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Temer musa (Prosopis chilensis) is an invasive wild tree found in the desert of many countries, e.g., Eritrea, Ethiopia, Sudan, India,
South Africa, and the USA. The thermochemical properties of this invasive tree were analyzed as a potential biomass feedstock for
energy generation. The calorific value measurement of the temer musa wood was found to be 19.83 MJ/kg. Thermogravimetric
analysis and derivative weight profiles displayed that the decomposition happened in four stages representing moisture content,
volatile matter, fixed carbon, and ash formation. The proximate parameters are in good range with other known biomasses and are
found suitable for the thermochemical energy conversion. The gasification process confirmed the existence of several gases that are
usually observed in invasive biomasses. All gasification gases were in the acceptable range, and no hydrogen sulfide gas was
observed, which makes the conversion as environment friendly. The obtained results show that the energy conversion of temer
musa is suitable for real-time implementation.

1. Introduction

Biomass is an attractive renewable energy source; it con-
stitutes the biological matter obtained from living things and
is possible to regrow [1-3]. Wood from the tropical/arid area
is expected to have a high calorific value (CV) as those trees
are more heat tolerant from nature [3]. Therefore, the
conversion of these trees to energy is economically viable.
Direct combustion, gasification, and pyrolysis are the

leading technologies for the thermochemical conversion of
dried biomass to energy [2, 4]. Gasification is in focus be-
cause it can transform various types of feedstock (biomass,
coal, and biological wastes) into electrical energy through the
syngas-powered generator, especially by the integration of
biomass gasification and solid oxide fuel cell- (SOFC-) based
combined and heat power generation (CHP) [5-7]. Temer
musa is an invasive tree that has not been studied before for
the energy generation prospect.
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Temer musa is an invasive tree, mainly found in the
desert of different countries in Africa (e.g., Eritrea, Came-
roon, Chad, Gambia, Ghana, Guinea, Nigeria, and South
Africa), India, and the United States of America. It is a fast-
growing, abundant, and invasive tree species with a small to
medium-sized tree normally about 12 m in height and 1 m in
diameter. Due to its nature of fast-growing, this tree is very
prospective and beneficial as a feedstock for energy gener-
ation. Temer musa belongs to the Fabaceae family and has
different names in different parts of the world with scientific
name of Prosopis chilensis. This tree is very harmful to the
environment because it is producing huge carbon dioxide
(CO,), creating small amount of oxygen (O,), and con-
suming massive amount of underground water [8].
According to the Pacific Islands Ecosystems at Risk (PIER),
the risk score for the Prosopis chilensis is 19, which is very
high in comparison to the international standard (the risk
factor should be below 6) [9].

To protect the land, environment, and ecosystem from
the adverse effect of this invasive species, biofuel technology
is a new process to manage invasiveness by converting them
into bioenergy [10, 11]. Potential biomass gasification ap-
plications will help to protect the environment and solve
energy problems in those countries [12]. Recently, intensive
research interest has been grown to integrate biomass
gasification systems with fuel cells to get higher efficiency
where syngas from gasifiers can be the input fuel for the fuel
cells [13-15]. Gasifiers are fed with a combustible material to
produce syngas, hydrogen, or hydrogen-rich fuel, e.g.,
methane. These gases can be utilized as fuels to fuel the fuel
cell [16, 17]. Solid oxide fuel cell is a fuel cell category that
allows various fuels, e.g., natural gas and hydrocarbons
[18-20].

To utilize temer musa as a feedstock for real-time
implementation, there exist challenges to concern in terms
of (i) the management of biomass: source, storage, trans-
portation, and sizing of biomass for gasification, (ii) the
optimization of operating parameters of the gasifier, (iii)
cleaning units to meet the gas purity requirement of solid
oxide fuel cell and other units, (iv) solid oxide fuel cell
materials development to cope with H,S and carbon-con-
taining syngas, and (v) application of electricity and heat
from solid oxide fuel cell-based combined and heat power to
a household. To the best of the authors’ knowledge, no
research has been performed to characterize temer musa for
the potential application in power generation. Hence, this
study aims to present the physical and chemical charac-
terizations of the invasive temer musa as a potential feed-
stock for biomass gasification which can be used for
powering syngas solid oxide fuel cell-based combined and
the heat power system.

2. Materials and Methods

Temer musa branches were collected from Eritrea and cut
into small pieces for drying under direct sunlight for one
week. After sundry, the pieces were dried in oven at 100°C
for overnight to remove the left moisture. Finally, the small
pieces were ground into a powder and sieved by standard
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sieve no 60 to obtain 0.250 mm of biomass samples. The
physical appearance, uprooting process, and available areas
are shown in Figure 1.

2.1. Calorific Value (CV) Measurements. The biomass sample
was pelletized to obtain a pellet of about 1gm for each
experimental run. The pellet was placed in a bomb calo-
rimeter (C200, P.A. Hilton Ltd.) to measure the heat of
reaction according to the American Society for Testing and
Materials D2015 method. Cotton thread and nichrome wire
were used to lead the fire to the sample in the ignition stage
of the bomb calorimeter equipment. Calorific value at
constant volume was calculated using the following equation
[22].

exO-m.xg.—m, X
CV= C qC w qw’ (1)
mg

where CV is the calorific value (kJ/kg), € is the heat
equivalent of the bomb (J/K), 0 is the effective temperature
rise (K), m_ is the mass of cotton thread (g), q. is the calorific
value of cotton thread (J/g), m,, is the mass of nichrome wire
(), q,, is the calorific value of nichrome wire (J/g), and mis
the mass of fuel (biomass) (g).

2.2. Combustion and Proximate Analysis. Small pieces (~1 g)
of temer musa were combusted in a furnace at about 500°C.
The furnace temperature was increased from 25°C to 500°C
with a rate of 10°C/minas, and most of the dioxins and
dioxin-related compounds are formed below 500°C tem-
perature in the combustion zone [23]. Three gas sensors of
Driger X-am 5000 (sensor A detecting nitric oxide (NO),
ammonia (NHj3), carbon dioxide (CO,); sensor B detecting
phosphine (PHj;), sulfur dioxide (SO,), hydrogen sulfide
(H,S), and carbon monoxide (CO); sensor C detecting ni-
trogen dioxide (NO,), hydrogen cyanide (HCN), and
chlorine (Cl,)) were used to measure the output gases
simultaneously.

Figure 2(a) shows the locally made gas detection system
using a chamber and detectors. The gas is produced from the
combustion of biomass in a furnace, and the gas passes
through the gas line which was connected to the chamber.
The chamber can control the gas dispersion for data col-
lection. The data of gases produced were collected from
sensor monitors every 5 minutes after starting biomass
combustion to study the exhaust gas. Proximate analysis is
an important characteristic to estimate the suitability of
biomass material for thermochemical conversion. In the
analysis, moisture content (MC), volatile matter (VM), fixed
carbon (FC), and ash content (AC) were obtained by the
simultaneous thermal analyzer, STA8000, Perkin Elmer at
Prince of Songkla University by using the American Society
for Testing and Materials E1131 [24] method. This method
efficiently performs the compositional analysis (volatile
matter, combustible materials, and ash content) of solid and
liquid. Nitrogen was introduced to the sample from ambient
to 600°C, and the air was fed to the sample from 600°C until
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F1GURre 1: Picture of (a) temer musa tree, (b) uprooting process, (c) the map of countries where the species are available, and (d) the main
agroclimatic zone of Eritrea where the trees are most available (highlighted in red border) [21]. The wood branch of temer musa is shown in
the inset of (a), and small pieces of original temer musa are shown in the inset of (b).
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FIGURE 2: (a) Diagram of combustion gas analysis where gases were fed to a chamber fed into 3 different detectors placed to detect different
gas. (b) Temperature versus time plot of thermogravimetric analysis profile of the sample from 25°C to 950°C.



1000°C. In the oxidizing atmosphere, fixed carbon is oxi-
dized at 750°C while ash is the residue.

Proximate analysis examination based on the ther-
mogravimetric analysis method is accurate with the reason
that the initial mass was weighed when the system was in a
steady state before the heat was introduced, and the thermal
behavior profile started to display when temperature in-
creases until 1000°C. About 37.73 mg of temer musa wood
sample was placed in the thermogravimetric analysis
equipment and heated in two steps with two dwell time
settings, as shown in Figure 2(b). In the first step, the sample
was heated from 25°C to 110°C at 50°C/min and dwelled at
110°C for 5 minutes. In the second step, the temperature was
raised from 110°C to 950°C at 100°C/min and resided for 25
minutes.

3. Result and Discussion

3.1. Calorific Value (CV) Experiment. Calorific value (CV) is
a significant method for justifying the biomass as a potential
source of energy [25]. This value is influenced by chemical
composition, moisture, and ash content. The average gross
calorific value (GCV) or high heating value (HHV) of temer
musa was achieved by 19.83 M]/kg on the dry basis and
17.93 MJ/kg on the wet basis. The standard deviations on a
dry and wet basis are 0.3801 and 0.3436, respectively. Gross
calorific value is the energy released from an oven-dry
material, while the net calorific value (NCV) is from an air-
dry material [26]. The calorific value of oven-dried wood
samples was reported in the literature as in the range
17-20 MJ/kg [27]. The calorific values from experiments are
in good agreement with the values from the literature and
even highest compared to the existed results. This indicated
the heat energy contained in temer musa as a potential
feedstock for energy conversion. The dry basis calorific
value, 19.83 MJ/kg, is compared with other biomass mate-
rials from different countries of Africa (Table 1) to evaluate
that temer musa has a high heating value as in a comparable
range to the literature. Although hardwoods have a higher
calorific value than softwoods and vines, the ash content is
also high, meaning that the calorific value is not the only
factor to consider for the application of biomass. Several
studies utilize biomass bottom ash as the alternate in the
production of concrete and cement mortar, e.g., as a filler in
road embankments, cement-treated materials, or non-
structural concrete, which rely on the substitution ratio. A
recent report by Orwa et al. [32] showed that temer musa has
a high calorific value with little ash. The high calorific value
of biomass is an advantageous property to use as a feedstock
in the thermochemical process. As temer musa has a high
calorific value, the agreement with reported values of other
wood types shows the capacity of heat energy produced. The
high calorific value of this biomass has the indication that
this invasive tree can be a candidate as a feedstock for
thermochemical conversion in biomass gasification. Bio-
mass gasification can gasify biomass into combustible gas-
eous products that can run the gas engine to generate
electricity. Temer musa is a promising tree for future
electrical energy resources.
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3.2. Proximate Analysis. To evaluate the thermochemical
reaction in the biomass during pyrolysis/gasification, ther-
mogravimetric analysis (TGA) is one of the best methods to
know mass loss through thermal degradation [34]. Ther-
mogravimetric analysis, as shown in Figure 3(a), revealed the
mass loss of temer musa with time at 25-950°C. The main
derivative weight peaks demonstrated the maximum ther-
mal degradation rate of biomass at elevated temperatures. In
the biomass degradation stages, each biomass component
decomposes in a distinct temperature range. Figure 3(b) is
shown as a comparison for the obtained thermogravimetric
analysis profile and derivative weight of temer musa. The
mass loss and derivative weight profiles are in good
agreement with a report of wood-based material, which
displayed the same trend of biomass degradation. The
thermogravimetric analysis graph displayed three regions of
mass change, while the main peaks of biomass degradation
are observed from the derivative weight profile as three
thermal degradation stages [10, 35]. Table 2 gives the detail of
the weight loss from the as-received sample and dry basis
sample as a comparison. The first mass loss of 9.583% oc-
curred from room temperature until 110°C has shown the
removal of light volatile matter and moisture contents that
are available in biomass [36, 37] with the peak of derivative
weight at 110°C temperature. The moisture content for this
invasive species is promising because if the moisture content
percentage is more than 10%, there are negative effects on
the biofuel production during thermochemical conversion
[38]. The weight change is comparable to that of Eucalyptus
globulus, Eucalyptus saligna, and Eucalyptus grandis, which
are in the range of 9.94-12% [30]. A report revealed that the
moisture content of Prosopis africana and Balanites
aegyptiaca were 10% and 12%, respectively [28]. The
moisture content from this experiment was lower than the
literature values. This showed a positive property and is the
reason for the high calorific value of temer musa. The heat
obtained from the combustion of biomass is influenced by
the moisture content. If a sample contains moisture, for
complete combustion, the heat needs to first remove the
moisture, which decreases the total heat achieved [29]. High
moisture content was found to reduce the combustion yield
[39]. The second mass change began dramatically at 350°C
until 750°C, while mass was stable at 950°C where the peak of
derivative weight happened at 500°C has shown the deg-
radation point of volatile matter, which is in agreement with
the normal volatilization range of 200-750°C in nitrogen
[9, 10, 40]. The weight loss was at 74.98% between 110°C and
950°C mainly for the degradation of hemicellulose, cellulose,
and lignin [9]. The steady mass at 950°C indicates that the
total volatile matter was removed. However, volatile matters
consist of combustible gases that facilitate the ignition stage,
which is advantageous in the thermochemical conversion
process. In the third region of weight change, the severe mass
loss represents the fixed carbon level which is the nonvolatile
matter, combustible, and oxidizable. Temer musa displayed
the loss of fixed carbon content at 950°C under the oxygen
atmosphere in the derivative weight curve. The loss of fixed
carbon is caused by the carbonization process and lignin
decomposition [41]. Proximate analysis of woods consists of
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TaBLE 1: Comparison of the calorific value of different trees from different parts of Africa.

Sample Calorific value (M]/kg) Country of resources References
Temer musa 19.83 Eritrea (Present study)
Prosopis africana 19.80 . .

Balanl;tes £egyptiaca 19.40 Niger and Burkina Faso (28]
Acacia cyclops 18.99

Acacia erioloba 19.03

Eucalyptus cladocalyx 18.87 South African [29]
Pinus patula 18.68

Vitis vinifera 18.73

Eucalyptus globulus 18.77-19.34 (4486-4623 kcal*/kg)

Eucalyptus saligna 18.98-19.24 (4536-4599 kcal*/kg) Ethiopia [30]
Eucalyptus grandis 18.88-19.42 (4513-4641 kcal*/kg)

Bauhinia rufescens 19.40

Azadirachta indica 19.40

Acacia senegal 18.90 Niger [31]
Faidherbia albida 18.90

Acacia nilotica 18.60

*1kcal =41847].
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Figure 3: Continued.
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FiGure 3: The thermogravimetric analysis profile and derivative weight of (a) temer musa with the three regions of weight changed and

(b) wood-based material [33] for comparison.

TaBLE 2: Proximate analysis results of temer musa branches.

Weight (%)

S I i i

amp'e Moisture Volatile Fixed Ash  Total
matter carbon

As received  9.583 74.98 13.59 1.848 100.0

As dry 82.93 1503 2.040 100.0

basis

volatile matter (70.00-83.60%), fixed carbon

(15.20-28.30%), and ash (0.10-11.30%) [42]. A report de-
scribed that a high ratio of volatile matter and fixed carbon
has a relationship with the reactivity of the fuel [39]. The
volatile matter given in Table 2 is in the range of 70-85%,
while fixed carbon is at a lower range of 10-15%, indicating
that the ratio of volatile matter by fixed carbon is high. This
ratio is proved to enhance fuel ignition. At the last region of
stable weight change, ash content remains as a nonvolatile
residue in oxygen after complete volatilization [24]. Ash is
an inorganic substance that is incombustible. At 950°C, the
remaining mass represents the ash content of 1.848%,
meaning that incombustible ash was present which is
comparable to the literature range of 0.10-11.30%. The lower
ash content gives a higher calorific value [43]. Since biomass
gasification consists of pyrolysis and combustion, the
thermogravimetric analysis in nitrogen can represent the
pyrolysis stage, and combustion thermal behavior can be
observed from the thermogravimetric analysis in oxygen.
The biomass mainly consists of hemicellulose, cellulose,
lignin, and small amounts of other organics [1]. Yang et al.
revealed that hemicellulose is easy to remove from the main

stem, which occurs in the range of 220-315°C, while the
structure of cellulose is very strong, which degrades in the
range of 315-400°C [44]. The derivative weight peak of temer
musa at 362°C, which exists in a thermal degradation range
of 220-400°C, seems to cause hemicellulose and cellulose
degradation. Lignin is the most difficult structure to de-
compose in which degradation happens slowly and con-
stantly in a wide range of 150-900°C [9]. However,
hemicellulose, cellulose, and lignin degradation can be
observed in pyrolysis conditions [44]. The proximate
analysis parameters are in the expected range compared with
the literature. Less moisture content and ash were achieved,
indicating the ability of energy generation when temer musa
is used since less moisture increases the chance of energy
derived from biomass. In addition, less ash content in
biomass is advantageous in the prevention of clogging when
biomass gasification is applied [10]. However, the capacity
and efficiency of biomass gasification integrated solid oxide
fuel cell-based combined heat and power can be examined to
implement the approach with a novel feedstock, temer musa.

3.3. Combustion Gas Analysis. A combustion gas analysis
was carried out in the closed system to evaluate the gas
produced and to observe the safety of the experiment from
the combustion of temer musa in the lack of air which can
represent the gas produced in the combustion stage when
real-time biomass gasification is used.

As given in Table 3, NO, NH;, PH3, SO,, CO, NO,, and
Cl, were detected from gas sensors, while H,S was not found,
which is good for the environment [45]. Most gases were
found at the temperature above 414°C, while NO, and Cl,
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TaBLE 3: Gas detected from the combustion of temer musa by gas sensors.
Content by temperature

Gas (ppm/vol%*) . . . .

25-364"C 414°C 465°C 502°C
NO 0.00 0.50 0.00 0.90
NH; 0.00 13.0 8.00 13.0
CO, 0.00 0.00 0.00 0.00
PH; 0.00 0.33 0.18 0.49
SO, 0.00 1.80 1.00 2.80
H,S 0.00 0.00 0.00 0.00
CO 0.00 48.0 40.0 60.0
NO, 0.00 0.00 0.00 0.00
HCN 0.00 1.00 0.60 1.20
Cl, 0.60 0.60 0.60 0.60

*The unit of CO,.

TaBLE 4: The standard immediately dangerous to life or health concentrations (IDLH) and exposure limits [48] of gases detected in

experiments.
Gas IDLH Exposure limits
NO 100 ppm NIOSH REL: TWA 25ppm (30 mg/m”)
(1 ppm = 1.23 mg/m?) OSHA PEL: TWA 25ppm (30 mg/m°)
300 ppm NIOSH REL: TWA 25ppm (18 mg/m?)
NH; (1 ppm = 0.70 mg/m”) ST 35ppm (27 mg/m?)
OSHA PEL{: TWA 50 ppm (35 mg/m” )
40,000 ppm NIOSH REL: TWA 5000 ppm (9000 mg/m”)
CO, (1 ppm = 1.80 mg/m>) ST 30,000 ppm (54,000 mg/m?)
OSHA PELt: TWA 5000 ppm (9000 mg/m”)
50 ppm NIOSH REL: TWA 0.3 ppm (0.4 mg/m?)
PH; (1 ppm = 1.39 mg/m”) ST 1 ppm (1 mg/m?)
OSHA PEL}: TWA 0.3 ppm (0.4 mg/m”’)
100 ppm NIOSH REL: TWA 2 ppm (5 mg/m?)
SO, (1 ppm = 2.62 mg/m”) ST 5ppm (13 mg/m?)
OSHA PEL}: TWA 5ppm (13 mg/m’)
100 ppm NIOSH REL: C 10 ppm (15 mg/m?) [10-minute]
H,S (1 ppm = 1.40 mg/m>) OSHA PEL+: C 20 ppm
50 ppm [10-minute maximum peak]
1200 ppm NIOSH REL: TWA 35ppm (40 mg/m”)
CcO (1 ppm = 1.15 mg/m”) C 200 ppm (229 mg/m?)
OSHA PEL}: TWA 50 ppm (55 mg/m”®)
NO 20 ppm NIOSH REL: ST 1ppm (1.8 mg/m”)
2 (1 ppm = 1.88 mg/m”) OSHA PEL{: C 5ppm (9 mg/m?)
HCN 50 ppm NIOSH REL: ST 4.7 ppm (5mg/m’) [skin]
(1ppm=1.10 mg/m3) OSHA PELt: TWA 10 ppm (11 mg/mS) [skin]
a 10 ppm NIOSH REL: C 0.5 ppm (1.45 mg/m’) [15-minute]
2

(1 ppm = 2.90 mg/m”)

OSHA PEL{: C 1ppm (3 mg/m?)

were released at low temperature due to the higher releasing
tendency of volatile matters [46]. The CO, was not sensed
even in limited gas dispersion in the chamber and with 1g
sample. On the other hand, HCN was detected at a tem-
perature above 414°C indicating that the system is effective in
the detection of HCN at elevated temperatures. At high
temperatures, PH; and CO were high in content as moni-
tored by the sensors. In the experiments, the temperatures
were not fixed, which is due to the data collection that took
place every 5 minutes. The alarms (Al and A2) are
thresholds that appear when the content exceeds the set
values of gas sensors [47]. At elevated temperatures, the
gases were not at fixed values. This is because the gas sensors

are designed for safety applications. However, an ultimate
analysis is recommended to investigate the elemental gases
of the biomass (C, H, O, N, and S). In addition, the gas
chromatography technique can be used to analyze the syngas
production from the thermochemical conversion of temer
musa.

The standard Immediately Dangerous to Life or Health
(IDLH) Concentrations and exposure limits to gases pro-
duced from combustion are given in Table 4. As a safety
prospect, the combustion experiment can run 3-4 hours a
week with the use of air circulation. This combustion ex-
periment gave the estimation of gas content produced with
temperature from biomass on a laboratory scale, which



requires developing the gas controlling system or gas fil-
tration in the future. As an example of NO produced (in
Table 3) from the combustion of temer musa, the level of NO
was 0.90 ppm above 500°C, which is lower than the exposure
limit of 25 ppm by inhalation for up to a 10-hour workday
during a 40-hour workweek as stated where NIOSH REL is
the National Institute for Occupational Safety and Health
recommended exposure limits, TWA is a time-weighted
average concentration for up to a 10-hour workday during a
40-hour workweek, OSHA PEL is the Occupational Safety
and Health Administration permissible exposure limits, ST
is a 15-minute TWA exposure that should not be exceeded at
any time during a workday, C is a ceiling value that should
not be exceeded at any time, and " is the end of service life
indicator (ESLI) required. From the obtained data, the level
of 0.90 ppm is much lower than 100 ppm in the standard
Immediately Dangerous to Life or Health (IDHL) Con-
centrations, while other gases are correspondingly lower
than IDHL [48].

4. Conclusion

The investigation of the physical and chemical properties of
temer musa was carried out in this research. Temer musa
showed a high calorific value of 19.83 MJ/kg on a dry basis,
which is an important property of feedstock in thermo-
chemical conversion. The thermogravimetric and proximate
analyses revealed that the observed moisture content
(9.583%), ash content (1.848%), volatile matter content
(74.98%), and fixed carbon (13.59%) content can be ad-
vantageous in the thermochemical conversion process. A
high ratio of volatile matter and fixed carbon has a rela-
tionship with the reactivity of the fuel in the enhancement of
tuel ignition. The obtained proximate analysis values proved
that this invasive biomass is an excellent source for the
gasification conversion process. The gas combinations are
the indications of the possibility, sustainability, and acces-
sibility of temer musa as an effective source for the future
energy generation process. So, these invasive temer musa
trees can be a promising novel feedstock for biomass gas-
ification integrated solid oxide fuel cell-based combined heat
and power.
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