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Abstract: Agricultural residues are a source of energy derived through various conversion processes.
They are gaining attention as a solution to limited energy access in developing countries in which
a majority of the population depends on agriculture for a living at a time when global population
growth is outpacing the depreciation of conventional energy sources. This study characterized
residues generated along the main agri-food value chains in Uganda for gasification by reviewing
relevant literature and through field measurements and laboratory experiments. Maize, beans,
cassava, banana, coffee, and sugarcane are the most important value chains, occupying 5.73 million
hectares, and accounting for 40% of the country’s total area under cultivation. In terms of biomass
residues, banana, maize, and sugarcane are the most feasible options, producing 4.18, 2.2, and
0.6 metric tons of biomass waste per ton, respectively. The bulk densities vary from 65.5 to 160 kg/m3,
moisture content from 6.67 to 22.5%, and heating values from 12.6 to 16.74 MJ/kg for all residues. In
terms of principal elements, oxygen has the highest proportion of 38.76–57.25% followed by carbon,
33.46–47.9%, and hydrogen 6%. The lignocellulosic composition is 23.46–41.38% hemicellulose,
9.9–55% cellulose, and 5.77–35% lignin. The three value chains have the potential to generate
172.2 PJ annually, which is enough to offset 50% of the cooking energy demands for Uganda. The main
disadvantage of this is the low bulk density, which raises production costs and reduces conversion
efficiency. Bulk density can be improved by densification through the compaction of residues. Given
their composition and current utilization, maize stover, banana leaves, banana pseudo stems, and
sugarcane tops are promising gasification feedstocks.

Keywords: agri-food value chains; maize; banana; sugarcane; gasification; Uganda

1. Introduction

Access to modern and reliable energy sources is a prerequisite for improving living
standards and promoting economic development. The correlation between the Human
Development Index and energy consumption per capita shows that countries with access
to energy are more developed [1]. Approximately 580 million people in Sub-Saharan
Africa (SSA) in 2019 lacked access to electricity [2]. Up to 890 million people in SSA use
traditional fuels including wood and charcoal as the main source of fuel purposely for
cooking. Despite the large share of traditional biomass in the primary energy matrix,
the majority is combusted inefficiently. This, coupled with population growth, results in
increased demands for more biomass, especially from the forest, leading to deforestation.
The use of conventional biomass for cooking causes indoor air pollution, lung ailments,
injuries, and in severe cases, even death, especially in poorly ventilated facilities [3].

The United Nations General Assembly adopted the 2030 Agenda for Sustainable
Development and its Sustainable Development Goals (SDGs) in 2015, which include a
dedicated and stand-alone goal on energy, SDG 7 [4]. SDG 7 specifically aims at securing
modern, affordable, and sustainable energy for all, thereby increasing the share of renew-
able energy (RE) in the global energy mix. According to IEA et al. [2], Uganda is lagging
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behind the goals set towards achieving the 2030 Agenda. In 2020, the percentage of those
who had access to electricity for the urban and rural populations of Uganda was 69.8 and
32.8% respectively. This is relatively low compared to SSA, which has 48, 78, and 28%
access for the whole, urban, and rural population. It is also low when compared to the
global figures of 91.97 and 83% for urban and rural populations, respectively [2].

Agriculture provides a livelihood to 72% of the population and contributes to about
24% of the national GDP of Uganda [5]. The most important agricultural value chains
include maize, beans, cassava, banana, coffee, and sugarcane. These account for nearly 40%
of the country’s total area dedicated to cultivation [6]. The highest volumes of biomass
residues are generated along the different value chains. The produced biomass waste is
left in the fields after harvesting with a few being used as animal feeds. Typically, banana
peels, rejected bananas, sugarcane tops, and maize stover are used in applications such as
animal feeds, and sugarcane bagasse is utilized by the three big processing factories in the
country for the cogeneration of electricity. The utilization of biomass waste through energy
conversions can thus be considered one of the most appropriate options for Uganda’s clean
energy sector venture.

Gasification is a thermochemical process involving the conversion of biomass through
high-temperature partial oxidation into gaseous fuels with a usable heating value. The
oxidation agents commonly used include oxygen, air, or steam. The produced gas, which
is referred to as producer gas or syngas, has many applications. The biomass gasification
of agri-food wastes is one of the best waste-to-energy conversion methods, offering an
intriguing alternative to fossil fuels, particularly for distributed power generation and
off-grid applications including the electrification of rural and remote areas [7]. Biomass
gasification systems generate biochar as a solid residue. Biochar is applied in many different
fields ranging from environmental protection to agricultural production [8]. For example,
biochar is applied in environmental protection through the removal of pollutants and heavy
metals. Biochar is also applied in agricultural production to enhance crop yields through
the improvement of soil structure. Promoting the production of bioenergy from agricultural
waste using gasification technology can help achieve SDG 7. Biomass gasification plants
have been applied to produce green energy for distributed generation in remote areas,
particularly in Africa, where grid extension is often expensive [9]. In order to supply
biomass for future gasification plants to satisfy energy needs in Uganda, this study set out
to characterize the potential wastes produced along the main agri-food value chains.

2. Methodology

A review of the relevant literature specific to Uganda was conducted, as well as
field visits for the country’s main agri-food value chains. Peer-reviewed scientific papers,
conference proceedings, scientific reports, and book chapters were used to select the
literature. During the search for literature, terms including gasification, biomass residues,
value chain, and agriculture were utilized as search terms. Field visits were carried out
to verify some of the information in the literature as well as to determine the biomass
residues for the value chains. The information retrieved from the literature included the
volume of residues produced per value chain, residue-to-product ratio, proximate analysis
parameters, ultimate analysis parameters, lignocellulosic compositions, and calorific value.
A ranking of the agri-food value chains was performed based on the total annual quantities
of the biomass generated.

The bulky density for different residues was calculated using Equation (1).

ρb =
mb
Vb

(1)

where ρb = calculated bulk density of the briquette (g/cm3), mb = measured mass of
the residues, and Vb = measured residue volume (cm3). The volume of each residue
was determined using a 250 mL can, and, after, its mass was determined using a digital
weighing scale (OHAUS digital scale pan model PA114 (USA) serial number B45138480).
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The energy potential of agri-food value chain residues was calculated using Equation (2)
according to Singh et al. [10].

EA= CTi × (RPR)i × (1 − (H 2 O)i
)
× LHVi (2)

where EA (Joules) is the annual gross energy potential of agricultural residues at 100%
efficiency, CTi is the average annual production of crop i for the past recorded five years
2015–2019, (RPR)i is the residue-to-product ratio of crop i, (H2O)i is the moisture composi-
tion of crop i, and LHVi is the lower heating value of a given crop residue.

3. Results and Discussion
3.1. Agriculture in Uganda

Based on the area cultivated, the most important agricultural value chains include
maize, beans, cassava, bananas, and coffee. The sugarcane value chain produces a signifi-
cant annual harvest of sugarcane biomass waste despite its lower total cultivated annual
land area of only 81,361 ha [6]. Because of its production potential and, consequently, its
huge biomass potential, sugarcane has been included among the most important crops
in the country. The six most important agricultural value chains account for nearly 40%
of the country’s total area dedicated to cultivation. The share of each of the six value
chains’ surface area (ha) is shown in Table 1. Agriculture occupied 106,662 km2 of Uganda’s
total land area in 2019, accounting for 44.2% of the total land area [5]. Grasslands, open
water, forests, bushland, wetlands, and built-up areas account for 21, 16, 8, 7, 3, and 1%,
respectively. Agricultural production is primarily subsistence, with approximately 72% of
the population engaged in subsistence farming on small farms averaging 2 ha in size [11].
The sector also contributes 24% to the country’s GDP and generates nearly 38% of export
profits [5].

Table 1. Top crops in Uganda of proportions of total annual surface cultivated in 2019 [6].

Crop Total Surface (ha) % Share

Maize 2,500,000 17.34
Beans 1,200,000 8.32

Cassava 941,000 6.53
Banana 579,000 4.02
Coffee 428,000 2.97

Sugarcane 81,361 0.56
Rest of crops 8,685,639 60.25

Total 14,415,000 100.00

3.2. Biomass Residues from the Main Agri-Food Value Chains in Uganda

Table 2 is a summary of the biomass wastes/byproducts generated from each of the
most important crop value chains. It is evident from Table 2 that the potential biomass
waste from some of the crop value chains is relatively higher than that obtainable from
their counterparts, even when cultivated on a considerably lower total annual surface
area and/or produced in smaller amounts. With a total cultivated annual surface area of
1,200,000 ha, the bean value chain ranks second highest but only generates 2,821,500 MT of
biomass waste compared to the 3,293,570 MT generated from the sugarcane value chain,
which ranks as one of the lowest in terms of total annual cultivated surface area. In view of
this observation, the three most important crop value chains are the banana, maize, and
sugarcane value chains. These are described in the subsequent sections.
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Table 2. Quantity of principal residues generated from each crop value chain.

Crop Value Chain Annual Crop
Production (‘000 MT) Residue Type Residue to Product

Ratio
Quantity of Residues

(‘000 MT)

Maize 5000.00 a Cobs 0.27 1350.0
Stover 2.00 10,000.0

Beans 627.00 a Trash 4.5 2821.5
Cassava 6983.00 a Stems and peels 0.4 2793.2

Banana 8326.00 a
Pseudo stems 3.0 24,978.0

Leaves 0.48 3996.5
Peels 0.44 3663.4

Coffee 465.00 a Husks 1.0 465.0

Rice 255.00 a Straw 0.45 114.75
Husks 0.23 58.65

Sugarcane 5778.19 b Bagasse 0.25 1444.55
Tops 0.32 1849.02

Source: a implies [5], b implies FAOSTAT.

3.2.1. Maize

According to UBOS [5], the average maize production of maize in Uganda over five
years (2015–2020) was approximately 3.212 million metric tons (MT). Results from the
Ugandan Annual Agricultural Survey (AAS) for 2018 indicate that the total production of
maize in Uganda was estimated to be 4.56 million metric tons, from an estimated planted
area of about 1.854 million hectares [12]. The production trend showed an increase in maize
production by about six times from 739,000 MT in the UNHS 1999/2000 compared with
4.56 million MT in the AAS 2020 survey.

The main biomass wastes and the points of respective waste generation along the
maize value chain are illustrated in Figure 1. The wastes include maize cobs and stover,
with the latter comprising stalks, leaves, and husks (Figure 2). The cob has a residue-to-
product ratio of 0.27, whereas the stover has a ratio of 2.0, making it the most significant
waste from maize [13]. The maize stalks, husks, and cobs are employed on agricultural
fields as mulch. They are also often used as a fuel source for households, whereas the raw
stalks and husks are, at times, fed to animals [14]. In areas where fuelwood scarcity is not a
problem, the maize stalks and husks are merely burnt in open space to clear the field for
the next planting season. Farmers and/or traders often shell their maize to separate it from
its cob prior to milling producing cobs, chuff, and broken maize in the process of sorting
and/or sieving. During the milling process, there are also byproducts generated including
maize bran and flour dust. Maize bran is rich in fiber like other cereal brans; hence, it is
widely used as animal and chicken feed [14].

3.2.2. Banana

According to UBOS [5], a total of 8,326,000 tons of bananas from 668,000 ha were
produced in 2019. This annual production represents a 28% increase from the total pro-
duction of 2018 (6,494,057 tons). Banana is grown mainly in Western, Central, and parts of
Eastern Uganda. In the harvest periods from 2015 to 2019, banana production increased
by 80%, increasing its influence in the global market by 2%. The successful implementa-
tion of several government initiatives has contributed to Uganda’s rising yields. In 2015,
the Ministry of Agriculture, Animal Industry, and Fisheries launched a five-year project,
‘Reducing vulnerability of banana-producing communities to climate change through banana value-
added activities–Enhancing food security and employment generation’ [15]. This helped in the
development of a sustainable banana industry by providing disease-free, banana-planting
materials, demonstrating the use of banana waste for biogas and compost for soil fertil-
ity, and introducing new agricultural practices to improve field and plantation nutrient
retention. In 2018, a two-year project, ‘Improving banana agronomy practices for small scale
farmers in East Africa’, under the National Agricultural Research Organization (NARO) and
other partners, was conducted [16]. This taught extension workers and farmers more about
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better site selection when growing crops, as well as enhanced land preparation, appropriate
spacing, mulching, improved varieties, water and soil conservation, and pest and disease
control management, among others.
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The banana value chain in Uganda typically generates nine types of wastes including
(i) pseudo stems, (ii) pseudo stem fibers, (iii) leaves, (iv) rhizome, (v) fruit bunch stem/or
stalk, (vi) banana peels, (vii) rejected fruits, (viii) rejected chips, and (ix) flour dust, as
illustrated in Figure 3. Figure 4 shows the pictures of each of these wastes. The pseudo
stems, fibers, leaves, and rhizomes are generated and left in the field during harvesting
time. In most cases, these biomass wastes remain in the field after the fruit bunches are
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cut off. The remaining wastes, including the fruit bunch stalk, banana peels, and rejected
fruits, are generated during the processing of bananas. Essentially, for every ton of bananas
harvested, about 4.18 MT of lignocellulosic biomass wastes are generated, including 3.0 MT
of pseudo stem, 0.48 MT of leaves, 0.44 MT of banana peels, 0.16 MT of stalks, and 0.10 MT
of rotten fruits [17].
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The rhizome is the root part that remains in the ground after cutting off the pseudo
stem. The pseudo stem is the part of the banana plant that transports nutrients from
the soil to the fruits. When dried, it turns to fibers. Typically, fibers have a density of
750–950 kg/m3, length from 2000 to 5000 mm, and diameter from 0.080 to 0.250 mm [18].
Banana leaves are the large, wide, elongated, and slightly rounded parts of the banana
plant responsible for trapping sunlight. They are, on average, 2 and 0.5 m in length and
width, respectively. Each banana plant can have between 8 and 12 leaves.

The rhizomes and pseudo stems are normally decomposed in the garden or heaped
and burnt to curb the risk of spreading banana bacterial wilt by banana waste obtained from
infected banana plants. Pseudo stems and leaves are also used for mulching the plantations,
as well as for composting purposes. Fresh pseudo stems and leaves are utilized as livestock
feed. Their low protein and high fiber levels, low digestibility, and the presence of anti-
nutrients like tannin and alkaloids are the main limitations to their usage as the only source
of feed for animals. As a result, numerous research methods have been used to improve
their feeding value, including crushing, microbial degradation, enzyme treatment, and
combining with other agricultural wastes [19]. Alternative uses of the pseudo stems, fibers,
and leaves are being sought, for instance, in house construction, banana silk extraction,
energy production, and manufacture of paper, ropes, table mats, and handbags, as well as
in food preparation at a household level and in restaurants and hotels, among others [20].

Banana fruit bunches are de-bunched upon arrival at the industry or home, separating
the fruit fingers from the fruit bunch stalk. The stalks are usually openly dumped or left
to dry and subsequently utilized as fuel for households. Rejected fruits/fingers are fruit
residues deemed unusable during banana processing. They are usually partially rotten and
contaminated with soil or diseased. The rejected fruits are used to feed domestic animals and
are sometimes employed as a feedstock for biogas production. However, in situations where
the rejected fruits do not have immediate application, the fruits are merely openly dumped.

Banana peels are the outer cover for the banana fingers that are removed to expose
the pulp. For every ton of fingers processed, about 500 kg of peels is generated [21].
These are, in most cases, used as animal feed. However, since they are produced in large
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quantities than can be consumed, some of them end up rotting and are subsequently
dumped. Rejected chips are chopped into pulp pieces rejected along the processing chain
usually due to contamination. Rejected chips are characterized by low moisture content
(<15%) and ease of handling and transport as a result of their particle size < 20 mm.

3.2.3. Sugarcane

Uganda’s sugarcane production increased from 1.72 million tons in 1971 to 5.34 million
tons in 2021, growing at an average annual rate of 3.76% [6] and becoming the largest
producer of granular brown sugar in the East African community. This was attributed to the
crop’s many end applications, rising pricing, and expanding global and regional consump-
tion/demand. The sugarcane value chain generates four major biomass wastes/byproducts,
including sugarcane tops, bagasse, fly ash, filter mud, and molasses, which are generated
at different stages of the value chain (Figure 5). Figure 6 illustrates the various wastes
generated along the sugarcane value chain.
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The sugarcane’s top is a major waste material of the sugarcane industry, which is
normally left in the field without immediate application after harvest. It consists of the
green leaves, the leaf sheath bundle, and a variable amount of immature cane. The yield
of sugarcane tops varies considerably with variety, age at harvest, growing conditions,
and management practices [22]. Sugarcane tops account for about 32% of the weight of
the cane [13]. Sugarcane leaves are used as animal feed [23]. The leaves are chopped
into smaller pieces and then mixed with molasses to feed goats. Farmers utilize them as
mulch, while, in some rural areas, it is used as a fuel source for cooking food at a household
level. However, some farmers burn the sugarcane tops openly. Open burning is known to
cause air pollution and affects human health [24,25]. Open burning in agricultural produc-
tion fields increases soil temperature, decreases soil water content and bulk density, and,
consequently, leads to soil compaction, higher surface water runoff, and soil erosion [26].

Sugarcane bagasse is a fibrous material generated from the milling process of sug-
arcane with the aim of extracting sugar. For every ton of sugarcane processed, 0.25 tons
of bagasse is generated [13]. Bagasse is burnt in boilers to produce high-pressure steam
which is used to turn the factory mill turbines in the cogeneration of electricity [27]. The
resulting ash is used as a fertilizer and/or binder in brick production [28]. However, the
effectiveness of sugarcane bagasse ash in enhancing sugarcane yields is still doubted, and,
as such, the application of ash in sugarcane plantations has instead been treated as merely a
disposal option for the residue. Several sugarcane factories including Kakira Sugar Limited,
Kinyara Sugar Limited, Sugar Cooperation of Uganda Limited (SCOUL), Mayuge Sugar
Industries Limited, and Sugar and Allied Industries Limited (SAIL) Kaliro in Uganda use
bagasse to produce heat and electricity in sugar mills (cogeneration); however, only three
are licensed to supply to the national grid with a total installed capacity of 96.2 MW [29].
Bagasse can also be used for a variety of other purposes such as in paper making, as cattle
feed, and in the manufacturing of disposable food containers [26]. The surplus bagasse is
then applied to the fields and/or openly burnt.

Press mud, or a filter cake, is generated from the filtration and clarification processes
of sugarcane juice. For each ton of ground sugarcane, 0.01 to 0.07 tons of press mud is
generated [26]. Though the press mud exhibits huge potential in various applications, its
application in the country is mainly limited to the fertilization of agricultural fields.

Molasses is a byproduct of sugarcane extraction. During the processing of sugarcane,
35–45 kg of molasses is generated as a byproduct from 1 ton of cane biomass [30]. It is
a viscous liquid with numerous potential applications at both domestic and industrial
levels, including cattle feed, edible syrup, fertilizer, boiler fuel, road surfacing, and alcohol
production, among others. Molasses, in Uganda, is utilized in the production of bioethanol
with biogas and manure as byproducts of the process [27]. It is also utilized in briquette
production as a binder.
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3.3. Characteristics of the Main Agri-Food Value Chain Wastes in Uganda

There are several kinds of waste generated along banana, maize, and sugarcane value
chains; however, this review considered only those with the highest residue-to-product
ratios. These include pseudo stems, banana peels, and banana leaves for the banana value
chain; stover and cobs for the maize value chain; and sugarcane tops and bagasse for the
sugarcane value chain. For biomass gasification, the key characteristics of significance are
bulk density, particle size, and calorific value. The following subsections provide the results
of these characteristics and other inherent biomass characteristics that are associated with
the main agri-food value chain waste materials in Uganda.

3.3.1. Bulk Density

The bulk densities for the biomass feedstocks vary from 65.5 to 160 kg/m3 (Table 3).
Bulk density is an indicator of residence time in the gasifier that, ultimately, determines
the conversion efficiency of the gasification process [31]. Fuels with a high bulk density
are advantageous because they represent a high energy-for-volume value. For a given
refueling time, these fuels require less bunker room. Because lower-density biomass burns
through the reactor’s fuel supply more quickly, gasification should be performed with
replenishment as the reactor’s biomass is used up [32]. Low bulk-density materials also
create feeding difficulties in gasification systems as materials with a low bulk density do
not allow for gravity feed inside the gasifier, a condition that leads to poor combustion
conditions within gasification systems, resulting in reduced efficiency [33]. These problems
are solved to some extent by densification through the compaction of residues into high-
density feedstock. Pelleting, briquetting, and extrusion processing are methods commonly
used to achieve densification [34]. Densification increases biomass density by up to four
times, resulting in a lower transportation cost, smaller required storage area, and less fine
particle formation [35]. A more uniform and stable size and shape make biomass pellets
usable for the production of fuel and energy processes such as gasification, combustion,
and pyrolysis. Densification improves biomass handling and transportation efficiencies
throughout the supply chain until the feeding phase in a biorefinery [36].

Table 3. Bulk density for different agri-food value chain biomass wastes.

Biomass Bulk Density (Kg/m3) References

Maize cobs 160 This study
Maize stover 120 This study

Banana pseudo stems 100 This study
Banana leaves 100 This study
Banana peels 100 This study

Sugarcane tops 120 This study
Sugarcane bagasse 65.6 [31]

Efficient and economic biomass-to-energy conversion is heavily influenced by the
economics and consistency of biomass supplies from the field to the biorefinery. The cost of
feedstock production, handling, transportation, and pre-processing accounts for 40–60% of
the total cost of bioenergy production, while the cost of transportation only accounts for
13–28% of the total costs [37]. One major factor that affects the delivery cost, collection and
transportation, and storage of biomass is bulk density. Bulk density also affects the design
and operation of energy conversion systems and heat transfer equipment [38].

Bulk density depends on a number of factors including composition, particle size,
shape, particle orientation, particle size distribution, moisture content, and the specific
density of the individual particles of the biomass material [31]. Particle size distribution
and size are two important factors that affect the bulk physical properties of feedstocks.
Larger-sized feedstock requires a longer time to complete gasification, and the flow of
feedstock obstruction can occur. The irregularity of the size and shapes of agricultural
residues generates low-quality producer gas, especially when these materials are used
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directly or without any pre-processing. Gas yield and gas composition are related to the
heating rate. Smaller sizes of feedstock particles mean a larger surface area for contact
and reaction with the gasifying medium [31]. A larger contact area also results in a faster
heating rate; thus, more gases and less char and condensation are produced.

3.3.2. Proximate Analysis

Proximate analysis provides the fuel properties in terms of the weight percentages of
moisture, volatile matter, fixed carbon, and the ash content of the material. Table 4 presents
the results of the proximate analysis of the three main agri-food value chains in Uganda.
A high moisture content lowers the efficiency of thermal conversion, syngas quality, and
syngas higher heating value (HHV); moreover, conversion emissions increase [39]. The
moisture stored in the biomass feedstocks requires about 2300 kJ/kg to vaporize and
1500 kJ/kg to raise its temperature to 700 ◦C during pyrolysis [32]. The process becomes
less efficient as a result of these efforts, which use the energy from the combustion zone.
The moisture content for all the considered biomass is low (6.67–22.5%), falling below the
recommended value of less than 30% for gasification processes [40]. However, moisture
content in the range of 10–20% is generally required for conventional gasification technolo-
gies, keeping bed temperatures moderately stable [39]. Instead, feedstocks with a high
moisture content can be utilized in the supercritical water gasification (SCWG) process,
whereby water is used as a reaction medium. This method allows for the gasification of
wet biomass without first drying the material, saving on the high processing costs related
to the drying process [41].

Banana waste has a relatively high volatile matter (83.05–89.43%) compared to maize
waste (56–78%) and sugarcane waste (62.7–72.08%). As a result, banana waste will require
very little heat for the gasification process, contributing to an increase in calorific content.
However, sugarcane and maize waste are also advantageous during gasification since
low volatile matter leads to reduced tar production, which causes problems in internal
combustion engines normally used in power generation thermochemical reactions [42].

Biomass fuels with an ash content above 6% result in increased slagging tenden-
cies [43]. Slagging can result in excessive tar development and/or reactor obstruction,
which interferes with the gasifier’s ability to operate without interruption. While maize
waste has an ash level of 3.39–5.6% and sugarcane bagasse has an ash content of 2.5%;
banana wastes and sugarcane tops have high ash contents of 9% and 9%, respectively
(Table 3). Banana wastes and sugarcane tops can be burned in a downdraft gasifier below
1000 ◦C to help reduce the slagging effect [44].

Table 4. Proximate analysis on dry basis (db) of the biomass waste for the maize, banana, and
sugarcane value chains in Uganda.

Biomass Moisture Content
(%db)

Ash Content
(%db)

Volatile Matter
(%db)

Fixed Carbon
(%db) References

Maize cobs 13.6–15.0 3.39–5.2 56–78 18.8–20.7 [45,46]
Maize stover 12.5 5.6 66.2 15.7 [47]
Pseudo stems 7.98 9.36 89.43 1.21 [17]
Banana leaves 6.67 9.05 83.35 7.60 [17]
Banana peels 11.56 9.28 88.02 2.70 [17]

Sugarcane tops 7.05 9.69 72.08 18.23 [48]
Sugarcane bagasse 22.5 2.5 62.7 12.2 [49]

3.3.3. Ultimate Analysis

The ultimate analysis provides the proportions of carbon, hydrogen, oxygen, nitrogen,
and sulfur of the biomass feedstock. Carbon, hydrogen, and oxygen represent the principal
elements determining the biomass fuels’ effectiveness and are the fundamental components
of any solid biomass fuel material. Table 5 shows that oxygen has the highest proportion
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(38.76–57.25%), followed by carbon (33.46–47.9%) and hydrogen (~6%), of the considered
biomass waste in this study. The composition of these three elements plays an essential role
in solid biomass conversion in the thermochemical processes of combustion, gasification,
and pyrolysis. They affect, specifically, the gas quality, liquid biofuel quality, and emission
gases. Hydrogen is one of the final products of gasification; therefore, its impact during
the gasification process is important [50]. Oxygen is responsible for the reactivity and
ignition stability of biomass when used as fuel in thermochemical conversion systems such
as gasification [51]. The oxygen is comprised of alcohol and carboxylic acid groups, the
main components of which are cellulose, lignin, and hemicellulose. However, high oxygen
content tends to lower the calorific value. It is, therefore, important to first de-oxidize the
biomass through torrefaction in order to increase the heating value [36]. Nitrogen and
sulfur contribute to the pollution of the environment by producing NOx and SO2 when
combusted in air; therefore, lower levels are preferred [52].

Table 5. Ultimate analysis for biomass feedstock for the main agri-food value chains in Uganda.

Biomass C (%) H (%) S (%) N (%) O (%) References

Maize cobs 46.57 6.41 0.1 0.96 46.06 [45]
Maize stover 34.9 6.22 1.06 0.56 57.25 [47]
Pseudo stems 33.46 6.44 0.04 0.80 49.94 [17,21]
Banana leaves 38.57 6.44 0.003 2.45 43.49 [17,21]
Banana peels 35.65 6.19 0.002 1.94 45.94 [17,21]

Sugarcane tops 44.51 6.14 0.16 0.65 38.76 [48]
Sugarcane

bagasse 47.9 5.6 3.4 0.2 42.9 [49]

3.3.4. Calorific Value

The heating values for all considered biomasses range from 12.6 to 16.74 MJ/kg as
illustrated in Table 6, which is comparable to the heating value of coal. This is attributed to
the high oxygen composition that is typical of all biomass materials. Feedstocks with high
heating values are desirable [17,32,52]. A high-heating value material leads to improved
functionality and reduces the amount of energy used by the feedstock conveyor in power
plants [42]. The calorific value is one important parameter that determines the thermal
conversion efficiency of any biomass material. The low heating value, or net calorific value,
is the net energy content of a given biomass obtained by combusting a specified quantity
and returning the temperature of the combustion products to 150 ◦C, assuming the latent
heat of vaporization is not considered. The high heating value, or gross calorific value,
considers the latent heat of vaporization since the combustion products return to room
temperature. The low energy density of biomass like maize cobs and pseudo stems leads
to a high cost in transportation per unit energy and more storage space requirements,
thus making material logistics expensive [37,38]. System efficiency is also affected by low
energy-density materials; hence, more fuel would be required to obtain the same amount
of energy [37].

Table 6. Lower heating value (LHV) and higher heating value (HHV) for biomass waste of the main
agri-food value chains in Uganda.

Biomass LHV (MJ/kg) HHV (MJ/Kg) References

Maize cobs 12.6 17 [13]
Maize stover 16.74 18.18 [53]
Pseudo stems 13.6 15.0 [17]
Banana leaves 16.2 17.6 [17]
Banana peels 14.8 16.2 [17]

Sugarcane tops 15.8 - [13]
Sugarcane bagasse 15.4 16–19.8 [48]
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3.3.5. Lignocellulosic Components

The lignocellulosic composition for biomass feedstock for the main agri-food value
chains in Uganda is given in Table 7. The percentage of hemicellulose ranges from 23.46
to 41.38%, cellulose 9.9 to 55%, and lignin 5.77 to 35%. High cellulose and hemicellu-
lose content make the gasification process fast and yield high tar and gas with low char.
Lignin has the same effect at relatively much wider temperature ranges largely due to
the dealkylation of the side chain of the alkylphenols in the lignin structure [54]. Lignin
also provides other functions in plants including acting as glue. Due to its thermosetting
characteristics at working temperatures of 414 ◦C, it also helps in the formation of pellets
or briquettes without binders [55]. The presence of lignin, which serves as a bulking and
rigidifying agent in lignocellulosic plant material, allows for adhesion in the structure of
that material. The adhesive properties of thermally softened lignin are responsible for the
strength characteristics of briquettes made from lignocellulosic biomass materials. Banana
pseudo stems, banana peels, and sugarcane tops have an exceptionally low lignin content.

Lignocellulosic biomass is a potential feedstock for the sustainable production of bioen-
ergy and value-added products. The natural resistance of this material to be broken down,
however, is a significant barrier to its use. Current technologies require pre-treatments with
severe conditions to disrupt the plant cell wall structures and remove their main compo-
nents [56]. Pre-treatment is an important process for effective waste-to-energy recovery [57].
The process of lignocellulosic pre-treatments improves a number of properties in favor of
the gasification process, including calorific value, ash content, size distribution, particle
shape, moisture content, bulk and particle densities, compressibility, and compact ratio [57].
Pre-treatment methods including washing/leaching, steam explosion, hydrothermal car-
bonization, torrefaction, and densification methods such as pelletizing and briquetting are
used to improve the aforementioned properties. Torrefaction is a pre-treatment process
that helps improve the physical characteristics of the material [36]. During torrefaction, a
number of lignin-active sites are opened up, breaking down the hemicellulose matrix to
form unsaturated compounds with better binding properties, consequently improving the
binding ability of the feedstock [36].

Table 7. Lignocellulosic composition of the biomass feedstock of the main agri-food value chains in
Uganda.

Biomass Hemicellulose
(%) Cellulose (%) Lignin (%) References

Maize cobs 25–35 45–55 20–30 [58]
Maize stover 25.47 36.23 21.83 [47]
Pseudo stems 25.36 38.48 5.77 [17]
Banana leaves 23.46 35.58 10.58 [17]
Banana peels 41.38 9.9 8.9 [17]

Sugarcane tops 36.68 41.41 6.39 [59]
Sugarcane

bagasse 25–35 40–50 15–35 [60]

3.4. Energy Potential of Maize, Banana, and Sugarcane Value Chain Biomass Waste in Uganda

The energy potential of crop residues for the main agri-food value chains in Uganda
is given in Table 8. The results show that maize stover, pseudo stems, and sugarcane
tops have the highest energy potentials of 93.9, 33.7, and 13.7 PJ per year, respectively.
The values estimated in this study are relatively high compared to the study of Okello
et al. [13] because of the increasing crop production reported in the last ten years. The total
energy potential for all three value chains considered is 172.2 PJ per year. This energy can
be utilized to meet 58.7% of the cooking demands for the entire country, which can help
offset some of the effects resulting from using firewood and charcoal. Uganda households’
projected demand for charcoal and firewood for cooking in 2020 was 2.1 and 17.01 million
metric tons, respectively [61]. Considering the average calorific values for charcoal and
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firewood in Uganda are 26.25 and 14 MJ/kg, respectively [62,63], the total biomass energy
demand for cooking in 2020 was 293.3 PJ. The energy potential presented is assumed to
be a gross value at 100% efficiency when all the residues are utilized. However, currently,
some of the residues are being utilized for other purposes, and the actual implementation
potential is determined by a number of factors including economic, social, environmental,
institutional, and policy incentives. The implementable potential is further influenced by
logistical issues, infrastructure and technology limitations, and the availability of skilled
personnel.

Table 8. Theoretical energy potential of residues for the main agri-food value chains in Uganda.

Crop
Annual Crop
Production
(‘000 MT) a

Type of
Residue

Residue to
Product
Ratio b

Quantity of
Residues
(‘000 MT)

Water Mass
Fraction (%) c,d

Lower
Heating

Value, LHV
(MJ/kg)

Energy
Potential
(PJ/year)

Maize 3212 Stover 2 6424 12.5 16.7 93.9
Cob 0.27 867.24 14.3 12.6 9.4

Banana 5500 Pseudo stems 3 16500 85 13.6 33.7
Leaves 0.48 2640 85 16.2 6.4
Peels 0.44 2420 85 14.8 5.4

Sugarcane 5400 Tops 0.32 1728 50 15.8 13.7
Bagasse 0.25 1350 50 15.4 10.4

a [5,6], b [13,17], c [13,64,65], d moisture content of the residues as received.

4. Gasification in Uganda

In Uganda, gasification technology is not widely used or known; however, previous
research has indicated that small-scale wood gasifiers could be economically and socially
viable energy systems for generating electricity in rural areas [9]. The typical cases where
these technologies have been successfully used include (1) Muziizi Tea Estate, at which a
gasification unit using wood as feedstock with an 87 kW average power output was used;
although, it was rated at 200 kW, indicating a low operating efficiency [66]; (2) a 10 kW unit
in Mukono also using wood as feedstock [67]. The only operating unit using biomass waste
is found in the Bukurungo Trading Center, Kamwenge District of Western Uganda. This
power plant uses local crop residue to generate clean energy for over 500 households and
an agro-processing facility of 75 kVA [68]. Another 20 MW gasification plant construction
in the Northern district of Gulu will be completed in the year 2024. The biomass plant
is projected to produce electricity for agro-processing, heat for drying agro-produce, and
biochar for organic fertilizer in a cost-effective manner. Olupot et al. [52] demonstrated
that a gasifier generator system of 250 kW, when operated for 8 h a day, for 350 days in a
year, requires 5.8 metric tons of rice husk per day to produce 700 MWh/year, which saves
USD 98,000 in electricity production compared to when a diesel plant is used. Gasification
technology, therefore, can be a good alternative for utilizing large amounts of agricultural
waste for electricity generation in Uganda.

5. Conclusions

Due to rising energy demands, depreciating conventional fossil resources, and an
increasing population, agricultural residues are gaining attention for their use in energy
production. This review investigated the various agri-food value chains in Uganda for the
potential generation of waste for use in bioenergy production using gasification. Maize,
beans, cassava, banana, coffee, and sugarcane are the most important value chains, occupy-
ing 5.73 million hectares and accounting for roughly 40% of the country’s total area under
agriculture. In terms of potential biomass residues, bananas, maize, and sugarcane produce
4.18, 2.2, and 0.6 metric tons of biomass waste per ton, respectively. The bulk density,
proximate analysis, ultimate analysis, calorific value, and lignocellulosic components of
biomass waste have been presented. The heating values for all the considered biomasses
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ranged from 12.6 to 16.74 MJ/kg. These are low compared to the heating value of coal. This
is attributed to the high oxygen composition, which varies from 38.76 to 57.25%, which is
typical of all biomass materials with a low bulk density that varies from 65.5 to 160 kg/m3.
The low energy density of biomass led to the high cost of transportation per unit of energy,
as well as more storage space requirements, thus making material logistics expensive.
These problems are solved to some extent using densification through the compaction of
residues. The three value chains have the potential to generate 172.2 PJ per year, which is
enough to offset 50% of Uganda’s cooking energy requirement. Based on their composition
and present utilization, maize stover, banana leaves, banana pseudo stems, and sugarcane
tops are attractive gasification feedstocks.
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