started on. When the temperature of
T/C-1 reached to 450–500 "C, the fuel feeding was started by
running the top screw feeder. Once the stable gasification condi-
tions were obtained, the analysis of the gas composition was
performed. After completing the measurements for a certain ER
point, the conditions were changed for the next one. The bed
material together with ash and char was drained after finishing
one-test-session. The increase in bed height was expected to
be small because one-test-session generally included 2–3 succes-
sive ER points. The lower heating value (MJ/Nm3) of the gasifica-
tion product gas was calculated by using the following equation
[19]:

Fig. 1. Schematic diagram of experimental set-up.

Table 1
Proximate analysis, ultimate analysis and calorific value of the cotton stalk and
hazelnut shell samples on dry basis.

Cotton stalk Hazelnut shell

Proximate analysis (wt.%)
Volatile matter 75.56 70.27
Ash 6.61 2.61
Fixed carbon 17.83 27.12

Ultimate analysis (wt.%)
Carbon 49.16 55.48
Hydrogen 5.23 4.92
Nitrogen 0.93 0.42
Sulfur 0.17 0.13
Oxygena 37.91 36.45

Calorific value (kcal/kg)
HHV 4265 4796
LHV 3990 4493

a By difference.

Table 2
Matrix of experiments.

Bed material Silica sand
B.M. particle
size (lm)

Avg. 450

Gasification
agent

Air Steam

G.A. inlet
temp. ("C)

20 230

Varied
parameter

Equivalence ratio Steam to fuel ratio

Biomass
sample

Cotton
stalk

Hazelnut
shell

Cotton
stalk

Hazelnut
shell

Range of
parameter

0.71–0.36 0.68–0.25 1.69–0.52 2.26–0.33

Number of
experiments

8 16 8 7

496 H. Karatas et al. / Fuel 112 (2013) 494–501



LHV ¼ 282:99# VðCOÞ þ 802:34# VðCH4Þ þ 241:83# VðH2Þ
100# 22:4

4. Results and discussion

The test results are presented in three subsections below. The
first and second sections report the results of air and steam gasifi-
cation experiments, respectively. The last section gives the
comparisons.

4.1. Air gasification results

This section presents the results of experiments conducted un-
der air atmosphere for cotton stalk and hazelnut shell samples.
Figs. 2–5 show the effect of ER on the CO, CH4 and H2 concentra-
tions and the LHV of the product gas, respectively.

In the case of cotton stalk, eight tests were performed. As the
ER decreases, the amount of oxygen decreases accordingly. The
CO, CH4 and H2 concentrations slightly change with decreasing
ER from 0.71 to 0.36. It should be remembered that gasification
is a complex process involving drying, pyrolysis and gasification
reactions. In the pyrolysis step, devolatization takes place, larger
hydrocarbons break down to smaller ones, and biomass ther-
mally decomposes into char and gas products. In the gasification
step, the gas and char products of the preceding pyrolysis step
react with oxygen to form the CO, CO2, CH4 and H2 gases. The
molecular structure of the gas and char is reformed through a
series of reactions such as carbon, Boudouard, water gas, CO
shift and methanation. Therefore, the effect of agent is mostly
in the gasification step. For cotton stalk, the gasification reac-
tions were not affected by decreasing oxygen. Because the
changes in gas components are small, the LHV slightly change
with decreasing ER. On the other hand, the LHV has a turning
point at the ER of 0.53, and shows two different trends. In the
ER range of 0.71–0.53, the LHV lightly increases. However, in
the ER range of 0.53–0.36, the LHV slightly decreases. Moreover,
the rate of change in variables in the ER range of 0.53–0.36 is
smaller than that in the ER range of 0.71–0.53.

In the case of hazelnut shell, 16 tests were conducted. The
decreasing oxygen has great effect on gas components. The CO,
CH4 and H2 concentrations largely change with decreasing ER from
0.68 to 0.25. This could be because large hydrocarbons decompose
completely in the pyrolysis phase, and thus, carbon and hydrogen,
in the form of char and gas, react with oxygen in the gasification
phase fully. As oxygen decreases with decreasing ER, carbon
mainly converts to CO instead of CO2. Because the amount of CO
has increased, more CH4 and H2 are formed through methanation
and shift reactions. Hence, the CH4 and H2 show similar trend with
the CO. On the other hand, the rate of change in variables for hazel-
nut shell is much larger than that for cotton stalk. While cotton
stalk is solid to variation in ER, hazelnut shell is very sensitive. Be-
cause of high increases in the CO, CH4 and H2 concentrations, the
LHV increases significantly.

Fig. 5 obviously shows that identical experiments are repeat-
able for each of the ER cases. As the reproducibility of the tests
is clear, it is possible to represent identical experiments in one.
Hence, for each of the ER cases, a mean LHV was calculated by
taking the arithmetic average. Thus, for cotton stalk, eight points
of data were converted into five points of data, and for hazelnut
shell, 16 points of data were converted into eight points of data.
Furthermore, for each of the ER cases, uncertainty in the mean
value of LHV was calculated. The uncertainty was in the range
of ±0.05–0.13 and ±0.01–0.13 MJ/Nm3 for cotton stalk and hazel-
nut shell, respectively. The highest uncertainty value of ±0.13 MJ/
Nm3 was obtained at the ER values of 0.53 and 0.49 for cotton

stalk and hazelnut shell, respectively. Fig. 6 shows these five
and 16 points of data with their error bars in the LHV for cotton
stalk and hazelnut shell, respectively.

Fig. 2. Effect of ER on the CO concentration of the product gas.

Fig. 3. Effect of ER on the CH4 concentration of the product gas.

Fig. 4. Effect of ER on the H2 concentration of the product gas.

Fig. 5. Effect of ER on the LHV of the product gas.
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Empirical correlations are useful tools for quantifying the
parameters in the design phase of a fluidized bed gasifier. There-
fore, an attempt was made to produce correlations which can be
used in future works.

For gasification of cotton stalk under air atmosphere, a single
correlation was fitted by regression analysis for the entire ER range
of 0.71–0.36. The R2 value was 0.993426.

LHV ¼ '13:678# ER2 þ 12:5397# ER þ 0:4936

For gasification of hazelnut shell under air atmosphere, two dif-
ferent ER regions were taken into consideration: From 0.68 to 0.43
and from 0.43 to 0.25. The R2 values were 0.993465 and 0.996047,
respectively.
For 0.43 6 ER 6 0.68,

LHV ¼ '24:2519# ER2 þ 17:0312# ER þ 2:6251

For 0.25 6 ER 6 0.43,

LHV ¼ '22:5467# ER2 þ 2:3616# ER þ 8:635

In addition to mean test data, Fig. 6 also shows the plots of the
developed correlations.

Although gasification of biomass in fluidized bed is a very pop-
ular subject, no attempt is made to study either cotton stalk or
hazelnut shell in the literature. Hence, the results of this work
are compared with different biomass samples. Table 3 compares
the experimental results of the present study with five different
works in the literature. The gasification agent is air alone for all
cases in Table 3. Of five works in the literature, four works

investigate a forestry biomass such as sawdust or wood. However,
one work studies a fruit biomass.

Researchers report the heating value and the carbon content of
a biomass sample in various ways: Dry, dry and ash free and origi-
nal basis. The heating value ranges from 15.4 to 18.8 MJ/Nm3 and
the carbon content ranges from 45.8 to 55.5. The hazelnut shell
has the highest heating value and the highest carbon content. Com-
paring with cotton stalk, the heating value of hazelnut shell is
higher than cotton stalk around 12.6%. Moreover, the carbon con-
tent of hazelnut shell is higher than cotton stalk by 12.9%.

Table 3 also reports the bed material and the gasification
temperature. Excludingthe workofCampoy et al. [4], all works use sil-
ica sand as a bed material. Most of the works provide gasification tem-
perature in the range of 770–800 "C. In the present study, the
gasification temperature is nearly the same for both biomass samples.

The highest ER value was 0.71 and 0.68 for cotton stalk and
hazelnut shell, respectively. However, that of the literature was
in the range of 0.35–0.47. On the other hand, the lowest ER values
of the present work were nearly the same as those of Narvaez et al.
[2], Kaewluan and Pipatmanomai [3] and Campoy et al. [4]. Table 3
clearly shows that the present work varies the ER in a larger range
than the literature.

The present study finds that the LHV increases with decreasing
ER. The same is true for all works in Table 3. Therefore, the present
study agrees with the literature. For cotton stalk, the LHV increases
from 2.49 to 3.24 MJ/Nm3 with decreasing ER from 0.71 to 0.36.
The increase was around 30.1%. For hazelnut shell, the LHV in-
creases from 3.05 to 7.83 MJ/Nm3 with decreasing ER from 0.68
to 0.25. The increase was by a factor of 2.57.

Mohammed et al. [15] obtained a LHV of 15.38 MJ/Nm3 which is
the highest value in Table 3. This could be because of the character-
istics of the empty fruit bunch of oil palm. Cotton stalk gives the
smallest LHV of 3.24 MJ/Nm3. Hazelnut shell results in the largest
LHV of 7.83 MJ/Nm3 excluding the work of Mohammed et al.
[15]. The hazelnut shell for the ER of 0.25 gives a higher LHV than
the sawdust for the ER of 0.15. It should be remembered that the
annual hazelnut shell production is 453,150 tons and there is no
oil palm trees in Turkey. Hence, hazelnut shell is one of best bio-
mass fuels for Turkey to generate product gas by gasification. It
should be noted that although cotton stalk gives a small LHV, it
can be used in co-gasification either with another biomass or with
a coal, when remembering its annual production amount of
1,512,169 tons as reported by Kar and Tekeli [1].

Table 3 allows to compare the results of different researchers
for the same type of biomass sample. Considering the wood,

Fig. 6. Mean test data with their error bars and developed correlations for
gasification with air.

Table 3
Comparison of air gasification results of the present study with literature.

Researcher Biomass sample Heating
value of the biomass
sample
(MJ/kg)

Carbon
content of
the biomass
sample
(%)

Bed material Gasification
temperature
("C)

ER LHV of the
product gas
(MJ/Nm3)

Tar content
of the product
gas
(g/Nm3)

The present study-a Cotton stalk 16.7
(LHV, D)

49.16
(D)

Silica sand 770 0.71–0.36 2.49–3.24 –

The present study-b Hazelnut shell 18.8
(LHV, D)

55.48
(D)

Silica sand 775 0.68–0.25 3.05–7.83 –

Narvaez et al. [2] Sawdust 18.2
(LHV, Daf)

50.0
(D)

Silica sand 800 0.47–0.28 3.87–6.51 2.5–12.5

Kaewluan and
Pipatmanomai [3]

Rubber wood chip 17.1
(HHV, D)

46.4
(Daf)

Silica sand 800 0.43–0.32 3.86–4.55 0.9–5.6

Campoy et al. [4] Wood 17.1
(LHV, O)

– Ofite 812 0.35 4.76 –

Hanping et al. [5] Sawdust 15.4
(LHV, –)

45.8
(D)

– 800 0.35–0.15 3.25–7.14 11.1

Mohammed et al. [15] Empty fruit bunch
of oil palm

17.0
(LHV, O)

46.6
(O)

Silica sand 850 0.35–0.15 12.35–15.38 –

HHV: Higher heating value. LHV: Lower heating value. D: Dry basis. Daf: Dry and ash free basis. O: Original basis.
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Kaewluan and Pipatmanomai [3] and Campoy et al. [4] obtained
almost the same LHV. Considering the sawdust, Narvaez et al. [2]
reported that the LHV was 6.51 MJ/Nm3 for the ER of 0.28. How-
ever, Hanping et al. [5] obtained a LHV of 3.25 MJ/Nm3 for the ER
of 0.35. Such a high difference could be because of the differences
in heating values of the samples, and differences in experimental
conditions. Both Narvaez et al. [2] and Kaewluan and Pipatmano-
mai [3] investigated the effect of ER on tar. Table 3 clearly shows
that the tar content of the product gas increases with decreasing
ER.

4.2. Steam gasification results

This section presents the results of gasification experiments
performed under steam atmosphere. Eight and seven tests were
performed for cotton stalk and hazelnut shell, respectively. For
each of the steam to fuel ratios, identical experiments were repeat-
able. Therefore, they were represented in one. A mean LHV was cal-
culated by taking the arithmetic average at each of the steam to
fuel ratio cases. Hence, eight and seven points of data for cotton
stalk and hazelnut shell, respectively, were converted into four
points of data for each of the samples. Furthermore, for each of
the steam to fuel ratio cases, uncertainty in the mean value of
LHV was calculated. The uncertainty was in the range of ±0.01–
0.04 and ±0.02–0.06 MJ/Nm3 for cotton stalk and hazelnut shell,
respectively. Fig. 7 shows these mean data with their error bars.
It can be expressed that the effect of steam to fuel ratio is slight
excluding the highest steam to fuel ratio point of 2.26 for hazelnut
shell. In other words, the steam to fuel ratio hardly affects the LHV.
The steam to fuel ratio can be lowered from 1.69 to 0.52 and from
2.26 to 0.33 for cotton stalk and hazelnut shell cases, respectively.
In the experiments, the steam to fuel ratio was decreased by
decreasing the steam feeding rate while keeping constant the fuel
feeding rate. On the basis of these findings, it can be concluded that
the consumption of steam can be reduced. Hence, the steam to fuel
ratio and thus, the steam feeding rate can be maintained at mini-
mum for gasification of biomass under steam atmosphere.

Table 4 compares the experimental results of this study with
four different works in the literature. The gasification agent is
steam alone for all cases in Table 4. Because there is not any study
on cotton stalk and hazelnut shell in the literature, various samples
are taken into consideration. The sawdust and leucaena are a for-
estry, the rice hull is an agricultural and the almond shell is a fruit
biomass. The heating values and the carbon contents of the bio-
mass samples are different. While some works use silica sand,
some others use alumina as a bed material. Boateng et al. [10] used
the mixture of 75 wt.% of silica sand and 25 wt.% of limestone. The
gasification temperature varies in the range of 750–800 "C. Thus, it
can be expressed that the gasification temperature is nearly the
same. Considering the steam to fuel ratio, both Cui et al. [7] and

Rapagna et al. [16] maintained a single steam to fuel ratio and Turn
et al. [6] changed steam to fuel ratio in the range of 4.7–1.1. In con-
clusion, the present study varies the steam to fuel ratio in a lower
and broader range than the works in the literature.

The present study finds that the LHV decreases by 2% for
the gasification of cotton stalk. The present study also finds that
the LHV increases by 11% with decreasing steam to fuel ratio for
the gasification of hazelnut shell. However, Turn et al. [6] reported
a higher increment, which is around 20%. Cotton stalk gives the
smallest LHV of 5.95 MJ/Nm3 and hazelnut shell results in the
highest LHV of 11.28 MJ/Nm3 excluding the almond shell of Rapa-
gna et al. [16]. Cui et al. [7] and Rapagna et al. [16] reported that
the tar content of the product gas was 15.5 and 43 g/Nm3,
respectively.

4.3. Comparison of air and steam gasification results

This section compares the air and steam gasification results for
cotton stalk and hazelnut shell samples. Table 5 presents the anal-
ysis of air gasification experiments at the highest and the lowest ER
values, and also the analysis of steam gasification tests at the low-
est steam to fuel ratio values. The results in Table 5 are mean data
values. The generations of mean data values for air and steam cases
were explained in Sections 4.1 and 4.2, respectively. Table 5 gives
CO, CO2, CH4, H2, O2 and N2 concentrations and the LHV of the
product gas. Table 5 shows that the O2 concentration is obtained
in the range 0.08–0.86%. Hence, it can be concluded that the gasi-
fication condition is well performed for all cases.

For air gasification of cotton stalk, the CO, CH4 and H2 concen-
trations increase; and the CO2 and N2 concentrations decrease with
the decrease in ER from 0.71 to 0.36. However, the changes in con-
centrations are small because the gas phase reactions are not chan-
ged with decreasing oxygen. The CO increases only from 9.67% to
10.51%. As a result of increase in CO, the production of CO2 de-
creases. Because the increment in CO is small, the driving mecha-
nisms for shift and methanation reactions do not occur, and the
CH4 and H2 concentrations increase little. For air gasification of
hazelnut shell, the changes in concentrations are large. The CO,
CH4 and H2 concentrations highly increase and the N2 concentra-
tion significantly decreases with the decrease in ER from 0.68 to
0.25. The CO increases from 10.67% to 24.78%, the CH4 increases
from 3.27% to 8.41% and the H2 increases from 4.98% to 15.63%
for hazelnut shell. In the presence of insufficient oxygen, carbon
(char) is converted to CO. The CO in the gasification reactor acti-
vates shift and methanation reactions. Because of the reactions be-
tween CO and H2, the production of CH4 increases.

In the case of steam gasification of cotton stalk, a product gas
with the CO, CH4 and H2 concentrations of 15.16%, 4.29% and
23.18%, respectively is obtained. In the case of steam gasification
of hazelnut shell, a product gas with the CO, CH4 and H2 concentra-
tions of 38.52%, 3.51% and 47.80%, respectively is produced. This
results from the fact that the gasification agent of steam increases
the productions of CO, CH4 and H2 through sequential stages of
gasification reactions. In the presence of steam, the carbon
produces CO, CH4 and H2 and the CO forms CO2 and H2. In the
presence of H2 in the reactor, the carbon, the CO and the CO2

produces CH4. The CO and H2 contents of hazelnut shell is greater
than those of cotton stalk by factors of 2.54 and 2.06, respectively.

Another comparison can be made by considering the lowest ER
and steam to fuel ratio values. For gasification with air, cotton stalk
and hazelnut shell gives the LHVs of 3.24 and 7.83 MJ/Nm3,
respectively. Hence, when changing the biomass sample from
cotton stalk to hazelnut shell, the LHV increases by a factor of
2.42. For gasification with steam, cotton stalk and hazelnut shell
gives the LHVs of 5.95 and 11.28 MJ/Nm3, respectively. Thus, when
changing the biomass sample from cotton stalk to hazelnut shell,Fig. 7. Mean test data with their error bars for gasification with steam.
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the LHV increases by a factor of 1.90. Therefore, it can be concluded
that hazelnut shell is a more promising biomass feedstock than
cotton stalk for both gasification agents. Considering the effect of
gasification agent on the product gas, it can be expressed that
the gasification agent significantly affects the quality of the
product gas. For the case of cotton stalk, the LHV increases from
3.24 to 5.95 MJ/Nm3 with changing the agent from air to steam.
The increment is around 84%. For the case of hazelnut shell, the
LHV increases from 7.83 to 11.28 MJ/Nm3 with changing the agent
from air to steam. The increment is around 44%.

In the present work, the CO, CO2, CH4, H2, O2 and N2 compo-
nents of the product gas are measured. However, there are also
minor amounts of C2H2, C2H4 and C2H6 gases which are shortly de-
noted as C2Hn. For gasification of biomass with air, Narvaez et al.
[2] measured the C2H2 concentration in the range of 1.1–1.6%
and Kaewluan and Pipatmanomai [3] found the C2Hn concentration
as 1% for the ER range of 0.43–0.32. For gasification of biomass
with steam, Turn et al. [6] measured the C2Hn concentration in
the range of 1.1–2.1%. On the basis of these results, the C2Hn con-
centration for the present study would be expected in the range of
1–2%. Of the three, the major component is C2H2. The heat of com-
bustion (LHV) of C2H2 is 1255.6 MJ/kmol as reported by [20].
Hence, for the present work, the C2Hn of 1–2% would make an in-
crease in the LHV of the product gas by 0.56–1.12 MJ/Nm3.

5. Conclusions

Cotton stalk and hazelnut shell are gasified in a laboratory scale
bubbling fluidized bed gasifier under air and steam atmospheres
by using silica sand as a bed material. The effects of ER and steam
to fuel ratio on the CO, CO2, CH4, H2 and N2 concentrations and the
LHV of the product gas are investigated. Hazelnut shell is a more

promising biomass than cotton stalk for both gasification agents.
The LHV increases by 44% and 84% with changing gasification
agent from air to steam for hazelnut shell and cotton stalk, respec-
tively. In the case of gasification with air, the LHV, and also the tar
content of the product gas increase with decreasing ER. On the ba-
sis of the experimental results, the LHV–ER correlations are devel-
oped. While cotton stalk is solid to variation in ER, hazelnut shell is
sensitive. The rate of increase in the LHV with decreasing ER for
hazelnut shell is significantly higher than that for cotton stalk. In
the case of gasification with steam, the steam to fuel ratio hardly
changes the LHV. Therefore, the steam to fuel ratio, and thus, the
steam flow rate can be maintained at minimum value. Hence, the
steam consumption can be kept at the lowest.
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