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Abstract

This study conducted a comparative assessment of the gasification performances of torrefied and untorrefied bagasse with emphasis on
feed size, gasifier design and operating conditions that would influence gasification efficiency. Torrefaction greatly improved the charac-
teristics of bagasse and had significant impact on its gasification performance. The gasifier design parameters studied were throat angle
and throat diameter. Temperature of input air and feed input were the gasifier operating conditions examined in the course of the gasifi-
cation processes of both torrefied and untorrefied bagasse. These parameters were considered the most critical operating parameters that
affect gasifier performance and, correlation between the parameters was established in the course of gasification. The results obtained
showed higher gasification efficiency for torrefied bagasse in comparison to untorrefied bagasse under varied conditions of gasification,
which was attributed mainly to changes in the characteristics of the torrefied material.
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1. Introduction

Coal is the major solid fuel for energy production in South Africa
and, in fact, it’s over exploitation has actually exacerbated the
concerns about energy related issues that the country is presently
faced with. Increasing efforts to partially replace coal with bio-
mass, which is a renewable energy resource, is gradually gaining
attention [1]. South Africa has abundant biomass resources that
include sugarcane bagasse (SCB), which is generated in large
quantities by sugar mills in operation in the country. This biomass
residue is a potential feedstock that can be used for energy produc-
tion through gasification, which will convert the material into
solid, liquid or gaseous fuel that can be used to generate electricity
and heat through a gas engine [2], [3]. The environmental benefits
of the gasification technology cannot be overstated because it
involves clean exploitation of a material as conversion of the bio-
mass releases minimal amount of CO2 and other greenhouses gas-
es compared to the conversion of coal.

Gasification relies on partial oxidation at high temperatures to
convert biomass into energy [2], [4]. Many different types of gasi-
fiers have been proposed and used for the conversion of biomass
to energy, with each type designed according to feedstock charac-
teristics. However, the difference in the types of gasifiers is linked
to how the feedstock is introduced into the gasifier [5]. The most
commonly used types are the fixed bed, the entrained flow and the
fluidized bed gasifiers. The downdraft gasifier (which is a fixed
bed type of gasifier) is the focus of this study, so the fundamental
chemical kinetics of each gasification technology based on the
operation of the downdraft gasifier are described, with emphasis
on the four main processes (drying, pyrolysis, oxidation and re-
duction) occurring in the gasifier. Each of these processes are
characterized by its own energy requirements, which can be endo-
thermic or exothermic, with heat and mass transfers as well as the
chemical kinetics of the reactions and pore diffusion being the
main rate controlling mechanisms involved in the processes. To
better understand these rate controlling mechanisms, Figure 1
shows the heat and mass flows characterized by the four main
gasification processes.
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Fig. 1: Heat and Mass Flows in A Gasification Process. Adapted From [6].

The mechanisms of heat and mass flows vary in magnitude ac-
cording to the physical and chemical processes characterized by
each zone; which includes temperature, air moisture, heat losses as
well as mass flow rate of air and gas including solid phases, feed
rate and feed size together with biomass moisture content [7].
Gasification efficiency, among other factors, is dependent upon
fuel characteristics such as feed size, and gasifier design parame-
ters such as throat angle and throat diameter as well as gasifier
operating conditions such as temperature and feed input; under-
standing the impact of these parameters would mitigate challenges
involved in the reliable prediction and optimization of the gasifi-
cation system as well as product composition in order to attain the
desired efficiency [8]. However, little information is available on
these parameters and their influence on gasification efficiency,
thus it was considered necessary to investigate parameters that
would impact the efficiency of the gasification process of torrefied
sugarcane bagasse under various gasifier design and operating
parameters and compare this with the efficiency of the gasification
process of untorrefied bagasse obtained from a previous study [4]
under the same set of conditions in order to establish the more
suitable feedstock (torrefied or untorrefied biomass) for gasifica-
tion in terms of efficiency.

Studies have actually shown that limited information is available
in the literature dealing with the concurrent effects of fuel charac-
teristics such as feed size, gasifier design and operating conditions
on gasification efficiency using torrefied biomass as feedstock.
Furthermore, information relating to the comparison of the gasifi-
cation performances of torrefied and untorrefied sugarcane ba-
gasse conducted under the same set of gasification conditions is
also lacking in the literature. A study on the gasification of bio-
mass in a fixed bed downdraft gasifier was carried out by Tinaut et
al. 2008 [9] who investigated the effects of particle size and air
velocity on gasification process efficiency. Pérez et al. 2012 [10]
also investigated the impact of gasifier design and operating con-
ditions on the gasification performance of biomass in a downdraft
system. Their study considered fuel properties such as particle size
and moisture content, and operating conditions such as air veloci-
ty. They found that optimal gasification is achieved when biomass
particle size and moisture content are not more than 6 mm and
11% respectively, and that air velocity must be at least 0.06 m/s.
Similar studies were also conducted by Kramreiter et al. 2008 [11]
in a twin-fire fixed bed downdraft gasification system using wood
chips as feedstock. They varied parameters such as type of wood
chips, power distribution as well as air distribution and established
the effect of these parameters not only on syngas composition but
also on the content of tar in the syngas and that of carbon in the
ash produced in the gasification process. Other studies include
those conducted by Thanapal et al. 2012 [12] who studied the

influence of equivalence ratio and steam fuel ratio as well as air
mixture on the performance of a downdraft gasifier. They con-
cluded that temperature and the production of CO2 as well as that
of O increased at the expense of CO. The study conducted by
Yoon et al. 2011 [13] also showed that H concentration in the
syngas produced from the gasification of woody biomass in-
creased with equivalence ratio and steam-to-wood ratio.

Biomass materials differ greatly in composition and characteristics
due to a number of reasons, one of which may be attributed to
their origin, handling and other conditions; as such, they make
different demands as to the type of technology required for their
conversion into energy; biomass pre-processing prior to conver-
sion also have obvious influence on its characteristics, which ulti-
mately impacts on downstream process conditions and energy
conversion systems design that uses the biomass as feedstock [4].
In this study, a comparative analysis of the characteristics, in
terms of feed size, and gasification performances of torrefied and
untorrefied bagasse was undertaken with an attempt to establish
the influence of feed size, gasifier design and operating variables
on gasification efficiency. The results obtained provide good ref-
erence point for the design of a laboratory or large scale gasifica-
tion system that would be suitable for the conversion of sugarcane
bagasse.

2. Materials and methods

2.1. Biomass sample

The biomass material used for this study was sugarcane bagasse
obtained from a local sugar mill in South Africa. Bagasse genera-
tion in South Africa is about 3 million tons per annum from the 14
sugar mills in the country [14]. This material represents a huge
biomass resource with potential as a feedstock for energy produc-
tion as it is inefficiently combusted by the sugar mills for steam
and power production.

Bagasse torrefaction was conducted in a muffle furnace at 250°C
as a pretreatment method intended to improve characteristics to
make it akin to coal properties. Torrefied bagasse was character-
ized using various analytical instruments and results obtained from
these analyses were compared with the characteristics of untorre-
fied bagasse from a previous study [15]. The influence of the dis-
crepancies in feed characteristics on gasification efficiency was
established under various gasifier design and operating conditions.
The energy value of torrefied bagasse was measured by a CAL2K
model oxygen bomb calorimeter, while its proximate and ultimate
analyses were determined by a Perkin Elmer TGA 7 model and a
Brucker type elemental analyzer.
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2.2. Gasification of torrefied bagasse

The gasification of torrefied bagasse was performed by computer
simulation employing a computer programming code developed
specifically for the simulation of downdraft gasifiers. The com-
puter code was developed by Chen, 1986 [16] and modified by
Jayah, 2002 [7]. The gasification simulation process was conduct-
ed under various gasifier design and operating variables to evalu-
ate and establish the influence of these variables on the perfor-
mance of the gasifier. A detailed description of this simulation
tool was presented in a previous study [4].

Gasification simulation was preferred in order to eliminate the
time and high costs associated with actual gasification experi-
ments. However, results obtained from this study have been com-
pared with those obtained from a previous study [4] on the gasifi-
cation performance of untorrefied (raw) bagasse conducted under
same analysis conditions.

2.2.1. Procedure for gasification simulation

Downdraft gasifiers may be simple in design, but the chemical and
technical processes occurring inside them are quite complicated
and still not completely understood. There is absolutely no diffi-
culty in having gasification to occur in downdraft systems but to
optimally execute the process with high efficiency and high syn-
gas quality remains an issue yet to be addressed because the basic
principles underlying its design process are still completely vague,
and never described quantitatively hence the many gasifier designs
and different approaches to the designs.

The characterization results of torrefied bagasse presented in Ta-
ble 2 were used during computer simulation of the gasification
process. Gas profiles were obtained during simulation and were
used to estimate the percentage composition of the combustible
gases contained in the syngas. This was followed by determination
of the influence of varied gasifier design and operating parameters
on gasification efficiency. The parameters varied were throat an-
gle, throat diameter and temperature of input air as well as feed
input and feed size. As previously mentioned, these parameters are
considered the most critical operating parameters that affect gasi-
fier performance [17]. Table 1 presents the varied parameters and
their range of variation.

Table 1: Varied Gasification Parameters and Range of Variation during
Computer Simulation

ysis data presented in Table 2 were calculated on a dry and ash-
free basis and that the sum of the weight percentages of the ele-
ments represented by ultimate analysis are 97.37% for torrefied
bagasse, and 97.5% for untorrefied bagasse, meaning that the left-
over fractions of 2.63% and 2.5% were considered fractions of
other elements not investigated in this study. The elements pre-
sented are considered the major elemental components of bagasse
relevant to its energy conversion [4].

3.1. Comparison of the quintessential characteristics of
torrefied and untorrefied bagasse

There have been a number of studies performed on biomass
characteristics for different applications, however, the wide
variability of biomass characteristics and how these affect energy
conversion systems is not completely understood and requires
further investigation to understand the quintessential properties of
biomass and how they influence energy conversion systems;
operating a gasification system and controlling the processes
occuring within the system requires knowledge of the basic
properties of the biomass used as feedstock as understanding the
fundamental characteristics of the biomass is key to successful
operation of the gasifier [4]. Table 2 shows a comparison of the
characteristics of torrefied bagasse obtained from this study, and
the characteristics of untorrefied bagasse from a previous study.

Table 2: Measured Key Characteristics of Torrefied Bagasse Compared
with Those of Its Parent Material from A Previous Study

VG T2 Untorrefied Bagasse [15]
Bagasse
Proximate analysis
(wt. %)
Moisture content 0.87 1.08
Volatile matter content 54.07 73.73
Fixed carbon 28.45 23.87
Ash 16.61 1.32
Ultimate analysis (wt. %)
C 56.16 44.1
H 3.94 5.7
O 37.27 a47.7
N 1.80 0.20
O-C molar ratio 0.66 2.08
H-C molar ratio 0.07 0.13
Other properties
Energy value (MJ/kg)  20.19 17.86

Parameter Range
Throat angle (°) 25, 40, 90
Throat diameter (cm) 10, 30, 50
Temperature of input air (°C) 25, 40, 90
Feed input (kg/h) 40, 80, 100
Feed size (cm) 6, 20, 30

The efficiency of the gasification process of torrefied bagasse was
calculated after computer simulation from egn. 1 [2]:

n = [(GrE x 2) x 100] ®

Where 7 is the efficiency of the gasifier, EVgas is the energy value
of the syngas, and EVel is the energy value of torrefied and un-
torrefied bagasse as presented in Table 1. The factor “’2°” in the
equation represents the gas flow rate from the gasifier and is
measured in Nm3/h [7].

3. Results and discussion

As earlier mentioned, the findings from this study were compared
with those from a previous study [4] on characterization and gasi-
fication performance conducted under same analysis conditions in
order to establish the more suitable feedstock for gasification in
terms of efficiency.

The following sub-sections details the findings from this study,
however, it is worthy to note that the proximate and ultimate anal-

The standard analyses errors for the proximate and ultimate
analyses of torrefied and untorrefied sugarcane bagasse were
between 0.5 and 1%, while their energy value was < 0.4 MJ/kg.
However, Table 2 reveals quite a significant difference in the
characteristics of torrefied and untorrefied bagasse. The low
moisture content recorded was as a result of the removal of water—
forming groups such as the hydroxyl groups (—-OH) from torrefied
bagasse, which creates a hydrophobic fuel property that favours
gasification [18], [19]. Increased amount of volatiles were
evaporated during torrefaction due to decomposition of primary
bagasse components, creating a condition that contributed to the
reduction in the volatile matter content of torrefied bagasse and
raising its energy value to 20 MJ/kg. This was basically attributed
to the reduction in O-C ratio of torrefied bagasse. During
gasification, biomass particles are decoposed into volatile gases
such as CO, Hz, CO2, CHa, charcoal and tar, which are pyrolysis
zone products that flow downward to the combustion zone of the
gasifier where they are fiercely burnt with homogenous
distribution of air to release huge quantities of heat needed to meet
the demand of the whole gasification process. High combustion
zone temperature facilitates reduction reactions as well as tar
cracking for improved gas calorific value [20, 21]. Due to the
release of enormous amount of volatiles that created its depletion
during torrefaction of bagasse, residual ash was accumulated
hence the increased ash composition (16.61%) recorded for
torrefied bagasse. This increased weight percentage of ash in
torrefied bagasse may create technical hitches linked to
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agglomeration, fouling and sintering that constributes to low
gasification efficiency [22]. In contrast to volatile matter content,
the weight percentage of fixed carbon, which is affected by the
other three properties (moisture content, volatile matter content
and ash), increased after torrefaction. The weight percentages of
volatile matter and fixed carbon are linked to the relative yields of
solid, liquid and gaseous products formed during gasification [23].
Elemental analysis show that C composition was significantly
raised after torrefaction, which is in agreement with most findings
in the literature including those reported by Kleinschmidt, 2011
[24 - 29]. However, the higher the weight percentage of C in
biomass the higher would be the energy value of the biomass and
the higher would also be the temperature of gasification [8], [27].
The weight percentage of O in torrefied bagasse also reduced
significantly. The content of O in raw biomass is usually
consumed when the biomass is subjected to thermal pretreatment
such as torrefaction because of the reactions occuring as the
biomass releases both condensable and non-condensable
compounds, which was the main reason for the low O-C ratio
recorded for torrefied bagasse [30], [31]. H composition was also
slightly reduced, an indication that syngas H composition may be
slightly lowered. However, the amount of moisture made available
through fuel H content determines the extent of the formation of
the water—gas shift reaction that forms the major part of the syngas
[4].

The difference in energy value between torried and untorrefied
bagasse is also glaring in Table 2. This was attributed to increase
in the carbon content of torrefied bagasse and the reduction in its
oxygen content. Among other factors, gasification efficiency is
based upon feedstock energy value [15].

3.2. Influence of feed size, gasifier design and operating
variables on gasifier efficiency

Gasifier performance, syngas quality and the heat and mass flow
reactions presented in Figure 1 are all affected by fuel
characteristics, design and operating variables of the gasification
system [7], [32 - 34]. Torrefied bagasse showed improved
properties after torrefaction in comparison to untorrefied bagasse,
which was established after characterization using various
analytical instruments relevant to gasification.

The following sub-sections presents the influence of various
parameters on gasification efficiency during gasification of
torrefied bagasse from this study and gasification of untorrefied
bagasse from a previous study [4].

3.2.1. Influence of feed size on gasification efficiency

Gasification feedstock size (FS) is a significant characteristic in
any gasification process and system design with important influ-
ence on the burning properties of the biomass because it affects
heating and drying rates during gasification [35, 36]. The influ-
ence of varied feed size on gasification efficiency for torrefied
bagasse is presented in Figure 2a. This was obtained after comput-
er simulation using the parameters presented in Table 2, with only
feed size varied at the expense of other parameters. Results ob-
tained were compared with those from the gasification of untorre-
fied bagasse from a previous study (Figure 2b) [4].
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Fig. 2: Influence of Varied Feed Size on the Efficiency of Gasification:
(A) Torrefied Bagasse Gasification from This Study; (B) Untorrefied
Bagasse Gasification from A Previous Study [4].
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It can be seen from Figure 2 (a and b) that the plots are similar in
shape, a reason attributed to gasification simulation of same mate-
rial. However, the major observable differences in the plots are
reflected in the efficiency achieved during gasification of both
materials under the same gasification simulation conditions. Alt-
hough, both plots show that gasification efficiency increases with
reducing feed size, which is because reduced feed sizes have larg-
er surface areas per unit mass as well as larger pore sizes that fa-
cilitates faster rates of heat transfer and gasification [37]. The
gasification efficiency achieved with torrefied bagasse is over
10% higher than that achieved using its counterpart (untorrefied
bagasse) as feedstock under same conditions of varied feed size.
This difference in gasification efficiency was a consequence of the
dissimilarity in the chemical properties and calorific value of
torrrfied and untorrefied bagasse. Torrefaction instigates decom-
position of the most reactive biomass components such as hemi-
cellulose and depolymerization reactions that lead to improved
biomass properties for the purpose of gasification [38], [39]. An-
other reason to the dissimilarity in properties between torrefied
and untorrefied bagasse was also linked to the slight degradation
of lignin during torrefaction, which led to inter—penetration of
amorphous polymer molecules between components of torrefied
bagasse. This was believed to have played a role in the gasifica-
tion efficiency achieved with torrefied bagasse. Lignin decomposi-
tion and its subsequent flow during torrefaction of biomass results
in inter—penetration of amorphous polymer molecules between
adjacent biomass particles would have positive impact when torre-
fied biomass is used as feedstock in energy conversion systems
[40, 41]. Because of modifications in the composition of biomass
as a result of torrefaction and with the help of a gasifying agent, a
high and uniform gasification temperature is achieved in the oxi-
dation and reduction zones of the gasifier for better tar cracking
and higher gas yield, which are a reflection of optimum gasifica-
tion efficiency [42]. This implies that biomass pretreatment aimed
at reducing feed size is consequential to successful operation of a
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gasification system as supported by Anukam et al. 2016 [27] and
Xue et al. 2014 [33].

3.2.2. Influence of feed input on gasification efficiency

Increasing biomass feed input during gasification is quite
beneficial for improved production capacity; however, when feed
input is excessively increased it will lead to higher gas yield,
which may result in low gas quality as a consequence of increased
tar yield and other impurities [43]. The influence of feed input (FI)
on gasification efficiency for the gasification process of torrefied
bagasse is presented in Figure 3a. Again, for the purpose of
comparison, the gasification efficiency for untorrefied bagasse
obtained from a previous study under same analysis conditions is
presented in Figure 3b.
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Fig. 3: Influence of Varied Feed Input on Gasification Efficiency: (A)
Torrefied Bagasse Gasification from This Study; (B) Untorrefied Bagasse
Gasification from A Previous Study [4].

Apparently, from Figure 3 (a and b), gasification efficiency also
increased with increasing feed input, which was attributed to in-
creased temperatures during gasification simulation. A high value
of biomass feed input will speed up the rate of reactions within the
gasifier, especially with regard to the strong oxidation reactions,
leading to increased gasification efficiency as a consequence of
rise in temperature caused by the oxidation reactions [42]. How-
ever, the efficiencies obtained during gasification of torrefied
bagasse were much higher than those attained using its counterpart
(untorrefied form) under the same varied conditions of feed input,
which is in good agreement with the findings of Xue et al. 2014
[33]. This is true because the gasification simulation process of
torrefied bagasse showed better temperature increase that was
perpetuated by increased rate of chemical reactions as the feed
input increased, compared to the temperature rise in the gasifica-
tion simulation process of untorrefied bagasse. This was attributed
to the improved properties of torrefied bagasse since the amor-
phous and crystalline regions of the material were broken through
torrefaction, making torrefied bagasse more amenable to gasifica-
tion than untorrefied bagasse. Breaking the amorphous and crys-
talline regions of biomass through torrefaction reflects improved
properties of the biomass that makes the biomass amenable to

thermochemical conversion such as gasification; untorrefied bio-
mass remains thermally unstable when used as feedstock in gasifi-
cation processes because of increased amount of oxygen that leads
to formation of condensable tar, which create issues that may be
linked to gas—line blockages [44 - 46]. The increased temperature
and rate of reactions resulted in improved CO and H production
that led to complete conversion of torrefied bagasse and decreased
char yield. This generally implies that feed input is key to success-
ful operation of a gasification system.

3.2.3. Influence of temperature of input air on gasification
efficiency

During biomass gasification, temperature of input air is usually
supplied in order to aid combustion and provide energy needed for
gasification as well as to initiate partial oxidation of the elements
contained in the feedstock; syngas composition and yield depends
on the operating temperature of the gasifier because the reactions
taking place in the gasifier are temperature dependent and,
downdraft gasifiers are generally operated at ambient air tempera-
tures of about 27°C [7], [47]. Figure 4a shows the influence of
varied temperature of input air on gasification efficiency of the
gasification process of torrefied bagasse, which was compared
with the efficiency obtained for gasification of untorrefied bagasse
from a previous investigation under same conditions of varied
temperature of input air (Figure 4b).
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Fig. 4: Influence of Varied Temperature of Input Air on the Efficiency of
Gasification: (A) Torrefied Bagasse Gasification from this Study; (B)
Untorrefied Bagasse Gasification from A Previous Study [4].

Increasing temperature of input air favoured gasification as effi-
ciency increased with increasing temperature of input air because
of additional enthalpy provided by hot air for the gasification reac-
tions, as depicted in Figures 4 (a and b). The efficiency of the
gasification process of torrefied bagasse increased from 64% to
69% when temperature of input air was raised from 27°C to
627°C, reaching a maximum of ca. 75% efficiency when it was
raised to 1227°C. On the contrary, gasification efficiency for un-
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torrefied bagasse obtained from a previous investigation and pre-
sented in Figure 4b reached a maximum of 67% under same var-
ied temperature of input air. This observation was attributed to
difference in material characteristics, especially with regard to
hydrophobic properties because some —OH groups in the molecu-
lar structure of torrefied bagasse were reduced due to torrefaction,
leading to an increase in hydrophobic properties that made torre-
fied bagasse more susceptible to igniting faster than anticipated.
The hydrophobic properties of torrefied bagasse allowed heat to
easily spread over the entire gasifier area by convection during
gasification simulation, a condition which agrees with the findings
of Wilk et al. 2015 [18] and Venselaar, 1982 [32]. High tempera-
ture of input air is conducive to the production of a gas rich in CO
and H with increased heating value, a condition which reflects
high gasification efficiency during biomass gasification [43], [48].

3.2.4. Influence of throat angle on gasification efficiency

The throat in downdraft gasifiers are remarkable distinctive fea-
tures of the system with huge influence on gasification efficiency
because of the significance attached to its main function, which is
to evenly distribute heat around the oxidation zone of the gasifier
and consequently down the reduction zone as this heat distribution
is important for optimum efficiency [8, 30, 49]. Figure 5a shows
the influence of varied throat angle on the efficiency of the gasifi-
cation process of torrefied bagasse. This was also compared with a
previous study on the gasification of untorrefied bagasse presented
in Figure 5b under same varied design conditions of throat angle.
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Fig. 5: Influence of Varied Throat Angle on Efficiency of Gasification:
(A) Torrefied Bagasse Gasification from this Study; (B) Untorrefied Ba-
gasse Gasification from A Previous Study [4].

According to Figure 5 (a and b), gasification efficiency decreases
as throat angle increases, a condition that was attributed to the
effect of divergence as a result of decreasing reaction temperature
and reaction rate. Contrary to the maximum efficiency of 64%
achieved with untorrefied bagasse (Figure 5b) under the same
design conditions of varied throat angle (TA), optimum gasifica-
tion efficiency of ca. 75% was achieved with the smallest throat
angle (TA) of 25° (evident in Figure 5a). This constitutes a differ-
ence of about 11%, which is significant enough to allude that tor-

refied bagasse is a better feedstock for gasification than untorre-
fied bagasse as reported by Anukam et al. 2016 [27] and Xue et al.
2014 [33], especially when smaller feed sizes are used along with
reduced throat angles. The gasification efficiencies achieved were
due to a combination of factors which includes the use of smaller
gasifier throat angle, the properties of the torrefied material (which
were improved upon torrefaction prior to gasification), the condi-
tions under which gasification was undertaken, etc. Improved
biomass properties will enhance biomass conversion efficiency in
thermochemical conversion processes such as in gasification pro-
cesses, especially employing systems with constricted throat an-
gles [30], [32], [50], [51]. These properties impacted on the per-
formance of torrefied bagasse during gasification, especially with
respect to alteration in the physical and chemical properties of
torrefied bagasse. These also constituted the main reasons for the
high energy value reported for torrefied bagasse in Table 2. Re-
duced O-C ratio of biomass will raise the energy value of biomass
and will consequently result in improved gasification characteris-
tics of the biomass in terms of efficiency [26], [52].

3.2.5. Influence of throat diameter on gasification efficiency

The throat diameter was another design parameter considered in
this study. The main factor determining the right circumstances for
gasification to take place lies in the cross—sectional area of the
gasifier, in this case, the throat dimensions of the gasifier [32].
The throat of a downdraft gasifier is situated just around the oxi-
dation zone of the gasifier. Its main functions had been described
in a previous section. However, Figure 6a shows the influence of
varied throat diameter on gasification efficiency for torrefied ba-
gasse, while Figure 6b depicts the efficiency obtained from a pre-
vious study on the gasification of untorrefied bagasse under same
conditions of varied throat diameter.
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Fig. 6: Influence of Varied Throat Diameter on Gasification Efficiency:
(A) Torrefied Bagasse Gasification from this Study; (B) Untorrefied Ba-
gasse Gasification from A Previous Study [4].

From Figure 6 (a and b), it can be noted that optimum gasification
efficiency was achieved with the smallest throat diameter (10 cm),
a reason attributed to the fact that larger throat diameters (30 and
50 cm) decrease reaction temperature and reaction rate as a result
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of divergence related effects. Cold spots can occur when the throat
diameter of the gasifier is too large, leading to reduced gasifica-
tion efficiency [32]. The maximum efficiency achieved with the
smallest throat diameter during gasification of torrefied bagasse
according to Figure 6a is about 74% compared to around 64%
efficiency achieved with untorrefied bagasse from a previous in-
vestigation under same reduced throat diameter of 10 cm. The
reason for this efficiency was attributed to the design of the simu-
lated throat diameter of the downdraft system, which played a role
in preventing bridging and channeling of the feed. The type of
throat used during gasification simulation was a two-sided air
inlet imbert type of throat that creates great sensitivity to feed size
and density. The imbert type of throat in downdraft gasifiers cre-
ate great sensitivity to biomass particle size as well as density; the
throat design is limited to feedstocks with not just uniform size but
also with small particle sizes [53]. Optimum gasification efficien-
cy for torrefied bagasse was achieved with relative ease under
varied throat diameter because of easy ignition as a result of its
flaky and hydrophobic characteristics orchestrated by torrefaction.
This created rapid gasification reaction rates that positively influ-
enced gasification efficiency.

3.3. Concluding discussion

Inconsistency in biomass quality makes it difficult to use as feed-
stock in energy conversion systems including gasification systems
hence the need to subject the biomass to some kind of pretreat-
ment measures as a way to improve its quality to make it amena-
ble for energy conversion [51]. Therefore, sugarcane bagasse was
torrefied to convert it into a feed with a lot more favourable prop-
erties. Results showed great discrepancies not just in the character-
istics of torrefied and untorrefied bagasse but also disparity in
their gasification performances under same conditions of gasifica-
tion. The elemental components presented in Table 2 are the main
constituting blocks of the three major components of biomass
(cellulose, hemicellulose and lignin) [54]. The first step in the
syngas production process during gasification simulation was the
activation of these compounds. After activation, parallel reactions
were further initiated by the precursor compounds in the pyrolysis
stage through fragmentation reactions and carbon bond scission,
which indicated thermal cracking of tar and the formation of free
radicals. The fragmentation reactions were favoured at high heat-
ing rates and high gasification temperatures.

For torrefied bagasse, a feed size of 6 cm resulted in ca. 76% gasi-
fication efficiency as compared to the 64% achieved using untor-
refied bagasse as gasification feedstock with same feed size. This
was attributed to changes linked to inter—penetration of amorphous
polymer molecules between bagasse particles because of the slight
degradation of lignin during torrefaction. Maximum mixing of
gases occurred at high temperature regions of the gasifier and with
reduced feed size, which further increased gasification efficiency
due to constricted gasifier throat, an indication of a correlation
between feed size, gasifier design and operating variables. Syngas
composition and tar decomposition also reflected increased gasifi-
cation efficiency for torrefied bagasse. These conditions were
influenced by feed size, gasifier design parameters and operating
conditions, and further indicated a correlation between these pa-
rameters.

Although, exact temperature is dependent upon biomass character-
istics such as feed size and the gasification system employed as
well as the conditions of gasification, the process of biomass gasi-
fication is a complex process that involves interactions of both
physical and chemical properties of the biomass at temperatures
higher than 600°C [4, 55]. As such, there is considerably lack of
information on the gasification behavior of torrefied biomass un-
der different gasification conditions and therefore, better
knowledge on this topic is required.

4. Conclusions

Common events that occurred during torrefaction of bagasse in-
cluded drying, carbonization, devolatilization, depolymerization
and recondensation. These events created material color change
that indicated improved properties and exposed the brittle nature
of torrefied bagasse, providing a baseline for the presentation of
the results of this study. Remarkable differences in the characteris-
tics of torrefied and untorrefied bagasse were observed as the for-
mer showed improved properties in comparison to the latter.
Gasification simulation established that torrefied bagasse can cre-
ate increased temperature in the oxidation and reduction zones of
the gasifier, which allowed for the cracking of higher molecular
weight compounds that condensed into tar. Greater enhancement
of oxidation zone reactions was experienced during the gasifica-
tion simulation process of torrefied bagasse, which liberated a lot
of heat that caused a rise in temperature. This condition also creat-
ed turbulent gas mixing that led to optimum efficiency due to feed
size and gasifier design parameters, among other factors. This was
not the case for the conditions experienced during the gasification
simulation process of untorrefied bagasse conducted in a previous
study [4]. The oxidation zone reactions were slowly initiated and
caused increasing tar yield during gasification simulation of untor-
refied bagasse, whereas facilitation of the oxidation zone reactions
caused rapid and increasing tar cracking and contributed to reduc-
tion in the yield of tar that culminated into higher gasification
efficiency during gasification simulation of torrefied bagasse. The
efficiency attained during gasification of torrefied bagasse was
around 10% higher than that achieved for the gasification of untor-
refied bagasse under same conditions of gasification simulation.
This difference in efficiency is significant enough to allude that
torrefied bagasse is a better feedstock for gasification than untor-
refied bagasse because of improved properties instigated by torre-
faction. This statement was corroborated by other researchers who
agreed that because of changes in characteristics resulting from
torrefaction of biomass, the value of torrefied biomass as a fuel is
significantly higher than that of untorrefied biomass [27], [25],
[28].
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