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Abstract

Background Uganda’s energy relies heavily on biomass sources. This dependence on biomass for household

and commercial purposes, driven largely by population increase, poses pressure on natural resources, such as forests.
This study investigates the usage of some of the country’s largely produced agricultural wastes for the production

of biofuels.

Methods Pineapple peels (PP), banana peels (BP) and water hyacinth (WH_Eichhornia crassipes (Mart.) Solms)
were used for generation of both carbonized and uncarbonized briquettes. Physical properties and calorific values
for the developed briquettes were determined through thermogravimetric analysis and using a bomb calorimeter.

Results Pineapple peel carbonized briquettes had the highest calorific value (25.08 MJ/kg), followed by a composite
of banana peels and pineapple peels (22.77 MJ/kg). The moisture content for briquettes ranged from 3.9% to 18.65%.
Uncarbonized briquettes had higher volatile matter (ranging between 62.83% and 75.1%) compared to carbon-

ized briquettes (ranging between 22.01% and 24.74%). Uncarbonized briquettes had a shorter boiling time (ranging
between 27 and 36 min for 2.5 L of water) compared to carbonized briquettes (ranging between 26 and 41 min). Bulk
density was highest in uncarbonized BP briquettes (1.089 g/cm?) and compressive strength was highest with car-
bonized BP + PP (53.22 N/mm?). When using water hyacinth alone, the produced carbonized briquettes show low
calorific values (16.22 MJ/kg). However, the calorific values increased when they were mixed with banana (20.79 MJ/
kg) or pineapple peels (20.55 MJ/kg).

Conclusions The findings revealed that agricultural wastes could be used to augment the energy sources pool

to protect the environment and create social stability in the community.
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Background

Uganda’s energy needs are skewed toward biomass con-
sumption, which accounts for more than 90% of the
country’s needs [1]. Wood accounts for 70% of biomass
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[4]. Such reliance on biomass fuels, along with Uganda’s
fast population increase, has put significant constraints
on natural resources, particularly forests. Uganda lost
an average of 122,000 hectares of forest cover every year
beginning 1990, and by 2015, it had lost a total of 3.1
million hectares [5]. This has greatly contributed to the
irregular and rampant soil erosion, as well as the non-
uniform and erratic rainfall distribution [6], and to social
impacts, such as poverty [7]. Uganda’s population has
continued to grow rapidly to approximately 43 million
people in 2022 [8]. In 2019, over 76% of Uganda’s popula-
tion did not have access to the national grid, making bio-
mass production of wood fuels a key source of fuel [9].
Wood fuel is also used in small-scale businesses, such as
brick and tile manufacture, agro-processing, and seafood
processing [7].

Considering that agriculture is still the most widely
practiced economic activity in Uganda, by-products and/
or wastes can be used for energy generation [2, 10]. The
produced energy is employed for cooking while also con-
tributing to agricultural waste reduction and disposal.
Leaving these agricultural wastes to degrade is a typical
practice, and they are occasionally used to enhance ani-
mal diets in subsistence farms [10—13]. Uganda’s banana
fruit processing alone is estimated to generate more than
4.3 million metric tons (MT) of banana waste annu-
ally [14]. Kayunga district, one of the leading pineapple
producing districts in Uganda, produces approximately
15,960 tons of pineapple in a single season [15], of which
60% is waste. According to Komakech et al. [16], the col-
lected waste in Kampala comprised 88.5% organics, with
an average gross energy content of 17.3 MJ/kg. The esti-
mated energy potential of crop residues in Sub-Saharan
Africa reaches 3317 PJ per year, while that of Uganda is
150 PJ per year [17, 18]. Uganda’s crop energy potential
is relatively high compared to that of Cameroon (106 PJ
per year) [19], but lower than that of Ethiopia (750 PJ]
per year) [20] and South Africa (104-238 PJ per year)
[21]. Biomass is converted into products with high-
quality energy briquettes [22-25]. Therefore, pineapple
and banana waste can be sustainably used through bri-
quetting conversion [10]. Bananas and pineapples are
normally seasonal, meaning that feedstocks may not be
available during the production off season. Therefore, a
sustainable source of feedstocks for producing briquettes,
such as water hyacinth, needs to be considered for bri-
quette production in periods when banana and pineapple
wastes are unavailable. Water hyacinth is a water weed
which can interfere with human activities, adversely
affecting flora and fauna in lakes and rivers and, hence,
is considered a noxious weed [26, 27]. Water hyacinth
invaded Lake Victoria in the 1980s and, by 1998, they had
attained peak coverage of approximately 2000 ha of the
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lake waters of Uganda [28]. Control interventions signifi-
cantly reduced the weed’s coverage to non-nuisance lev-
els (<10 ha) by 1999. Although resurgence was noticed in
2001, total coverage never reached the infestation levels
attained between 1994 and 1998. By March 2012, infes-
tations still occurred in hotspot bays, including Mac-
Donald (52.1 ha), Fielding (38.0 ha), Bunjako (33.7 ha),
Murchison (17.1 ha), Lwera (8.5 ha), Napoleon Gulf
(2.9 ha), Berkeley (2.1 ha), Ssesse Islands (47.8 ha), and
on River Kagera [27]. Floating mats of water hyacinth are
physically harvested off the water using boats and trans-
ported to nearby disposal sites by trucks. Water hyacinth
has been evaluated for production of briquettes [29, 30],
biofuels [31] and biogas [32—36]. Hence, it can be used as
a co-substrate with banana peels or pineapple peels.
Briquettes are a low-tech, environmentally friendly, and
energy-efficient alternatives to wood fuels, which are fre-
quently associated with indoor pollution and its related
health issues. A shift to a more sustainable alternative to
the prevailing energy sources in Uganda that primarily
supports domestic cooking applications is beneficial and
crucial in activating and promoting long-term allevia-
tion of environmental degradation and reducing impact
on climate change [37, 38]. Briquettes are produced using
both low- and high-pressure techniques. They are, hence,
affordable to the locals, and can be used to partially sub-
stitute the use of firewood and charcoal. In a compara-
tive performance analysis of carbonized briquettes and
charcoal fuels in Kampala-urban, Uganda, by Tumutegy-
erize et al. [39], the gross calorific values of the two fuel
types were comparable, in the range of 19.5-27.3 MJ/kg.
The same study showed that the boiling times for both
fuels were not significantly different. Several studies on
the development of carbonized briquettes from agricul-
tural residues have been conducted in Uganda. Katimbo
et al. [22], Lubwama and Yiga [23, 24] and Lubwama
et al. [25] developed carbonized briquettes from differ-
ent agricultural residues, including mango waste, rice
husks, coffee husks, sugar cane bagasse, and groundnut
shells. The results were positive in terms of moisture
content (4.6—13%), volatile matter (16—65%), and calo-
rific value (15-24 M]J/kg), hence providing an alterna-
tive to using charcoal and firewood. However, seasonal
crops such as banana and pineapples tend to generate
significant amounts of waste during their peak seasons.
Using these wastes for briquette conversion saves the
environment by contributing to energy diversity. Com-
bining several materials for briquette production helps
to improve strength compared to single-material bri-
quettes [25]. Increasing the amount of empty fruit bunch
in briquettes made from water hyacinth and empty fruit
bunch increased the calorific value and volatile matter
[29]. Composite briquettes developed from different nut
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shells had high calorific values and densities [40]. Com-
posite briquettes generated from fecal sludge and pineap-
ple peels had a higher volatile matter and calorific value
of 39% and 17.92 MJ/kg, respectively, compared to those
from fecal sludge alone, with 25.7% and 6.19 MJ/kg [41].

The current study involves the production of briquettes
from banana and pineapple peels, blended with water
hyacinth. The effect of different biomass combinations on
physical and fuel properties were investigated to deter-
mine the optimum combination for briquette produc-
tion. The objective of the study is to test the suitability
of banana peels, pineapple peels and water hyacinth as
sources of briquettes.

Materials and methods

Material source and preparation

Banana and pineapple peels were collected from local
farmers in Kayunga district (0.5817°N, 33.0294°E). Water
hyacinth was collected from the Lubigi water stream
(0.3472°N, 33.546°E), flowing at the boundaries of Kam-
pala and Wakiso districts. Roots were cut off before
being transported to Makerere University Agricultural
Research Institute, Kabanyolo (MUARIK) (0.4683°N,
32.6074°E), for drying and briquette production. The col-
lected substrates were sun-dried for 2 weeks to reduce
the moisture content to about 15% wb. Every 3 days, sam-
ples were taken to the laboratory for thermogravimetric
monitoring of the moisture content.

Briquette production

The study considered two kinds of briquettes, carbonized
and uncarbonized. Uncarbonized briquette production
started after the materials were dried, while materials for
carbonized briquettes were carbonized first, as described
in the next section.

Carbonization

Prior to producing briquettes, the dried banana peels,
pineapple peels and water hyacinth were carbonized
using slow pyrolysis at temperatures of 400 °C [42, 43].
The process was carried out using a locally fabricated
carbonizer. The carbonizer was made from a steel drum
of 200-L volume capacity, with a height of 1 m and a
diameter of 0.5 m. The drum had openings with a diam-
eter of 0.02 m on its surface, used to regulate the amount
of air intake during ignition of the feedstocks. The dried
substrates were loaded into the drum, ignited using
a lighter fire, and the drum was left open for 10 min to
allow for escape of volatiles. The top lid was then covered
and the holes were covered with mud/clay to seal off air
from entering for about 45 min. After the carbonization
process, the biochar was removed from the drum and
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ground into fine particles to allow more contact with the
binder.

Starch binder

A paste was prepared using 400 g of cassava flour, mixed
with 3 L of cold water at 25 °C and thereafter poured into
4.5 L of boiling water at a temperature of 100 °C. Con-
tinuous mixing was carried out to produce a good binder
with more water and less stickiness. In the final mixture
of the required binder, water could disperse without any
clumps of flour, which took 10 min. Cassava is a good
binding agent due to its chemical and structural proper-
ties—imparts higher drop strength of over 95% onto the
briquettes than clay binder material [24]. Cassava starch
is also available locally at low prices.

Briquetting

The produced biochar was divided into 1000 g batches
and mixed with 50 g of the prepared cassava starch
binder for each of the substrate combinations (Table 1),
for both carbonized and uncarbonized substrates, and
mixed thoroughly to obtain a composite mixture. Banana
peels are used for many purposes compared to pineap-
ple peels and water hyacinth; therefore, the mixing ratios
were determined based on the relative abundance. Each
mixture was filled in the mold with nine slots, each hav-
ing a 40 mm outer diameter, 15 mm inner diameter,
and 52 mm height, and placed onto the hydraulic press
machine (Model: HHP-60), for compaction, operat-
ing manually. The maximum compaction pressure of
10 MPa was regulated using a pressure gauge inserted at
the pressing point of the machine, purposely to prevent
the binder from diffusing out of the mold. The extruded
briquettes (Fig. 1) were then dried under sunshine. The
production process can easily be adopted by the locals,
since only human energy was used in the production
of briquettes [44]. There is no application of electri-
cal, chemical and thermal energy to raw materials prior

Table 1 Substrate mixing ratios

Treatment Banana peels Pineapple peels Water
(BP) (PP) hyacinth
(WH)
T1 1 0 0
T2 0 1 0
T3 0 0 1
T4 1 1 0
15 1 0 1
T6 0 1 1
17 1 1 1
T8 1 2 2
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Fig. 1 Produced briquettes

to carbonization. In addition, no thermal energy was
needed to dry the raw materials and briquettes, because
they were sufficiently dried in the sun.

Evaluation of briquettes’ properties

Proximate analysis and thermogravimetric analysis

Physical properties of the produced briquettes, which
include moisture content, ash content, fixed carbon,
and volatile matter of the substrates were determined,
using an Eltra Thermostep non-isothermal Thermo-
gravimetric analyzer (TGA), Haan, Germany, accord-
ing to ASTM-D7582-15 [24, 45, 46]. This method
allows for sequential determination of moisture, vola-
tiles, ash content, and fixed carbon, up to 19 samples
in a single analysis. The standard operating procedure
(SOP) in the computer was selected, and briquette sam-
ple identifications were entered into the software. Bri-
quette samples in the crucible, at a position assigned
to the sample ID in the carousel, were weighed by the
integrated detection balance. After one sample had
been weighed, the carousel automatically rotated to the
next position and the next registered sample was then
weighed in the crucible until all 19 positions were filled
with the samples. TGA experiments’ temperatures
varied from room temperature to 920 °C at a heating

p %00 000
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rate of 16 °C/min. Prior to TGA experimentation, com-
pressed air of high purity (oxygen:nitrogen =21:79, > 99
.5%) was used to clean the crucibles and chamber. The
flow rate was maintained at 1 l/min, and the average
mass of the samples used was 1.1 g. Thermogravimetric
analysis was carried out to determine the weight loss
of the briquettes with an increase in temperature. The
Eltra Themostep Thermogravimetric analyzer was cali-
brated using calibration standard coal 92,511-3030 Lot
20131211B, with informative values for moisture wt.%
wb, ash content wt.% db and volatile matter wt.% db
of 4.0, 6.5 and 35.9, respectively. The moisture content
(wt.%, wb), volatile matter (wt.% db), ash content (wt.%
db) and fixed carbon (wt.% db) of the samples were cal-
culated using Egs. (1-4), as described by LECO Corpo-
ration [46]:

Moisture Content (wt. %) = a(g)—(g)b(g) x 100 (1)
a
Volatile Matter (wt.%) = b(g)_(g;(g) x 100  (2)
a
Ash Content(wt.%) = 58 x 100 3)
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Fixed Carbon (wt.%) = 100—( Moisture Content) — ( Volatile Matter) — (Ash Content) , (4)

where a(g) is the initial mass (g), b(g) is the moisture
mass (g), c(g) is the volatile mass (g), and d(g) is the ash
mass (g).

Calorific value determination

Higher heating values for the produced briquettes were
determined using an IKA C 2000 oxygen bomb calo-
rimeter. The briquettes developed from banana peels,
pineapple peels and water hyacinth were prepared
to fit into the holdings of the calorimeter. Approxi-
mately 1 g of the developed briquette was placed in a
nickel crucible and fired inside the bomb calorimeter
using an ignition wire in the presence of oxygen. The
calorimeter produced readings on the screen in about
30 min.

Mechanical properties

Bulk density

The bulk density of briquettes was calculated from
the ratio of mass to volume of the briquettes accord-
ing to [42]. The mass of each briquette was determined
by weighing, using a digital weighing scale (OHAUS
digital scale pan model PA114 (USA) serial number
B45138480). The volume was determined by measur-
ing the diameter, height, and central hole diameter at
different points using a vernier caliper, and the final
volume of the briquette was obtained based on the for-
mula for determining the volume of a hollow cylinder
given in the following equation:

V,=n(R>—r?) xh (5)

where V= calculated briquette volume (cm?®), R? and 7*
denotes the outer and inner radii (cm) of the briquette,

respectively. Eventually, the bulk density was calculated
using the following equation:

mp
Py = Vb (6)

where p,=calculated bulk density of the briquette (g/
cm?®), m, =measured mass of the briquette.

Compressive strength

Compressive strength is the maximum load a briquette
can withstand before breaking or cracking. High com-
pressive values are an indicator of high crush resistance,
an aspect that is important during the handling and
transportation of the briquettes. Compressive strength
was determined by means of a universal testing machine
(UTM-Tinius Olsen H50KT, USA), connected to a com-
puter to enable real-time data logging, following a test-
ing procedure according to [43, 44]. The briquettes were
placed in between the two-machine sample holding
plates and a uniform load (50 kN) was applied perpen-
dicularly to the axis of the tested briquette at a rate of
1 mm/s until failure. The maximum force before failure
(N) and compressive stress (N/mm?) were recorded by
the machine. A stress—strain curve was also plotted for
each tested sample using Q,,, software installed on the
computer.

Water boiling test

The water boiling test was employed to determine the
efficiency of the developed briquettes for the cooking
function (Fig. 2). The test was carried out using 250 g of
briquettes to boil 2.5 L of water on an improved stove.
The boiling temperatures were monitored using a ther-
mometer, until the temperatures were constant. The time

Fig. 2 Water boiling test
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Table 2 Moisture content for uncarbonized and carbonized
briquettes

Substrate combination Uncarbonized (%) Carbonized (%)

BP 830°+0.159 532940052
PP 6.652+0.114 421°+0.046
WH 7.30°+0.027 3.90°+0.058
BP:PP—1:1 9.93°+0432 596°+0.100
BP:-WH—1:1 17.34°+0.352 501°+0.05

PPWH—1:1 1865 +0.279 5072°9+0.138
BP:PP: WH—1:1:1 13919+0.171 42540133
BP:PP:WH—1:2:2 16.75°+0.338 592°+0.194

Means in the same column with different superscripts are significantly different
atp<0.05

taken to reach the constant temperature was recorded
using a stop watch.

Statistical analysis

Substrate characteristics and briquette quality attrib-
utes for different substrate combinations were statis-
tically analyzed using R Software. One-way ANOVA,
with Tukey’s post-hoc analysis, was employed to
assess the differences between mean values of differ-
ent briquette qualities for these combinations. A paired
sample ¢ test was used between uncarbonized and car-
bonized briquette samples to determine the effect of
carbonization. All tests for significance were conducted
at a 0.05 significance level.

Results and discussion

Physical properties for briquettes

Moisture content

The mean moisture content was determined for the
briquettes produced from different substrate combina-
tions (Table 2). The moisture content for each nominal
category (uncarbonized and carbonized) was signifi-
cantly different (p<0.05). The single substrate-based
briquette samples had lower moisture contents com-
pared to the composite ones. The moisture content of
briquette samples was within the recommended range
(5-15%) [25] for good and high quality briquettes,
except for composite uncarbonized briquette samples,
pineapple peels and water hyacinth briquette samples.
A paired statistical ¢ test showed a significant difference
(p=0.003) in the moisture content between uncarbon-
ized and carbonized briquettes. The moisture content
was lower in carbonized briquettes than in uncarbon-
ized briquettes, because the hydrophilic hydroxyl group
is destructed [47]. The carbonization process helps
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in reducing absorption of moisture, which is a neces-
sary aspect for increased shelf life and storage of bri-
quettes, preventing rotting and decomposition [42,
43]. High moisture content in briquettes results in
swelling and disintegration [47], and it interferes with
thermo-chemical conversion processes. During com-
bustion, a section of the energy is used to evaporate the
water, leading to low heating values and, thus, reduc-
ing the overall energy efficiency of briquettes [48]. In
addition, high moisture content in biomass fuels leads
to increased production of green-house gases due to
incomplete combustion [49].

Volatile matter

The volatile matter for both uncarbonized and car-
bonized briquette samples were significantly differ-
ent (p<0.05) (Table 3). For uncarbonized samples, the
banana peels briquettes had the highest volatile matter
(75.1+1.066%), while for carbonized samples the com-
posite of the three substrates (banana peels, pineapple
peels and water hyacinth) in proportions of 1:2:2 had the
highest volatiles (24.74 + 0.965%), and water hyacinth the
lowest (22.01+0.432%). Carbonized sample briquettes
had a lower volatile matter percentage compared to the
uncarbonized sample briquettes. A paired sample sta-
tistical ¢ test showed a significant difference (p=0.001)
between uncarbonized and carbonized briquette sample
pairs. These results were in agreement with the results
obtained by Deshannavar et al. [49] on rice husk and rice
husk char. Low volatile matter implies that the ignitabil-
ity of the briquettes will be reduced, but once they ignite,
combustion will produce little or no smoke with a clean
flame [50]. The results were similar to those obtained by
Mopoung and Udeye [51], when using banana peels and
banana bunch waste.

Table 3 Volatile matter for uncarbonized and carbonized

briquettes

Substrate combination Uncarbonized Carbonized

BP 75.10°+1.066 22.79%°¢+0.482
PP 7261940784 2436940840
WH 68.97°+0491 2201240432
BP:PP—1:1 69.93°+0475 23.12°94+0.490
BPWH—1:1 62.832+0.167 225%+0175
PPWH—1:1 62.567+0.286 24.08°¢+0.233
BPPP-WH—1:1:1 66.30°+0419 23.60°°4+0.606
BP-PP-WH—1:2:2 66.37°+0410 24.749+0.965

Means in the same column with different superscripts are significantly different
at p<0.05
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Table 4 Ash matter for uncarbonized and carbonized briquettes

Substrate combination Uncarbonized Carbonized

BP 2.63%+0.809 20.73°+0.320
PP 3.632+0.331 12.54°+0.396
WH 10.19+0.161 36.11°+0.375
BP:PP—1:1 6.01°+0.064 17.02°42.129
BPWH—1:1 6.32°+0.187 274394+0.143
PPWH—1:1 6.58°+0.143 227040191
BP:PP:WH—1:1:1 6.126°+0.207 22.12°40.190
BP:PP-WH—1:2:2 2.89°+0470 2096+ 0.609

Means in the same column with different superscripts are significantly different
atp<0.05

Table 5 Fixed carbon for uncarbonized and carbonized

briquettes

Substrate combination Uncarbonized Carbonized

BP 1397°+0.826 51.16%+0.564
PP 171240379 58.89"+0.496
WH 13.55°+0.466 37.98%+0.584
BP:PP—1:1 14.13°40.049 5390°+2.716
BP:WH—1:1 13.50°+0.373 4505°+0188
PPWH—1:1 12.212+0.379 48.15°+0.154
BP:PP:WH—1:1:1 13.67°+0.233 50.03%+0.683
BP:PP:WH—1:2:2 1398°+0.133 4838940613

Means in the same column with different superscripts are significantly different
atp<0.05
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Ash content

The ash contents for uncarbonized and carbonized bri-
quette samples are shown in Table 4. There was a sig-
nificant difference (p <0.05) between different substrate
combinations for both nominal variables. Water hya-
cinth briquette samples had the highest ash content, with
10.19+0.161% and 36.11+0.375% for uncarbonized and
carbonized samples, respectively. A paired sample statis-
tical £ test had a significant difference (p=0.001); carbon-
ized briquettes of all samples had more ash content than
the uncarbonized briquettes, revealing the effect of car-
bonization. Ash is incombustible; therefore, it does not
provide useful energy in domestic cooking applications,
rendering briquettes of minor quality [52]. Composite
briquettes had higher ash content than single substrate
briquettes. Lubwama et al. [25] reported similar results
on rice husks, coffee husks and ground nut shells. The
development of bio-composite briquettes had a net posi-
tive impact on ash content levels, which, consequently,
lowers their calorific values.

Fixed carbon

Pineapple peels had a higher percentage of fixed carbon
for both uncarbonized (17.12+0.379%) and carbonized
(58.89+£0.496%) briquette samples (Table 5). A paired
sample statistical ¢ test indicated that carbonized bri-
quettes had a significantly higher (p=0.001) fixed carbon
content than uncarbonized briquettes. This is attributed
to the carbonization process, which tends to reduce the
moisture and volatile content, resulting in an increase in
the fixed carbon [50, 51]. Higher values of fixed carbon

110 -
100 H{ =7
9
~ 90 -
a
o
5
280 -
= ——BP —PP
WH ———BP:PP-1:1
70 - BP:WH-1:1 PP:WH-1:1
—B:W:P-1:1:1 = B:W:P-1:2:2
60 T T T T 1

0 200 400

600 800 1000

Temperature (°C)

Fig. 3 Thermogravimetric analysis plots for the carbonized briquettes
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Fig. 4 Thermogravimetric analysis plots for the uncarbonized briquettes

represent higher values of calorific value for the devel-
oped bio-composite briquettes [52].

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to evaluate
the combustion properties of the developed briquettes.
TGA plots (Figs. 3 and 4) for the developed briquettes
illustrate the percentage weight loss as a function of tem-
perature. The plots clearly show the difference in the ther-
mograms for carbonized and uncarbonized briquettes,
since the uncarbonized briquettes had to go through the
whole process of decomposition and different biomass
materials have their own degradation patterns.

The process occurred in three stages: dehydration
process, devolatization and endothermic decomposi-
tion of lignin. For all the briquettes, TGA thermograms
remain at plateau from combustion at room temperature
to 104 °C, followed by undergoing a major weight loss at
about 105 °C. This weight loss occurred due to the evapo-
ration of moisture from the composite briquettes [25].

The second phase varies with different developed bri-
quettes from about 230 to 330 °C. From the onset of
devolatization to about 600 °C, the aliphatic side chains
start splitting off from aromatic rings [53]. This was the
reduction of the volatile matter content, including the
hemicellulose, cellulose and part of the lignin fractions,
and it was the cause of the drastic weight drop, as illus-
trated in the graphs, thus resulting in the least value
in the differential thermal analysis (DTA) plot curves
(Figs. 5 and 6) [54]. These variations in initial degradation
temperatures of the briquettes are due to the differences

in the elemental and chemical compositions of developed
briquettes [54]. Between 600 and 900 °C, a stage gov-
erned by the thermal decomposition of inorganic miner-
als, such as carbonates and clay, the last decomposition
phase was observed, owed to the degradation of lignin in
the developed briquettes [55].

At approximately 900 °C, lignin in the developed bio-
composite briquettes had decomposed off, implying that
the remaining weight percentage was mainly composed
of residues, including ash, tars and fixed carbon. Lignin
contains both aliphatic and aromatic constituents and,
thus, signifies the ability of the developed briquettes
to resist hydrolysis. The lowest total percentage weight
losses at the highest combustion temperature were
24.85% and 76.84%, obtained for water—hyacinth-carbon-
ized and uncarbonized briquettes, respectively, while the
highest percentage weight loss for carbonized briquettes
was 29.73% for briquettes consisting of banana peels,
pineapple peels and water hyacinth in the ratio of 1:2:2
and for uncarbonized briquettes, 83.2% for banana peels.
Thermogravimetric analysis shows that the uncarbonized
briquettes are thermally unstable.

DTA curves illustrate the degradation of biomass feed-
stocks in relation to their lignocellulosic constituents,
such as the cellulose, hemicellulose and lignin. The tem-
peratures at which the maximum weight changes for all
the briquettes ranged from 450 to 550 °C. The thermal
stability of briquettes between 100 and 150 °C and the
thermal degradation between 450 and 550 °C showed
similarities with other plant biomasses. Therefore,
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briquettes produced from banana peels, pineapple peels
and water hyacinth can go through slow pyrolysis.

Calorific value for the briquettes

The calorific values for both uncarbonized and car-
bonized briquette samples are presented in Fig. 7.
The results show that briquette samples with high
fixed carbon had higher calorific values, as was also
reported by Deshannavar et al. [49] and Lubwama et al.
[25]. The calorific values were significantly different
(p<0.05) between the different substrate combina-
tions, and a paired statistical sample ¢ test between the

1000

—— BP

—— PP
WH

= BP:PP-1:1

= BP:WH-1:1
PP:WH-1:1

—B:W:P-1:1:1

—B:W:P-1:2:2

uncarbonized and carbonized briquette samples was
also significantly different (p=0.001). Pineapple peels
had the highest value for both carbonized (25.08 MJ/
Kg) and uncarbonized briquettes (17.02 MJ/Kg). In
general, single substrate briquettes had higher calorific
values compared to the composite ones. However, com-
positing improved the heating values of water hyacinth,
which were very low when used alone. The calorific
values obtained in this study agree with those reported
by Lubwama et al. [25] on bio-composite briquettes
developed from rice husks, coffee husks and groundnut
shells (16.6-22.0 MJ/Kg). Okia, Ndiema and Ahmed
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[54] also reported values between (16.22-21.59 MJ/
Kg) for briquettes developed from water hyacinth, cow
dung and charcoal dust.

Bulk density and compressive strength

The bulk density and compressive strength for the
developed briquettes are illustrated in Figs. 8 and 9,
respectively. Uncarbonized briquettes made from
banana peels had the highest bulk density (1.089 g/cm?)
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compared to other briquettes. On the other hand, car-
bonized BP+ PP had the highest compressive strength
(53.22 N/mm?) among the developed briquettes. Bulk
density expresses the amount of material per volume
unit. Therefore, the higher the density, the more con-
centrated the energy in the fuel [56]. Compressive
strength is the maximal load applied for a briquette to
crack, and it estimates the weight a briquette can with-
stand during storage [57]. Thus, briquettes with a high
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compressive strength are desirable [55]. In addition,
compressive strength could indicate the time that a bri-
quette lasts burning, as well as the heat generated in
the process. Briquettes with a low compressive strength
burn for a short time and generate less heat in the pro-
cess [30].

Water boiling test

Results for the time it takes to boil 2.5 L of water using
250 g of briquettes are shown in Fig. 10. In general,
uncarbonized briquettes with low calorific values had
longer boiling time (ranging between 27 and 36 min)
than carbonized briquettes with higher calorific val-
ues (ranging between 26 and 41 min). Uncarbonized
briquettes have a higher content of volatile matter, and
during combustion the developed briquette ignites
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burned more readily and faster than briquettes with a
lesser volatile matter content. The results obtained for
banana peels agree with those found by Tumutegy-
ereize et al. [39] who recorded times of between 31.5—
52.5 min and boil 8-10 L of water in 2-L intervals. A
relationship between calorific values and water boiling
times for the developed composite briquettes is pro-
vided in Fig. 11. Calorific value is considered to influ-
ence the boiling time [25]. However, according to this
study, calorific value alone does not affect the boiling
time. The composite briquette of all the three substrates
(banana peels, pineapple peels and water hyacinth) has
a short boiling time, attributed to the combined volatile
matter.

Conclusions

This study investigated the available agricultural waste
materials (banana and pineapple peels) and water hya-
cinth, a water weed, to generate energy for usage in
cooking, as a substitute for wood and charcoal. A man-
ual pressing machine was used to produce carbonized
and uncarbonized briquettes. Pineapple peel briquettes
emerged with the highest calorific value (25.08 MJ/Kg),
followed by a composite of banana peels and pineapple
peels (22.77 MJ/Kg). When used individually, carbon-
ized water hyacinth produced briquettes with low calo-
rific values. However, the values significantly improved
when composited with banana or pineapple peels. The
results provide vital information on how water hya-
cinth, a most abundant substrate and water weed, can

enhance energy provision when used for briquette pro-
duction with banana and pineapple peels.
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