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Abstract

This study presents a structured review of biomass energy in Nigeria, focusing on its current status, technological pathways,
challenges, and future prospects. A systematic search of peer-reviewed literature, reports, and databases was conducted to
synthesize evidence on present State of biomass energy potentials in Nigeria, analyse technologies of biomass conversion, and
obstacles and future prospects. Nigeria generates approximately 144 million tonnes of biomass annually, with an estimated
technical energy potential of about 2.33 EJ. Despite this abundance, biomass utilization remains largely traditional and
inefficient. The review identifies key barriers, including technological limitations, weak policy implementation, financial
constraints, and environmental concerns. The findings further reveal that advanced conversion technologies such as pyrolysis,
gasification, and anaerobic digestion remain underdeveloped in Nigeria. The paper highlights opportunities for sustainable
bioenergy development through improved policy support, investment in modern technologies, and integration into national
energy strategies. This review contributes by providing a critical synthesis of existing knowledge and identifying research and
policy gaps necessary for advancing biomass energy utilization in Nigeria.
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1. Introduction

Energy is the driving force behind significant developments in every nation and it is essential for both social and
economic advancements. Significant changes have been brought about by these advancements, especially in the way
that industrial and domestic energy is used (Oliy and Muleta, 2020). Energy is a cornerstone of socioeconomic
development. It drives industrial growth, powers transportation, and facilitates the provision of essential services
such as healthcare and education. Access to reliable energy sources is directly linked to economic prosperity and
improved quality of life. Energy enables productivity, supports job creation, and stimulates technological
innovation. Moreover, it plays a critical role in reducing poverty and enhancing the standard of living by powering
homes, schools, and businesses (IEA, 2020). The global energy scenario is characterized by increasing demand and
consumption driven by population growth and economic development.

According to the International Energy Agency (IEA) (IEA, 2020), global energy demand is expected to rise by
nearly 30% by 2040. This surge is largely attributed to burgeoning economies in Asia and Africa, where
urbanization and industrialization are rapidly expanding. Non-renewable energy sources, such as coal, oil, and
natural gas, have historically dominated the global energy landscape. These resources are finite and concentrated in
specific geographic regions, leading to geopolitical complexities and environmental concerns. The extraction and
combustion of fossil fuels are major contributors to greenhouse gas emissions, air pollution, and climate change.
Despite these challenges, non-renewable energy remains a significant component of the global energy mix due to its
high energy density and established infrastructure (BP, 2021). In contrast, renewable energy sources, including
solar, wind, hydro, and biomass, offer a sustainable alternative. These sources are abundant, widely distributed, and
have a lower environmental impact compared to fossil fuels. Renewable energy is essential for reducing carbon
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footprints and mitigating climate change. The adoption of renewable energy technologies has been accelerating,
driven by technological advancements, decreasing costs, and supportive policies. For instance, the cost of solar
photovoltaic (PV) modules has dropped by more than 80% over the past decade, making solar power increasingly
competitive with traditional energy sources (Koutoudjian et al., 2021).

Balancing the energy mix is crucial for ensuring energy security and sustainability. A diversified energy portfolio
reduces dependency on any single source and enhances resilience against market volatility and supply disruptions.
Integrating renewable energy into the existing grid requires significant investments in infrastructure, storage
solutions, and smart grid technologies to manage variability and ensure reliable supply (IEA, 2020). Nigeria has an
assortment of biomass residues, agricultural deposits, human and animal wastes, aquatic biomass, and energy crops
which, generally are underutilized (Jekayinfa et al., 2020). Several resources, notably agricultural leftovers, have
competing applications, such as livestock feed and soil revitalization. An estimate of the technical energy potential
of biomass resources found that around 2.33 EJ might be generated from the available resources in Nigeria.
(Jekayinfa et al., 2020).

Despite this potential, biomass utilization in Nigeria is largely inefficient, dominated by traditional combustion
practices with low energy efficiency and high environmental impact. While previous studies have explored biomass
resources and technologies, there remains a lack of integrated synthesis and critical evaluation. The objectives of
this paper aim to review present State of biomass energy potentials in Nigeria, analyse technologies of biomass
conversion, and obstacles and future prospects. Several studies have been carried out by different researchers to
exploit various types of biomass materials as alternative sources of energy. Among these researchers are, Zubairu
and Abba (2014) who found out that carbonizing corn cobs biomass resources into briquette charcoal is an effective
means of managing solid wastes and a viable source of alternative energy. Bio-coke, a char made from a mixture of
biomass/charcoal and coal, is a viable substitute for traditional fossil fuels that reduce CO, emissions (Seo et al.,
2020). Similarly, in the study of Oliy and Muleta (2020), briquettes are characterized with energy content (higher
heating value) from 27.60 to 29.67 MJ/Kg.

The work of Yirijor et al. (2023) involved producing briquettes using a mixture of corncob (CC) and coconut husk
(CH). It was determined that the optimal mix ratio, resulting in the highest calorific value, favourable moisture and
ash levels, high density, and durability index, is CH: CC 20:80. Additionally, the research showed that with the rise
in corncob levels, the density of briquettes increased from 584.20 kg/m?® to 839.80 kg/m®. Decrease in moisture
levels from 5.05% to 4.88%, reduction in ash levels from 5.60% to 3.17%, and elevation in calorific value from
20.35 MJ/kg to 26.75 MJ/kg were reported. Lubwama et al. (2020) reported that the calorific values of carbonized
bio-composite briquettes made from rice husks, coffee husks, and groundnut shells ranged from 16.6 MJ/kg to 22
MJ/kg. The drop strength test results for these composite briquettes were all above 86%, indicating good quality.
The densities varied between 430 kg/m® and 580 kg/m3. The study highlighted the benefits of producing bio-char
bio-composite briquettes compared to those made from a single type of biomass. According to a Kihombo et al.
(2021), Africa's present energy supply is insufficient to satisfy the energy demands of the majority of African
countries, affecting their economic development and industrial growth. Kraus and Kraus (2021) stated that
electricity is an essential requirement for any country that prioritizes industrial growth. This is because industrial
development leads to socioeconomic growth, which many countries demand. Nerini et al. (2016) reported that over
1.3 billion people worldwide lacked adequate energy access. This number dropped below one billion in 2017,
according to the Renewables Energy Global Status Report by (Raturi, 2019). In 2017, the population globally
without electricity access fell below one billion, with around 61% in sub-Saharan Africa and 35% in Asia. To
address this, one of the United Nations' (UN) Sustainable Energy for All (SE4All) key goals is to achieve universal
electricity access by 2030 (United, 2015). Consequently, countries like China, Germany, India, Brazil, and the USA
have diversified into renewable and sustainable energy sources to meet their energy needs (Brodny et al., 2021).

Nigeria aims to meet its growing energy needs sustainably by exploring alternative methods to reduce its carbon
footprint and potentially changing its current electricity generation path. The country has significant potential in
renewable energy resources such as biomass, solar, wind, and hydropower. According to Akorede et al. (2017),
Nigeria is rich in these renewable resources. To address global energy crises, climate change, and energy poverty,
the renewable energy supply must be sustainable, economical, efficient, and environmentally friendly. Nigeria
receives high solar radiation levels, ranging from 5500 to 6500 Wh/m? nationwide (Akorede et al., 2017). Shaaban
and Petinrin (2014) reported that Nigeria produces approximately 144 million tonnes of biomass annually.
Furthermore, a recent study by Jekayinfa et al. (2020) indicated that about 77.8% of Nigeria's landmass is available
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for biomass energy production. The Nigerian government has launched several programs aimed at promoting
renewable energy, such as the Rural Electrification Agency’s (REA) off-grid electrification projects, which aim to
provide clean and reliable electricity to underserved communities (REA, 2021).

Dioha et al. (2016) reported that Nigeria also has a moderate wind regime with speeds of up to 7.5 m/s in the
northern parts. Additionally, solar PV electricity can be generated in all parts of Nigeria (Shaaban and Petinrin,
2014). Dodo et al. (2021) stated that the country has 277 dispersed sites for small hydro power generation surveyed
in 12 states with prospects and many rivers that can be dammed for large hydro power generation. Although certain
renewable energy technologies (RETS) are not yet optimized, their clean, sustainable, futuristic, ecologically
beneficial, and inexhaustible characteristics have contributed to a growth in worldwide interest.

2.0 Methodology

This study adopts a structured literature review approach to ensure transparency and reproducibility. The search for
literature was conducted using online databases, from Google Scholar, Reports from international organizations
(IEA, World Bank, FAO), Web of Science, and Scopus. The search strategy was done using combinations keywords
relevant to the study including biomass energy Nigeria, bioenergy potential Africa, agricultural waste energy
Nigeria, and biomass conversion technologies. The selected studies were analysed using a thematic synthesis
approach, focusing on present State of biomass energy potentials in Nigeria, analyse technologies of biomass
conversion, and obstacles and future prospects.

3.0 Results and Synthesis of Literature

3.1 Present State of Biomass Energy Potentials

Agricultural Crop Wastes as Biomass Feedstock and their Potentials

Biomass is a natural carbon-based resource. It refers to biologically derived material that is complex and renewable,
with significant chemical variety (Bonechi et al., 2017). Ugwu et al. (2022) also reported that biomass is an
unlimited source of energy, hence it is renewable. When compared to other energy sources such as coal and crude
oil, it is more dependable, sustainable, and environmentally friendly. According to Ben-lwo et al. (2016) biomass, or
organic material obtained from plant and animal tissue, is gaining popularity as an environmentally acceptable
alternative to fossil fuels.

Tursi (2019) stated that biomass can be categorized according to natural forms associated with ecological or
vegetation groups. The five types of biomasses are: woody biomass, herbaceous biomass, aquatic biomass, animal
and human waste biomass, and mixed biomass. Biomass mixes contain substrate that blends different kinds,
resulting in a mixed form. The quest for sustainable renewable alternative energy resources as a result of depletion
of the fossil energy (non-renewable) resources and its adverse effect on the environment which include; pollution,
global warming, price instability, and irregular supply, called for research and investments in developing alternative
energy resources. Consequently, there is a need for a shift from fossil fuels (non-renewable resources) to agricultural
wastes (biomass) as alternative renewable energy resources. Biomass is naturally abundant in rural communities and
presents a renewable energy opportunity that could serve as an alternative to fossil fuels (Dairo et al., 2018).

Agriculture has been essential to the continued existence of populations and economies in nations like Nigeria,
Ghana, and many other African nations. In developing nations like Nigeria, wastes are constantly produced after
agricultural produce has been cultivated. These wastes can include rice husk, groundnut shells, maize cobs, maize
stalks, tomato wastes, sorghum stalks, bean shells, sugarcane bagasse, and a variety of other materials (Odimegwu,
2019, Oyegoke et al., 2022). According to the United Nation's Sustainable Development Goals UNDP (2022), which
aim to improve environmental sustainability and public health, it is crucial to develop a better strategy for managing
agro-waste so that it can be safely disposed of or converted into useful products.

Agriculture waste is any material that is undesirable or useless that comes exclusively from agricultural operations
that are directly tied to the production of crops (biomass) (Adejumo and Adebiyi, 2020). Jekayinfa et al. (2020)
explained that Nigeria has an abundant supply of agricultural waste because of its extensive land area and substantial
agricultural operations which generate agriculture residues from plant fibres. Agricultural production, harvesting,
and processing generate residues, such as unwanted plants or weeds, corn cobs, rice husks, rice straw, and sugarcane
bagasse. Globally, about 2.2 billion tons of crop residues and 1.7 billion tons of municipal solid waste (MSW) are
produced each year (Okafor et al., 2022).
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Agricultural wastes are by-products which are generated by various agricultural operations and are naturally
occurring carbonaceous resource. Gideon et al. (2023) observed that rural farming operations generate various crop
residues, including rice husk, rice straws, maize stalks, maize husks, maize cobs, cassava peels and stalks, groundnut
shells and straws, soybean pods, sugarcane bagasse and leaves, cotton stalks, manure, tree trimmings, and grass
clippings. Many developing countries, especially in sub-Saharan Africa, possess substantial agricultural land, with
agriculture being a crucial part of their economies (Jekayinfa et al., 2020). These regions have abundant biomass
resources that can be utilized for heat and electricity generation. However, these biomass resources are often used in
environmentally and economically detrimental ways. Despite this, in some developing countries, biomass constitutes
over 70% of total energy consumption (Kovalyshyn et al., 2019). Keles et al. (2017) projected that by 2030, 823
million people in Africa will depend on biomass for cooking and heating.

Agricultural wastes are potential resource of fuel that can be used to produce a type of solid biofuel known for its
renewable and sustainable energy use. The creation of novel technologies that can offer fuel derived from renewable
resources is essential. Biomass is a possible source of energy among many different renewable energy sources. Solid
biomass is an effective source of energy since it is renewable, carbon-neutral, versatile, highly reactive, possesses a
high specific surface area, and in some cases, has low sulphur and ash concentrations, is readily available locally,
and is economical (Malico et al., 2019). Due to its characteristics, biomass, has an excellent future as energy
resources feedstock. But currently, the potential of agricultural wastes to generate energy is not being fully utilized.
Therefore, increasing the use of agricultural wastes could help address the current energy crisis that millions of
people and businesses are currently facing or offer an important alternative source of energy to our nation's
industries of production.

Agricultural wastes are organic wastes which are composed of a higher fibre content and a lower concentration of
nitrogen (Matemilola et al., 2019). Nowadays, the most common type of renewable energy with the least amount of
pollution emissions is this vast renewable resource with great potential. Ichu et al. (2020) stated that switching from
fossil-based fuels to biomass-derived energy, Nigeria can lower its productions of carbon dioxide (CO,) and
additional greenhouse gases. Ezealigo et al. (2021), Jekayinfa et al. (2020), Okafor et al. (2022), estimated energy
potential of different crop wastes generated in Nigeria for 2018 as shown in table 1.

Table 1: Energy potential of agricultural wastes based on Nigeria's crop production in 2018

Crop Residue 2018 Crop Residue-to Calculated Energy Energy
Production product residue content potential
(Mt) (RPR) generated (MJ/kg) (mJ)
(Mt)
Oil palm Bunch 7.8 0.25P 1950,000 15.51° 30.24
Maize Stalk 10.22 1.5° 15,300,000 15.48° 236.84
Cassava Peels 59.52 0.35¢ 20,825,000 10.62 220.95
Rice Straw 6.8% 1.662 11,288,000 16.022 180.83
Yam Peels 4752 0.06° 2850,000 16.43¢ 46.82
Sugarcane Bagasse 1.422 0.3° 426,000 13.38° 5.70
Plantain Trunks/ 3.092 0.50¢ 1545,000 16.13° 24.92
Leaves
Sorghum Stalk 6.86% 2.62° 17,973,200 17.00° 305.54
Cocoa Pod 0.332 0.932 306,900 15.122 4.64
Wheat Stalk 0.0666° 1.5° 99,900 19.3° 1.93
Millet Stalk 2.242 3.0° 6720,000 15.51° 104.22
Groundnut Straw 2.892 1.252 3612,500 15.662 56.02
Cocoyam Straw 3.3 05a 1650,000 14.242 23.50
Coconut Shells 0.282 0.25°¢ 71,250 18.09¢ 1.28
Cowpea Shells 2.6% 1.752 4567,500 19.442 88.80
Sweet Potato ~ Straw 4.032 0.502 2015,000 14.242 28.70
Soybean Straw 0.758% 2.50% 1895,000 12.38° 23.46

Source: Adapted from 2Ezealigo et al. (2021); "Okafor et al. (2022); cJekayinfa et al. (2020)
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Figure 1: Energy Potential of Agricultural Residue in Nigeria

Table 1 and Figure 1 reveal substantial variation in the energy potential of agricultural residues in Nigeria, with
sorghum stalk of 305.54 TJ, maize residues of 236.84 TJ, and cassava peels of 220.95 TJ dominating due to their
high production volumes and favourable residue-to-product ratios. These findings align with recent studies
highlighting cereal and tuber residues as major bioenergy resources in sub-Saharan Africa Oyedepo et al. (2019),
Adewuyi (2020) and reports by the International Energy Agency IEA (2023), which emphasize their underutilization
in developing economies. Despite this high potential, biomass resources in Nigeria remain underexploited due to
supply chain inefficiencies, competing uses, and limited technological deployment Adekanye (2025); Okoro et al.
(2024), alongside continued reliance on inefficient traditional combustion systems (Tshikovhi and Motaung, 2023,
Makepa and Chihobo, 2025).

The variation in residue characteristics necessitates feedstock specific conversion pathways, with lignocellulosic
residues suited for thermochemical processes and high moisture residues for biochemical conversion (Awasthi et al.,
2023, Sarker et al., 2023). Furthermore, effective biomass utilization requires integrated resource management and
supportive policy frameworks, as emphasized by the International Renewable Energy Agency (IRENA, 2021). In
Nigeria, the absence of a structured biomass policy continues to hinder large-scale deployment (Tambari et al.,
2020). Overall, while Nigeria possesses significant biomass energy potential, bridging the gap between availability
and utilization will require improved logistics, technological investment, and policy support, consistent with broader
African energy transition trends (IRENA, 2021, IEA, 2023). Numerous researches have been carried out regarding
the applications of biomass for energy production in Nigeria including circular bioeconomy (CBE) (Igbokwe et al.,
2022), biomass residues and their potential for bioenergy (Ezealigo et al., 2021), agro-bioenergy potential to reduce
emissions and mitigate climate change (Elum et al., 2017), the potential for different crops to be used as resources of
energy (Jekayinfa et al., 2020), renewable energy for environmental protection: Nigeria's palm oil production life
cycle inventory for safeguarding the environment with renewable energy (Anyaoha and Zhang, 2021).

Many emerging economies including Nigeria have enormous quantities of forest and agriculture wastes that are now
underutilized and might be converted into charcoal briquettes for industrial and residential use (Japhet et al., 2020).
The suitability of the loose agricultural residues (biomass) material for briquetting will be determined by the nature
and type of biomass, since this will have an impact on the final quality of the briquette. Ben-lwo et al. (2016)
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reported that the agricultural wastes differ in moisture content, bulk density, particle dispersion, and particle size
depending on the age of the agro - waste, state of harvest, physical composition, and length of storing and harvesting
procedures. Furthermore, Oyegoke et al. (2023) in their study reported that in Nigeria the overall average of the total
Agricultural waste generated was estimated to be 12.06 Mt. This amount of agricultural waste is generated yearly in
our country and is frequently inadequately managed. It is visible in our immediate environment, including on the
farms, roadways, at dump sites, and in residential areas where it is used as fuel. The sustainable development of our
communities could be improved further if we take into consideration safer alternatives to current waste management
methods.

According to Babayemi et al. (2016), the substantial biomass wastes in Nigeria were rice husks, corn cobs, rice
straws, sawdust, groundnut shells, corn straws, sugar cane fibre, bamboo stalk, coffee stalk, and cotton stalk.
Agricultural biomass is becoming a rapidly increasing problem as decomposed waste agricultural biomass produces
environmental pollution while open burning by the farmers (a common practice in Nigeria) generates CO and other
dangerous pollutants. As a result, a considerable portion of it is left or burned in the field after harvesting. Domestic
energy resource scarcity and environmental pollution make it attractive to find out environmentally friendly and
alternative renewable energy resources to substitute fossil fuels. Despite high availability, resource utilization
efficiency remains low, with a large proportion of biomass either wasted or openly burned.

3.2 Technologies of Biomass Conversion

The various methods of converting biomass into useful energy sources are shown in figure 1. Agricultural wastes
can be converted to fuel via mechanical conversion, chemical conversion, thermochemical conversion,
physicochemical conversion and biochemical conversion technology. The processes employed for thermochemical
conversion include combustion, pyrolysis, carbonization, gasification, and liquefaction. Carbonization is a biomass
thermochemical conversion employing heat to start the process of breakdown of organic materials, splitting down
their hydrocarbonaceous bonds to convert them into a more potent type of energy at a temperature of 400-800°C
(Amer and Elwardany, 2020). According to the study, biomass thermochemical transformation begins with the
breakdown of organic materials by cracking the hydro carbonaceous bonds in order to change them into more
abundant forms of energy. Ibitoye et al. (2021a) opined that the characteristics of the feedstock and the processing
conditions have a significant impact on the yield of carbonization.
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Figure 2: Biomass Conversion Pathways
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Mechanical Conversion

The need for fuel pellets has sparked a renewed interest in using diverse biomass resources. The quality of fuel
pellets is determined by density, mechanical stability, hydrophobicity and energy content. These properties are
regulated by biomass type, pretreatment, formulations, compaction processes and environmental factors such as
temperature, pressure and relaxation time (Sarker et al., 2023). Mechanical conversion processes of biomass involve
physically transforming the structure of biomass. They consist of cutting, chipping, crushing, grinding, milling,
mechanical sieving and densification. Jekayinfa et al. (2020) explained that densification is a method of pressing
raw biomass to form solid fuels such as briquettes and pellets. Briquettes or pellets are formed at a high temperature
if no binder is employed. Several studies have explored biomass briquetting. Jekayinfa et al. (2019) examined the
influence of process and material factors on the water resistance of maize cob briquettes. The water resistance of the
generated briquettes ranged between 32.6 and 94.8% for die temperatures ranging from 90 to 120°C, hold times
ranging from 7.5 to 15 minutes, and die pressures ranging from 9 to 15 MPa. A higher die temperature increased the
water resistance of biomass briquettes. Additionally, extending the hold duration enhanced the water resistance of
the briquettes. They concluded that briquettes made with particle sizes smaller than 2.5 mm have a stronger water
resistance characteristic than those made with particle sizes larger than 2.5 mm.

In their study, Orisaleye et al. (2019) investigated the effects of geometrical factors (channel depth and helix angle)

and operational variables (friction coefficient, mass flow rate, and speed) on the performance and design of the
briquetting machine using a plug flow theory-based pressure model. The pressure model investigations revealed that
a short screw channel and very small helix angle caused substantial pressure buildup along the screw extruder
biomass briquetting machine. High friction at the barrel-material interface, low friction at the screw-material
interface, high screw speed, and a high mass flow rate all contributed to rapid pressure build up along the screw
extruder of the biomass briquetting machine. Ibitoye et al. (2021b) explained that mechanical conversion of biomass
(densification) is a process of compacting particles to produce solid fuels using pressure-driven methods such as
extrusion, screw press, piston press, hydraulic piston press, roller press, and pallet press and densification processes
are classified as high-pressure, medium-pressure, or low-pressure compactions. Briquetting, pelletizing, bailing, and
cubing are some common densification procedures. These techniques provide solid fuels with appropriate physical,
mechanical, chemical, thermal, and combustion properties, providing significant benefits in both home and
industrial settings.

According to Bychkov et al. (2019), mechanical treatment should examine the underlying processes rather than just
generating fine and ultrafine particles. Active surface radicals can be developed, hydrothermal chemical reactions
can occur, and mechano-composites can be formed during mechanical conversion process of biomass. When
applying mechanical treatment, it is critical to take into account interphase processes, surface growth, size effects,
crystal structure change, and amorphization.

Chemical Conversion

Chemical conversion mechanisms can be used to produce different biofuels from waste biomass through anaerobic
digestion, fermentation and transesterification. Anaerobic digestion (AD) is the process of transforming organic-
biodegradable waste, such as agricultural plant waste, food waste, sewage sludge, animal waste, secondary crop
waste, and others, into a valuable energy source while reducing their volume (Moustakas et al., 2020). Jekayinfa et
al. (2020) stated that anaerobic digestion is a process of converting moist organic matter into biogas in the absence
of oxygen. Research on production of biogas in biodigesters has been conducted by Adebayo et al. (2018), their
study revealed that biogas and methane yields drop as Organic Loading Rate (OLR) increases, with the highest
yields of 0.45 L/goS and 0.25 LCH4/goS at 2.5goTS/L.d. The average methane content in a Continuous Stirred
Tank Reactor (CSTR) with digested cow slurry was 57%. A 140-day CSTR experiment resulted in the development
of a kinetic model based on the first-order mass balance equation that might be beneficial for anaerobic digestion of
animal dung at thermopbhilic temperatures.

Ayodele et al. (2019) examined the power generating potential of hydrogen gas derived from steam reforming
biogas in six South Western Nigerian locations and reported an estimate of 0.411 million tons of hydrogen gas could
potentially be obtained, resulting in 19.46 million kWh annually. The method additionally achieved 94.33%
ecological efficiency, indicating that biogas steam reforming has a positive environmental impact. Fermentation is
the conversion of carbohydrates to ethanol by microbes. Otaraku et al. (2019) studied cassava fermentation for
ethanol production utilizing decaying oranges and palm wine microbes. The results showed that a 35%-45% starch-
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wet base was created. When zymomonasmobis was mixed with 10g of starch in 90ml of distilled water, the most
alcohol volume was produced. Saccharomyces cerevisiae and zymomonasmobis were combined to generate the
highest ethanol volume. The mathematical model equation developed had a great relationship with the findings from
the experiment.

Transesterification involves removing alcohol from one ester and replacing it with another using an acid or base
catalyst (Jekayinfa et al., 2020). The technique produces biodiesel from fatty acid methyl esters. Several scholars
have conducted laboratory studies on biodiesel generation using various oils. Ishola et al. (2020) demonstrated that
biodiesel can be produced from Nigerian palm oil employing batch reactors. Using methanol and a potassium
hydroxide catalyst, the biodiesel yielded 62.5%, indicating that it is possible for large manufacturing. The biodiesel
has a density of 0.884 g/cm3, a cetane number of 48.91, and a flashpoint of 208 °C, fulfilling the ASTM D975
Standard Specification for diesel fuels. Effiom (2023) examined how process parameters affect biodiesel production
using palm kernel shell oil (PKSO) and eggshell catalysts. The optimal conditions for maximizing biodiesel yield
were identified as a 3% catalyst concentration, a reaction time of 150 minutes, a reaction temperature of 65°C, a
methanol/oil molar ratio of 12:1, and an agitation speed of 300 rpm. Key fuel properties of the biodiesel, including
density, kinematic viscosity, flash point, fire point, cloud point, pour point, free fatty acid content, aniline point,
diesel index, API gravity, cetane number, and fuel calorific values were in the ranged of 0.8461 — 0.8831 kg/m3,
5.31 — 7.84 mm2/s, 97 — 141°C, 107 — 150°C, 4.14 - 6.5°C, 1.5 — 4.5°C, 0.318 — 0.931 mg KOH/kg, 45 — 52°C,
31.83 — 41.17, 28.165 — 33.258, 28.8313 — 41.1519, and 16 — 18%, respectively. These values fall within the
standard limits for diesel fuels, and highlight the significant influence of process parameters on biodiesel production.

Aworanti et al. (2019) aimed to identify optimal process factors for establishing an efficient and cost-effective
method for converting palm oil sludge (POS) into biodiesel. They used a combination of POS, methanol, and
potassium hydroxide (KOH) as a catalyst, applying the One-Factor-at-a-Time technique to determine the best
process variables for maximum biodiesel yield. The optimal variables found were a 12:1 molar ratio, 1.5wt%
catalyst loading, and a 30-minute reaction time, resulting in a biodiesel yield of 61.2%. The produced biodiesel met
EN 14214 and ASTM 6751 standards, with a density of 857.0 kg/m?®, kinematic viscosity of 5.38 mm?/s, flash point
of 180°C, pour point of -5°C, and an acid value of 0.17 mg KOH/g. Mayorga Betancourt et al. (2020) focused on
transesterification of palm kernel oil to produce fatty acid methyl ester (FAME) biodiesel with KOH as a catalyst.
The optimal conditions were determined to be 50°C, a 5.5 methanol/oil molar ratio, and 0.8 KOH%. FTIR
spectroscopy, gas chromatography, and ASTM quality control procedures were used to analysed the FAME's cold,
transport, and combustion characteristics. The reaction rate was calculated, and a reaction mechanism was proposed
based on the experimental findings.

Thermochemical Conversion

Thermochemical conversion is the production of energy from agricultural biomass by the application of heat and
chemical reactions. Thermochemical conversion technologies currently in use include carbonization, pyrolysis,
gasification, liquefaction, and combustion (Tursi, 2019). Biomass thermochemical conversion involves heat
application to decompose organic materials, cracking hydrocarbonaceous bonds, and converting them into energy
through processes like combustion, pyrolysis, carbonization, co-firing, gasification, and liquefaction (Brigagéo et al.,
2019). Pyrolysis is the fundamental basis of all thermochemical conversion methods, and the process involves
chemical reactions which produce solid "char,” liquid "bio-oil,” and gas "biogas" under oxygen-free or oxygen-
limiting environments. The gases and bio-oil are derived from the volatile biomass component, whereas char is
predominantly composed of fixed carbon (Jameel and Keshwani, 2017). The proportions of the different pyrolysis
products differ depending on the process of pyrolysis (fast, slow, or conventional) and the parameters of the
reaction.

Pyrolysis is the process of heating biomass in the absence of air and it is categorized into fast and slow pyrolysis
based on the applied heating rate. Fast pyrolysis has high heating rates and lower residence time, increasing bio-oil
yield. Slow pyrolysis has lower heating rates, resulting in higher solid yields or char. Slow pyrolysis is further
subdivided into carbonization and torrefaction and this subdivision depends on the operating temperature of the
process and the residence time. Basu (2018) stated that carbonization is an alternative to torrefaction, and is a
process that employs higher temperatures and longer residence times to produce a highly carbonaceous product. The
final product from any of the two slow pyrolysis processes is commonly referred to as "char," whilst charcoal is
used exclusively for carbonization products. Purwanto et al. (2018) reported that charcoal is a highly carbonaceous
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substance that is meant to be used as a fuel and can be employed as a reductant in the metallurgical production
during the melting and sintering operations.

Carbonization (pyrolysis) is the heat degradation of lignocellulosic agricultural biomass in an inert environment in
the absence of oxygen. Biochar, bio-oil, and gases are the end products of carbonization. The products of
carbonization (pyrolysis) are determined by the process's operating temperature, residence time, reactor type, and
heating rates (Sa et al., 2020). According to Amer and Elwardany (2020), carbonization is the process of
transforming waste biomass into carbon/energy-rich charcoal. Char is formed by a carbonization process in which
biomass is burned to high temperatures in an inert environment until absorbed volatiles are released, hence
increasing its heating value and energy content (Amer and Elwardany, 2020). Majority of the energy generated from
agricultural waste in Nigeria is through combustion techniques. Nigeria's ineffective combustion technologies waste
energy, especially in rural areas where cooking using biomass through combustion is the practice. Some studies
carried out by different researchers revealed that the combustion of agricultural waste (biomass) result in inefficient
energy in the process. Among the researchers are; Bello et al. (2015) who in their study found out that sawdust
stove, charcoal stove, and three-stone stove operating on firewood, in turn, had efficiencies of 52.64%, 64.38%, and
34.56%, respectively. Gujba et al. (2015) also noted that the efficiency of fuelwood, charcoal, and agricultural
residue used for cooking were 18%, 22%, and 10%, respectively. These figures are lower than the efficiencies of
kerosene, liquefied petroleum gas, and electric stoves, which range from 55% to 95%. It is consequently necessary
for the nation to embrace advanced combustion technology (Ofori et al., 2018).

In Nigeria, carbonization, pyrolysis, and torrefaction remain at the laboratory scale. Ola and Jekayinfa (2015) and
Ola and Jekayinfa (2014) studied sandbox (Hura crepitans) shells, discovering that variations in temperature,
heating time, and feedstock particle size significantly influenced biochar yield. Fuwape and Faruwa (2016)
conducted torrefaction on wood samples from Pinus carrebea and Leucaena leucocephala, examining how
temperature affected the physical and combustion properties of the products. Garba et al. (2014) and Adeleke et al.
(2019) performed torrefaction studies on rice straw and woody biomass (Melina and Teak wood), respectively,
exploring the impact of different temperatures and residence times. Farrow et al. (2018) analyzed the characteristics
of char produced from cassava peelings, while Onifade et al. (2017) conducted a characterization of bio-oil derived
from palm fruit fiber and physic nut shell. Similarly, Okekunle et al. (2019) evaluated pyrolysis products obtained
from different wood sources, including Gmelina arborea, Anogeissus leiocarpa, Parkia biglobosa, and Adansonia
kilima.

Physicochemical Conversion

Physicochemical conversion of biomass refers to a set of integrated processes that combine chemical and physical
treatments to transform organic feedstocks, such as agricultural wastes, food waste, and wood chips, into value
added products including energy, chemicals, and biofuels. By combining mechanical, thermal, and chemical
methods, this conversion pathway improves biomass decomposition and makes it easier for it to be broken down
into smaller parts that can be further refined into advanced materials or used more effectively for energy production.
Physicochemical conversion uses multistage processing techniques intended to promote biomass decomposition,
increase downstream energy recovery efficiency, and maximize total product yields, in contrast to exclusively
biochemical or thermochemical approaches (Durak, 2023, Wozniak et al., 2025). Chen et al. (2024), explain that
physicochemical characterization of biomass is essential for effective conversion, as physical pretreatment methods
such as size reduction and mixing play a critical role in feedstock preparation. These processes increase surface area,
improve homogeneity, and enhance heat and mass transfer, thereby improving reaction efficiency, reducing energy
demand, and supporting uniform chemical conversion (Das et al., 2023, Chen et al., 2024).

Chemical techniques such as catalysis, solvent extraction, and supercritical fluid technology are integral to
physicochemical biomass conversion, enabling efficient transformation of biomass into fuels and valuable chemicals
(Wu, 2025). Key processes include liquefaction, supercritical fluid extraction, transesterification, and solvolysis,
which operate under relatively moderate conditions and offer high selectivity and product yields across diverse
biomass feedstocks (Li et al., 2024a). Although the integration of physical and chemical methods enhances
conversion efficiency and versatility, these processes often require significant energy input and extensive
pretreatment, increasing operational complexity and cost and potentially offsetting their environmental benefits at
large scale (Khandaker et al., 2025, Kashif et al., 2025).
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Bio - chemical Conversion

Biochemical conversion processes, including fermentation, anaerobic digestion, enzymatic hydrolysis and
compositing, breakdown of biomass organic matter without oxygen under relatively mild operating conditions.
Adeoye et al. (2023), Sarker et al. (2025) reported that biochemical conversion of biomass involves using biological
agents, such as microorganisms and enzymes, to break down organic materials into biofuels or other valuable
products. This process typically employs pathways such as anaerobic digestion and fermentation. Wu (2025), stated
that biochemical conversion is more sustainable and environmentally friendly option than thermochemical processes
because it uses biological agents instead of heat, and it can handle wet biomass, operate under ambient temperature
and pressure, and exhibit greater selectivity for desired products. The biochemical method is effective for energy
recovery from biomass because it uses the entire biomass without the need to isolate specific macromolecules (Wu,
2025). As a result, biochemical conversion operates under relatively mild conditions. Typical biochemical
conversion routes include anaerobic digestion and fermentation (Li et al., 2024b). These pathways enable the
transformation of biomass into a range of valuable products, including bioethanol, biogas, hydrogen, and other
chemical compounds. Wang et al. (2024), give example of biochemical conversion as, anaerobic digestion which is
widely employed for the production of methane-rich biogas, which serves as a renewable energy source obtained
from organic waste materials. In contrast, fermentation is mainly utilized for converting sugars into bioethanol, a
commonly used biofuel (David et al., 2023, Devi et al., 2023, Tong et al., 2024). Most advanced technologies
remain at laboratory or pilot scale, with limited industrial deployment in Nigeria.

3.3 Obstacles and Future Prospects
Obstacles for Biomass as Alternative Energy Source
There are several obstacles that may hinder utilizing biomass for energy in Nigeria. These include:

i Inadequate transfer of technology and localization: Energy technology equipment is largely imported due to
limited technology transfer and undeveloped manufacturing industries, resulting in significant foreign
exchange spending (Benti et al., 2021). In rural areas, there is a lack of equipment and infrastructure for
preserving and converting biomass for energy generation and cooking application.

ii. Food insecurity: Energy crops, such as sugar cane, corn, and maize, are essentially food crops. Using them
for energy production creates competition with food production, which is crucial for feeding the people and
reducing food prices (Prasad and Ingle, 2019).

iii. Land availability and right: The bioenergy industry requires large land for the energy corps to plant.
Furthermore, the Land Use Act of 1978 grants land ownership on state governors in Nigeria (Olujobi et al.,
2022). They hold the land in their states in trust for the people. Without the consent of the state Governors,
this could hinder large-scale farming and limit the availability of essential resources for bioenergy
production by private investors and the Federal Government (Olujobi et al., 2022).

iv.  Air and waste pollution: Smoke from burning agricultural waste and wood is a significant contributor to
poor air quality and health hazards. Using biomass and firewood as a cooking fuel exposes women to
fumes, which can cause respiratory problems (Bede-Ojimadu and Orisakwe, 2020). According to Olujobi et
al. (2021), untreated animal manure used for biofuel can significantly harm the environment when present
in large quantities. Feedlots generate waste that is more concentrated than raw domestic sewage, and if this
waste contaminates the water supply, the effects can be catastrophic.

V. Inadequate collaboration among institutions: Nigeria's waste disposal data is often unavailable or
unpublished by environmental regulatory bodies due to insufficient waste management regulations and
political will, as well as the Federal Government's commitment to converting waste into energy for
industries (Adekola, 2020).

Vi. Initial cost of investment: Renewable energy technology seems to be more lucrative than typical fossil fuel
generation since it is a new technology but it may require significant investments to get started (Breyer et
al., 2022).

Future Prospects of Biomass as Alternative Energy Source

Biomass, as renewable energy may provide significant prospects if adopted by all stakeholders, including
governments, commercial corporations, civil society, and non-governmental organizations. Implementing and
enforcing policies for sustainable energy for all (SE4AIl) can lead to prospects such as job creation, technological
advancement, economic growth, and attracting foreign investors (Levi-Oguike et al., 2019). Employing renewable
energy can help reduce greenhouse gas emissions. Nigerians are meeting the Kyoto Protocol's goal of lowering
fossil fuel emissions through biomass adoption, but they are also seeking a reform of energy policy owing to worries
about the outlook, security, and variety of energy sources used for power generation (Onwumelu, 2023). Atta et al.
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(2016) opined that energy from waste disposal plants might play an insignificant but crucial part in generating power
and providing heat to communities. With fossil fuel costs rising in recent years, the prospects for biomass waste
components for energy shall continue to rise.

Converting waste to energy will enhance air quality, reduce emissions, and support the acquisition of carbon credits
and compliance with international climate agreements, among other benefits (The World Bank 2013, as cited in
Ibrahim et al. (2021)). This ecological waste management strategy will put an end to the uncontrolled collection and
dumping of waste. It will significantly advance Nigeria’s energy integration and help subsidize future energy access
(Olujobi and Olujobi, 2020). Given a decline in fossil fuel reserves and the negative environmental impacts
associated with fossil fuels, biomass-based energy production in Nigeria has the potential to become economically
viable. Biomass, produced mostly from plants, can sustain itself as long as fertile soil, water, sunlight, and carbon
dioxide are available (Herrmann et al., 2018). Biomass is gaining popularity as a renewable energy source due to its
low cost, domestic production, and environmental benefits. It is easier to sustain than other energy sources since the
majority of resources come from waste materials, which is less expensive to acquire. This makes biomass an option
for energy production since it minimizes greenhouse gas emissions and supports green pasture growth. However, a
better knowledge of the economic and environmental consequences of bioenergy pathways is required for their
efficient usage in the energy industry and local prosperity

4.0. Conclusion

This review demonstrates that Nigeria possesses significant biomass resources capable of contributing to national
energy needs. However, a substantial gap exists between resource availability and actual utilization. The study
highlights that overcoming technological, economic, and policy barriers is essential for unlocking biomass potential.
A transition toward modern biomass conversion technologies, supported by strong institutional frameworks, is
necessary for sustainable energy development. Biomass is a renewable energy source that can be used to heat, chill,
produce power, and transport fuel. Nigeria has 77.8% of its land accessible for biomass energy production, yielding
an estimated 2.33 EJ of energy from biomass resources. Using bioenergy in Nigeria may reduce dependence on oil.
In Nigeria's energy sector, biomass which includes agricultural residues, wood and animal dung is essential. It is
mostly utilized in rural areas for cooking and heating, and can also be used for power production, but its full
potential is still mostly unrealized. One of the main obstacles is the lack of modern technologies and infrastructure
for biomass conversion. Traditional biomass utilization methods often result in inefficient energy production and
pollution of the atmosphere. The adoption of advanced technologies such as biomass carbonization, gasification and
biofuel can enhance energy efficiency and reduce environmental impacts.

Nigeria has significant potential for biomass as an alternative fuel energy source, but challenges include the need for
policy frameworks and financial incentives. The government should establish supportive policies like feed-in tariffs,
tax incentives, and research grants to encourage investments in biomass projects. Collaboration between public and
private sectors is crucial for a favourable environment. Nigeria's abundant agricultural resources can serve as
sustainable feedstock for biomass production, contributing to waste management, rural development, and job
creation. Realizing biomass's potential requires a comprehensive approach, including technological advancements,
policy reforms, capacity building, and public awareness campaigns.
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