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crops. This study was conducted to determine the effect of torrefaction in upgrading
the quality of Khaya senegalensis biomass. Torrefaction has been known as one of the
most promising pre-treatments for biomass. In this experiment, the biomass sample
was torrefied in the muffle furnace at four different temperatures (225, 250, 275 and
300°C) and three durations (30, 60 and 90 minutes). The results show that both
torrefaction temperature and duration posed strong impact on the biomass quality. It
was found that the volatile matters of the biomass reduce significantly as the

Keywords: torrefaction severity increase. On the other hand, the ash and carbon content increase
Torrefaction; a thermal pretreatment; with the increasing temperature and duration. Most importantly the calorific value of
biomass; Khaya senegalensis; the biomass sample amplifies to 22.26Mj/kg from 16.11Mj/kg of untreated sample
temperature; holding time; fuel pellets when torrefied at 300°C for 90 minutes.

1. Introduction

Biomass has been used traditionally in the rural area for burning purpose for the household
activities. However, with the increasing concern about global warming, biomass has been introduced
as the bioenergy feedstock that can generate energy efficiently. Now, biomass has entered the
energy production industry as a strong candidate for renewable source of energy. According to The
European Environmental Agency, 13% out of 1.8 billion tons of European energy consumption in the
2020 will be contributed by biomass industry. In conjunction with that, it is estimated that the
demand for biomass as a feeding material for heat and power will be amplified to 5-7 billion tons in
2050 [1]. Biomass is among the great sources of renewable energy considering of the ability to be
replanted and contributes very low quantity of CO, emissions [1].

The biomass feedstock may come from various sources such as agricultural wastes, forestry
residues, and dedicated energy crops. Biomass raw material has their own physical and biochemical
characteristics that definitely will influence its performance as bioenergy feedstock [2]. Currently,
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among the other sources of biomass, dedicated energy crops have become the most promising
resources of biomass energy. It is due to the physicochemical and agronomic characteristics of
dedicated energy crops that will benefit the energy conversion process. More to the point, dedicated
energy crops can reduce the overall processing cost including transportation and storage as the
processing site can be built near to the plantation and the systems (plantation and process) can be
integrated.

Dedicated energy crops have been proven in the developed countries as a promising option in
widening of raw biomass energy resources. Dedicated energy crops typically possess certain
important characteristics such fast growing, can be planted in marginal land, and high biomass
production [3]. Besides that, another important criterion is their physicochemical compositions has
strong influence on the energy density and their performance in the energy conversion process.
Among established dedicated energy crops that have been commercially planted for energy purposes
are poplar, willow, eucalyptus, and miscanthus [4].

Malaysia has been granted with many plant species that has strong potential as energy crop even
though less explored [5]. Among the species that has been identified to be listed as dedicated energy
crops species are Leucaena leucocephala, Azadirachta excelsa, and Khaya senegalensis. In this paper,
the focus is on the Khaya senegalensis. Khaya senegalensis is a plant species that belongs to
Meliaceae family and native in Africa. The matured plant can grow up to 15-30 m height and about 1
m in diameter. The wood is used for construction purposes, household apparatuses, and domestic
fuel wood. In addition, the bark of the tree is used to traditionally to cure several illnesses such as
headache, stomach pain and malaria fever [6]. However, in Malaysia, Khaya senegalensis has been
introduced as landscape and shade tree. Khaya senegalensis is known as fast growing plant that can
be cultivated on marginal soil. These are important characteristics of energy crops so that it will not
compete to utilize the agriculture land. It was reported that with the proper irrigation and
fertilization, this plant can reach 400 cm in height and produce 18 kg biomass per plant in just one
year [7].

It is known that biomass energy has some physical and biochemical challenge that need to be
overcame before can be established as energy crops and ready for commercialization. Among the
major challenge in utilization of biomass include low energy density, high in moisture, and less
uniform physicochemical characteristics [8]. These properties give some trouble especially in biomass
thermochemical conversion [9]. Therefore, the biomass supposedly undergoes thermal, biological or
chemical pretreatments to improve its properties [10].

Thermal pretreatment has become a popular method among researcher and biomass energy
producer as it is easy to set up, more economical and give high quality biomass feedstock. One of the
most common thermal biomass pretreatments is torrefaction. Torrefaction is a mild pyrolysis that
usually the imposition temperature is around 200 - 300°C [11]. This process will remove the moisture
in the biomass sample and alters the lignocellulosic composition. In this process most of the
hemicellulose will be removed or at least reduced depending on the severity of the torrefaction
process as well as the plant morphology.

Torrefaction treatment on many species showed significant improvement of the biomass quality
such as low volatile matters, high carbon content and importantly high calorific value. The
composition of torrefied biomass is more preferable as it increases the lignin content per gram
sample [12]. Currently, biomass will be transported, stored, and traded in the densified form either
pellet or briquette as this can reduce the cost and amplify the quality for energy purposes. Hence, it
is proven that torrefied biomass that contains high lignin and low hemicellulose compositions give
good quality of biomass energy pellet. Furthermore, the torrefied biomass pellet has higher calorific
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value, lower the hygroscopicity, and emit less carbon monoxide gas which is very good for thermal
energy conversion process [13].

2. Methodology
2.1 Biomass Sample

The matured Khaya senegalensis available at Institute of Agro-technology (INSAT), UniMAP was
cutback and then allowed to sun dry for 1 week. The wood then was shredded before grinded using
grinding machine at Faculty of Engineering Technology, UniMAP. The ground biomass was sieved to
obtain uniform particle size of Imm Khaya senegalensis biomass.

2.2 Torrefaction Experiment

The uniform particle size of Khaya senegalensis biomass was placed in the crucible before heated
in the muffle furnace at desired torrefaction temperature which are 225, 250, 270, and 300°C. The
samples were allowed to be heated for 30, 60 and 90 minutes in order to quantify the effect of both
torrefaction temperature and time on Khaya senegalensis biomass.

2.3 Biomass Characterization

Proximate analysis was performed to establish some important quality of the biomass sample
which were moisture content, volatile matters, ash content, and carbon content. The moisture
content was determined using ASTM D 4442-07 standard method for wood and wood-based
materials method. The weighed sample will be dried in the oven at 105°C for 24 hours. The moisture
was calculated by the difference between initial and final weight. The ash percentage will be
determined by igniting the sample at 575°C for 5 hours in the furnace (ASTM-E1755). The volatile
matter will be quantified using ASTM-E872 method where the sample will be burned at 950°C for 7
minutes. The total fixed carbon content will be calculated using the following equation

FC = 100- (%MC + %VM + %AC) (7)

Calorific value of the samples was determined by a bomb calorimeter as stated in the ASTM
Standard D 5865 procedure. Approximately 0.5 g of the sample was weighed and placed in a crucible
immersed in distilled water inside the bomb calorimeter. The calorific value was recorded as MJ per
kg of the biomass sample.

3. Result and Discussion
3.1 Proximate Analysis of Torrefied Khaya Senegalensis Biomass

Proximate analysis result of torrefied Khaya senegalensis biomass is shown in Table 1. Generally,
it was found that there is a significant change in volatile matter, ash content and carbon content of
torrefied Khaya senegalensis. The volatile matters of the treated biomass steadily reduce as the
torrefaction severity increase. It was found that both temperature and duration of torrefaction give
significant alteration in the volatile matters’ percentage of the biomass. The volatile matters drop
significantly after being torrefied at 225°C for 60 and 90 minutes. The value continues to decrease
when the torrefaction severity increase. The volatile matters of biomass torrefied at 275°C for 90
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minutes drops about 40 % as compared to the untreated biomass. The lowest volatile matters
recorded was 52.32 % of the biomass that had been torrefied at 300°C for 90 minutes.

The reduction in volatile matters percentage of biomass after experienced the torrefaction
treatment happens to almost any types of biomass. For instance, it was found that the volatile
matters of torrefied oil palm frond reduced to 46.37 % of volatile matters from 79.37 % in the raw
sample. The same observation was recorded for Leucaena leucocephala biomass. The volatile
matters reduced about 40 % from the untreated sample [14]. The same pattern of reducing volatile
matters after torrefaction experiment was reported on Norway spruce biomass. The volatile matters
of three different parts of the plant namely stem wood, stump and bark consistently drop as the
torrefaction severity increase [15].

The ash content of raw Khaya senegalensis biomass is 4.40% (Table 1) and it is considerably low
for woody biomass. It was reported that ash content of some common biomass utilized for energy
purposes such as eucalyptus, pine, poplar and oak is between 0.5 —3% [16]. The study on some other
biomass from forest residue such as willow, bark, and red canary grass also contain low percentage
of ash content which is between 0.3 — 2.4% [17]. As can be seen in the Table 1, the ash content of
torrefied Khaya senegalensis biomass is suggestively affected by the torrefaction temperature and
time. As the temperature increase, the ash content of the biomass also increases significantly. The
ash content increase drastically to 14.38 and 12.74 % as the temperature of 250°C was imposed for
60 and 90 minutes, respectively. The percentage continues to increase about 30% as the severity of
torrefaction was intensified to 275 °C for 60 minutes. However, beyond this torrefaction condition,
the ash content of the biomass is stable even the torrefaction severity increase up to 300°C for 90
minutes.

The same phenomena were observed for other species of biomass experienced the torrefaction
treatment. For instance, the ash content of torrefied cotton stalk is 11.8 %, increase about 40 % as
compared to the ash content of the raw material [18]. This trend also reported for the torrefied
agriculture residues; napier grass, rice straw, cassava stalks, and corn cob. The ash content of all these
biomasses increase after imposed with torrefaction treatment in the range of 20 — 30 % as compared
to the untreated biomass [19]. Ash content of biomass is the inorganic compound left in the
combustion crucible that do not involve in the combustion process. Therefore, high ash content
usually will reduce the energy density of the biomass. Not just that, high ash content also will give
some trouble during the energy conversion process. High ash content material will generate higher
deposition inside the boiler or gasifier that need to be cleaned up to maintain the efficacy of the
equipment. Hence, the reduction of biomass ash content can avoid frequent equipment maintenance
and can improve the energy conversion process [20].

Another important biomass parameter is carbon content. Carbon content is much related to the
energy density of biomass. As can be seen in the Table 1, the carbon content of Khaya senegalensis
is noticeably increased to about 80% as the severity of the torrefaction condition increased.
Undeniably, that the torrefaction process can amplify the total carbon content of the biomass as the
sample was burned at high temperature like the pyrolysis process. Increase in carbon content of
torrefied biomass is related to the depletion of hemicellulose and some of the cellulose. This
condition will increase the lignin composition per unit weight of the biomass sample. It is known that
carbon content and lignin composition are among the determining factor of calorific value [21].
Therefore, torrefied biomass with high carbon content is much expected to possess higher calorific
value

In general, from the result presented in Table 1, it was found that when the severity of
torrefaction increases the carbon content and ash content of the sample increase accordingly while
the volatile matters reduce significantly. Biomass that was exposed to high temperature for certain
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period will be subjected to some changes in their physicochemical properties. The torrefaction
temperature range (200-300°C) can initiate some destructive reactions such as decomposition,
devolatilization and carbonization. The color of the biomass will change due to the decomposition of
hemicellulose [22]. The weight lost during torrefaction process also contributed by the evaporation
of bound water and some volatile matters. The amount of the volatile matters released during
torrefaction process basically depend on the temperature, duration, and the physicochemical
composition of the biomass. The increase in temperature and duration will lead to the carbonization
reaction and high volatile matters emancipation that will result in good quality of feedstock biomass
production especially for thermal energy conversion purposes [23].

Table 1
Proximate analysis result of torrefied Khaya
senegalensis biomass at different temperature

and time
Proximate analysis (%)
Volatile  Ash Carbon
matters  content content
K. sinegalensis 83.07 4.40 12.53
Torrefaction
225°C 30 min 87.89 4.11 8.00
225°C 60 min 83.75 5.62 10.63
225°C 90 min 75.73 8.25 16.01
250°C 30 min 80.30 6.68 13.03

250°C 60 min 69.84 14.38 15.78
250°C 90 min 71.46 12.74 15.81
275°C 30 min 81.71 9.74 8.55

275°C 60 min 61.99 19.38 18.63
275°C 90 min 58.09 20.94 20.97
300°C 30 min 59.17 22.21 18.62
300°C 60 min 60.36 23.25 16.39
300°C 90 min 52.32 23.78 23.90

Calorific value is the most important parameter of any biomass to be listed as potential energy
crop. Table 2 shows the calorific value of raw and torrefied Khaya senegalensis biomass. As shown in
the table, the calorific value of Khaya senegalensis increase steadily with the increase of torrefaction
severity. The calorific value starts to increase significantly to 17.73 MJ/kg as the sample was torrefied
at 225 °C for 60 minutes. Then, the value continues to increase after the temperature was increased
to 275°C. The highest calorific value which is 22.26 MJ/kg was obtained when the biomass sample
was exposed to 300°C of torrefaction temperature for 90 minutes.

This result is accordingly with the carbon content and volatile matters result. The value of carbon
content and volatile matters is interrelated even though the relationship is complex. Biomass with
low volatile matters, usually contain higher amount of carbon and will also has high calorific value.
Other plant species imposed with torrefaction pretreatment also resulting in some good product. For
instance, the torrefied Leucaena leucocephala has about 20% higher calorific value as compared to
the raw biomass [24]. The similar pattern is reported for other biomass such as oil palm [11], willow
[25] and pine [26].
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Table 2
Calorific value of torrefied Khaya
senegalensis at different temperature

and time

Sample Calorific value
(MJ/kg)

K. sinegalensis 16.11

Torrefaction

225°C 30 min 16.81
225°C 60 min 17.73
225°C 90 min 18.11
250°C 30 min 17.44
250°C 60 min 19.06
250°C 90 min 19.09
275°C 30 min 17.86
275°C 60 min 20.63
275°C 90 min 21.44
300°C 30 min 22.05
300°C 60 min 21.17
300°C 90 min 22.26

4. Conclusion

Based on the study, it can be concluded that torrefaction is an effective pretreatment of Khaya
senegalensis biomass in order to obtain desirable quality of biomass feedstock. The torrefied biomass
contains much lower ash content that is good for thermal conversion and equipment. Furthermore,
torrefaction increase the carbon content and amplify the calorific value. It was found that the best
torrefaction condition for preparing good quality of Khaya senegalensis biomass feedstock is 300 °C
of torrefaction temperature with more than 60 minutes torrefaction time.
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