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Abstract

Background: Uganda's energy needs are heavily reliant on biomass sources. This dependency of Uganda's burgeoning population on biomass
for household and commercial purposes is posing pressure on natural resources such as forests. This study was carried out to investigate the
utilization of some of the country's highly produced agricultural waste for the creation of biofuels.

Methods: Pineapple peels, banana peels and water hyacinth were utilized 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 and conclusion: 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 between 3.9 to 18.65%. Uncarbonized briquettes had
higher volatile matter (ranging between 62.83 and 75.1%) than carbonized briquettes (ranging between 22.01 and 24.74%). Uncarbonized
briquettes had shorter boiling time (ranging between 27 and 36 minutes for 2.5 liters) than carbonized briquettes (ranging between 26 and 41
minutes). Water hyacinth alone produced briquettes with low calorific values (16.22 MJ/kg), however, calorific values increased when mixed
with banana (20.79 MJ/kg) or pineapple peels (20.55 MJ/kg). The findings reveal crucial information on how agricultural wastes might be used
to augment the energy sources pool in order to protect the environment and creating social stability in the community.

Introduction

Uganda's energy needs are skewed toward biomass consumption, which accounts for more than 90% of the country's needs. Wood accounts
for 70% of biomass consumption, charcoal for 16%, and agricultural waste for 4% [1-3]. Other energy sources include fossil fuels which make
up 5% and hydroelectricity with only 5% from two large dams and small hydro projects. Such reliance on biomass fuels, along with Uganda's
fast population increase, has put significant constrain on natural resources, particularly forests. With a total forest coverage of 9%, Uganda has
lost 15% of its forest estates in the previous 25 years, standing for about 3.06 million of lost hectares, from 4.88 million ha in 1990 to

1.82 million ha in 2015 [4]. This has greatly contributed to the irregular and rampant soil erosion, as well as the non-uniform and erratic rainfall
distribution [5] and to social impacts like poverty [6]. Uganda’s population has continued to grow rapidly to approximately 43 million people in
2022 [7]. In 2019, over 76 percent of Uganda's population did not have access to the national grid, making biomass production of wood fuels a
key source of fuel [8]. Wood fuels are also being used in small-scale businesses such as brick and tile manufacture, agro-processing, and
seafood processing [6].

Considering that agriculture is still the most widely practiced economic activity in Uganda [9], by-products and/or wastes can be utilized for
energy generation [2, 10]. The produced energy is used for domestic culinary duties while also contributing to the agricultural waste reduction
and disposal system in use. Leaving these agricultural wastes to degrade is typical practice, and they are occasionally used to enhance animal
diets in subsistence farms [10-13]. Uganda’s banana fruit processing alone is estimated to generate more than 4.3 MT of banana waste
annually [9]. Kayunga district, one of the leading pineapple producing districts in Uganda produce approximately 15,960 tons of pineapple in a
single season [14], of which 80% is waste. The waste can sustainably be utilized through converting this organic material into briquettes [10, 15,
16]. Water hyacinth, a water weed causes interference to human activities, adversely affecting flora and fauna in lakes and rivers, and hence is
considered as a noxious weed [17, 18]. One of the potential solutions is its utilization for energy generation. Water hyacinth has been evaluated
for production of briquettes [19], therefore it can provide a co-substrate for briquettes with banana peels or pineapple peels. Briquettes are
produced using both low- and high-pressure techniques, hence are affordable to the local people, and can be used to partially substitute the use
of firewood and charcoal.

Briquettes are eco-friendly, energy-efficient low technology fuel, and also a cleaner energy source used for daily cooking compared to wood
fuels which are often linked to indoor pollution and its related health problems [20]. A shift to a more sustainable alternative of prevailing
Uganda’s energy system to primarily support domestic cooking applications is beneficial and crucial in activating and promoting long-term
conscientious alleviation of environmental degradation and reducing impact on climate change [20, 21]. The study assessed the suitability of
utilizing banana peels and pineapple peels blended with water hyacinth for briquette generation.

Materials And Methods
Material source and preparation

Banana peels and pineaple peels were collected from local farmers in Kayunga districts (0.5817° N, 33.0294° E). Water hyacinth was collected
from Lubigi water stream (0.3472° N, 33.546° E)., flowing at the boundaries of Kampala and Wakiso districts to Makerere University Agricultural
Research Institute Kabaanyolo (MUARIK) (0.4683° N, 32.6074° E) for drying and briquttes production. The collected subtrates were sundried for
two weeks to reduce the moisture content to about 15% wb.
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Briquette production

The study considered two kinds of briquettes; carbonized and uncarbonized. Uncarbonized briquettes production started after the materials
were dried while materials for carbonized briquettes were carbonized first as described in the section 2.2.1 below.

Carbonization

Prior to producing briquettes, two thirds of the dried banana peels, pineapple peels and water hyacinth were carbonized using slow pyrolysis
[23]. The process was carried out using a locally fabricated carbonizer. The carbonizer was made from a steel drum of 200-liter volume capacity
with a height of Tm and a diameter of 0.5m. The dried substrates were loaded into the drum, ignited using a lighter fire and the drum was
covered for 50 minutes, to control air available for complete combustion inside the carbonizer. After the carbonization process, the biochar was
removed from the drum and ground into fine particles to allow more contact with the binder. The rest of the substrates were kept uncarbonized.

Starch binder

A paste was prepared from 400g of cassava flour and 3 liters of cold water at 25°C and thereafter poured into 4.5 liters of boiling water at a
temperature of 100°C. Continuous mixing was done 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.

Briquetting

One liter of produced starch binder was mixed in each of the substrate combination (Table 1) for both carbonized and uncarbonized substrates
and mixed thoroughly to obtain a composite mixture. Each mixture was filled in the mold with nine slots each having 40 mm outer diameter, 15
mm inner diameter and 52 mm height, and placed on to the pressing hydraulic machine, (Model: HHP-60) for compaction. The maximum
compaction pressure was regulated was 100 MPa which was regulated with a pressure gauge inserted at the pressing point of the machine
purposely to prevent the binder from radiating out of the mold.

Table 1
Substrate mixing ratios

Treatment Banana peels (BP)  Pineapple peels (PP)  Water hyacinth (WH)
T1 1 0 0
T2 0 1 0]
T3 0 0 1
T4 1 1 0
5 L 0 1
T6 0 1 1
T7 1 1 1
T8 1 2 2

1.1 Evaluation of briquettes’ properties
Thermo-gravimetric analysis

Physical and chemical properties 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 according to ASTM-D7582-15 [24].
TGA experiments’ temperatures varied from room temperature to 920°C at a heating rate of 16°C/min. Prior to TGA experimentation,
compressed 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 1/min and the average mass of the samples used was 1.1 g

Calorific value determination

The calorific values for the produced briquettes were determined using an IKA C 2000 oxygen bomb calorimeter. The briquettes developed from
banana peels, pineapple peels and water hyacinth were prepared to fit into the holdings of the calorimeter. Approximately 1 g of 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 minutes.

Water boiling test
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The water boiling test was used to determine the efficiency of the developed briquettes for the cooking function. The test was carried out using
250 g of briquettes to boil 2.5 liters of water in an improved stove. The boiling temperatures were monitored using a thermometer, until the
temperatures were constant. The taken to reach the constant temperature was recorded using a time watch.

Statistical analysis

Substate characteristics and Briquette quality attributes for different substrate combinations were statistically analyzed using R Software. One-
Way ANOVA with Tukey's post-hoc analysis was used to assess the differences between mean values of different briquettes qualities for these
combinations. A paired sample t-test was used between uncarbonized and carbonized 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 combination (Table 2). The moisture content
for each nominal category (uncarbonized and carbonized) was significantly different (p < 0.05). The single substrate-based briquette samples
had lower moisture content compared to the composite ones. The moisture content of briquette samples agrees with those recommended (5-
15%) [25] for good and quality briquettes except for composite uncarbonized briquette samples, pineapple peels and water hyacinth briquette
samples. A paired statistical t-test showed a significant difference (p = 0.003) in the moisture content between uncarbonized and carbonized
briquettes. The moisture content was lower in carbonized briquettes than in uncarbonized briquettes because the hydrophilic hydroxyl group is
destructed [26]. The carbonization process helps in reducing absorption of moisture, which is a necessary aspect for increased shelf life and
storage of the briquettes, preventing rotting and decomposition [26, 27]. High moisture content in briquettes results in swelling and
disintegration [28] and interferes with thermo-chemical conversion processes. During combustion, a section of the energy is used to evaporate
the water, leading to low heating values and thus reducing the overall energy efficiency of the briquettes [29]. Additionally, high moisture content
in biomass fuels leads to increased production of green-house gases due to incomplete combustion [30].

Table 2

Moisture content for uncarbonized and carbonized briquettes
Substrate combination Uncarbonized (%) Carbonized (%)
BP 8.30°+0.159 5324+ 0.052
PP 6.652+0.114 4.21°+0.046
WH 7.302+0.027 3.902+0.058
BP: PP -1:1 9.93¢+0.432 5.96°+0.100
BP:WH-1:1 17.34940.352 5.01°+0.05
PP:WH-1:1 18.65+0.279 50724 +0.138
BP:PP:WH -1:1:1 13.919+0.171 4.25+0.133
BP:PP:WH -1:2:2 16.75°+0.338 5.92°+0.194
Means in the same column with different superscripts are significantly different at p < 0.05

Volatile matter

The volatile matters for both uncarbonized and carbonized briquette samples were significantly different (p < 0.05) (Table 3). For uncarbonized
samples, the banana peels briquettes had the highest volatile matter (75.1%), while for carbonized samples the composite of the three
substrates (banana peels, pineapple peels and water hyacinth) in proportions of 1:2:2 had the highest volatiles (24.74%) and water hyacinth the
lowest (22.01%). The carbonized sample briquettes had a lower volatile matter percentage compared to the uncarbonized sample briquettes. A
paired sample statistical t-test showed a significant difference (p = 0.001) between uncarbonized and carbonized briquette sample pairs. This
was similar to results obtained by Deshannavar et al. [31] on rice husk and rice husk char. Low volatile matter implies that the ignitability of the
briquettes will be reduced, but once they ignite, then combustion will produce little or no smoke with a clean flame [32]. The results were similar
to those obtained by [33] when using banana peels and banana bunch waste.
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Table 3
Volatile matter for uncarbonized and carbonized briquettes

Substrate combination Uncarbonized Carbonized

BP 75.10%+ 1.066 22.793b¢ + 0.482
PP 72.619+0.784 24.36% + 0.840
WH 68.97°+0.491 22.012+0.432
BP:PP-1:1 69.93°+0.475 23.123b¢d + 0.490
BP:WH - 1:1 62.832+0.167 22.52°+0.175
PP:WH-1:1 62.56% + 0.286 24.08°%d + 0,233
BP:PP:WH-1:1:1 66.30° +0.419 23.60°° + 0.606
BP:PP:WH-1:2:2 66.37° £0.410 24.749+0.965

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

Ash content

The ash content for uncarbonized and carbonized briquette samples are shown in Table 4. There was a significant difference (p < 0.05)
between different substrate combinations for both nominal variables. Water hyacinth briquette samples had the highest ash content, with
10.91% and 36.11% for uncarbonized and carbonized samples, respectively. A paired sample statistical t-test had a significant difference (p =
0.001); carbonized briquettes of all samples had more ash content than the uncarbonized briquettes, revealing the effect of carbonization. Ash
is incombustible; therefore, it does not provide useful energy in domestic cooking applications rendering briquettes of minor quality [34].
Composite briquettes had higher ash content than single substrate briquettes. Lubwama et al. [35] reported similar results on rice husks, coffee
husks and ground nut shells. Development of bio-composite briquettes had a net positive impact on ash content levels which consequently
lower their calorific values.

Table 4

Ash matter for uncarbonized and carbonized briguettes
Substrate combination Uncarbonized Carbonized
BP 2.63%+0.809 20.73°+0.320
PP 3.632 £ 0.331 12.542+0.396
WH 10.19°40.161 36.11°+0.375
BP: PP -1:1 6.01°+0.064 17.02°+2.129
BP:WH-1:1 6.32°+0.187 27.439+0.143
PP:WH -1:1 6.58P+0.143 22.70 ©40.191
BP:PP:WH -1:1:1 6.126° + 0.207 22.12 ¢40.190
BP:PP:WH -1:2:2 2.892+0.470 20.96 ©+0.609
Means in the same column with different superscripts are significantly different at p < 0.05

Fixed carbon

Pineapple peels had a higher percentage of fixed carbon for both uncarbonized (17,12%) and carbonized (58.89%) briquette samples (Table 5).
A paired sample statistical t-test showed that carbonized briquettes had a significantly higher (p = 0.001) fixed carbon content than
uncarbonized briquettes. This is attributed to the carbonization process [32], which tends to reduce the moisture and volatile content resulting in
an increase in the fixed carbon [36]. Higher values of fixed carbon represent higher values of calorific value for the developed bio-composite
briquettes [37].
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Table 5

Fixed carbon for uncarbonized and carbonized briquettes

Substrate combination Uncarbonized Carbonized

BP 13.97°+0.826 51.169%€ + 0.564

PP 17.12°+0.379 58.89f+0.496

WH 13.55P £ 0.466 37.982+0.584
BP:PP-1:1 14.13°+0.049 53.90°+2.716

BP:WH - 1:1 13.50° £ 0.373 45.05°+0188

PP:WH - 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 13.98°+0.133 48.38°910.613

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

Calorific value for the briquettes

The calorific values for both uncarbonized and carbonized briquette samples are presented in Fig. 1. The results show that briquette samples
with high fixed carbon had higher calorific values, as also reported by Deshannavar et al. [31] and Lubwama et al. [35]. The calorific values were
significantly different (p < 0.05) between the different substrate combinations, and a paired statistical sample t-test between the uncarbonized
and carbonized briquette samples was also significantly different (p = 0.001). The pineapple peels had the highest value for both carbonized
(25.08MJ/Kg) and uncarbonized (17.02MJ/Kg). Generally, the single substrate briquettes had higher calorific values compared to the
composite ones. However, compositing improved the heating values of water hyacinth which were very low when used alone. The calorific
values obtained in this study agrees with those reported by Lubwama et al. [35] on bio-composite briquette developed from rice husks, coffee
husks and groundnut shells (16.6-22.0 MJ/Kg), and Okia, Ndiema & Ahmed. [38] reported values between (16.22-21.59 MJ/Kg) for briquettes
developed from water hyacinth, cow dung and charcoal dust.

Water boiling test

Results for the time it takes to boil 2.5 liters of water using 250 g of briquettes are shown in Fig. 2. Generally, uncarbonized briquettes with low
calorific values had shorter boiling time (ranging between 27 and 36 minutes) than carbonized briquettes with higher calorific values (ranging
between 26 and 41 minutes). Uncarbonized briquettes have a higher content of volatile matter, and during combustion the developed briquette
ignites burned more readily and faster than briquettes with a lesser volatile matter content. The results obtained for banana peels agree with
Tumutegyereize et al. [39] who recorded times of between 31.5 to 52.5 minutes to boil 8 to 10 liters of water in 2-liter intervals. A relationship
between calorific values and water boiling times for the developed composite briquettes is provided in Fig. 3. Calorific value is considered to
influence the boiling time [35]. However, according to this study calorific value alone does not influence 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.

Conclusion

The study aimed at utilizing the available agricultural waste materials (banana and pineapple peels) and water hyacinth, a water weed, to
generate energy for utilization in cooking as a substitute for wood and charcoal. A manual pressing machine was used to produce carbonized
and uncarbonized briquettes. Pineapple peel briquettes emerged with the highest calorific value (25.08MJ/Kg) followed by a composite of
banana peels and pineapple peels (22.77MJ/Kg). Water hyacinth when used individually produced briquettes with low calorific values, however,
the values significantly improved when composited with banana or pineapple peels. The results provide vital information how water hyacinth, a
most abundant substrate and water weed, can enhance energy provision when utilized for briquette production with banana and pineapple
peels.
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Figure 1

Calorific values for carbonized and uncarbonized briquette samples

Figure 2

Boiling time (minutes) for carbonized and uncarbonized briquette samples
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Figure 3

Calorific value versus Boiling time for carbonized and uncarbonized briquettes
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