Review Article
Published: 2025-04-17
https://doi.org/10.20935/AcadEnergy7593

:,,; ACADEMIA
* GREEN ENERGY

Harnessing bioenergy for sustainable and balanced
energy generation in Nigeria

Tochukwu Nicholas Ugwu"*, Henry Madubuike®, Augusta Anuli Nwachukwu', Chidinma Ogochukwu Ukachukwu?,
Nnenna Nwajagu*, Tochukwu Ekwutosi Ogbulie'

Academic Editors: Halil Durak, Amjad Anvari-Moghaddam

Abstract

Sustainable energy generation plays a key role in a nation’s development. In Nigeria, energy is mainly generated from fossil sources such
as natural gas reserves. However, fossil sources pose several environmental and health risks. The use of fossil fuel is characterized by the
release of greenhouse gases into the atmosphere, with negative impacts on land and water environments. Furthermore, the increasing
human population and increasing scale of industrialization are placing a demand on energy generation in order to remedy the persistent
energy shortages currently experienced in the country. In this study, we review alternative platforms for energy generation, with a focus
on bioenergy as a dependable option for balancing electricity generation in Nigeria. We highlight the technical processes of bioenergy
conversion, the economic impact of bioenergy mixes, and the potential for biogas to complement Nigeria’s national grid. Challenges
such as inadequate technology, a lack of investment, and policy limitations are considered, along with recommendations for advancing
bioenergy adoption. This study concludes that mixing bioenergy into Nigeria’s energy system can improve the availability of electricity

and reduce dependence on fossil fuels, thereby facilitating a cleaner environment and viable economic growth.
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1. Introduction

Oil and gas have long been the main sources of energy, revenue,
and foreign exchange for Nigeria [1]. However, the advantages do
not negate the negative effects of fossil fuel energy. The impact
of fossil fuel use is well reported within the Nigerian states. For
example, gas flaring and venting are associated with oil production
that results in serious environmental concerns [2]. In recent years,
there has been a global shift from fossil fuel energy to a sustainable
alternative; this shift is also linked to the environmental and health
impacts associated with greenhouse gas emissions and depleting
fossil fuel reserves [3]. Energy production is a crucial element in
spurring economic growth through industrialization, which neces-
sitates a sustainable approach to mitigate the negative impacts
of current production [4]. However, Nigeria’s energy supply from
fossil sources has not been sufficient to cater to the energy needs
of her growing population, thereby creating a wide gap between
energy demand and supply [5]. Energy is needed for cooking,
lighting, electrical appliances, water supply, healthcare, and office
spaces, and most citizens now depend on petrol- or diesel-powered
generators for electricity [6]. Independent/off-grid electricity gen-
eration is twice as expensive as national-grid-supplied energy [7].
Only about 40% of Nigeria’s population has access to electricity,
with the current electrical system generating an installed capacity
of 12,555 MW. Several homes are currently not benefiting from the

national grid and rely on unsustainable energy sources for daily
activities [8, 9]. In addition to privately owned petrol- or diesel-
generating machines, the installation of solar panels for generating
electricity is gaining attention [10]. Solar panels capture the sun’s
energy via solar radiation for electricity generation. Energy derived
from renewable sources such as the sun, wind, and biomass are
naturally and rapidly replenished. Furthermore, renewable sources
do not produce greenhouse gas emissions and are not threatened
by finite reserves [11]. Solar energy is presented as a sustainable
alternative for salvaging the dilapidating state of Nigeria’s energy
system. However, significant technological development is needed
to overcome the associated strategic and financial challenges [11].
Currently, the financial burden of acquiring a solar system is not
affordable for the majority of the population, and there are no gov-
ernment incentives to help low-income families acquire such a sys-
tem [12]. Furthermore, the materials for installing solar systems,
including the battery system, are currently being imported from
other countries and subject to international trade agreements and
government policies on importation, which could pose a challenge
to the use of the corresponding solar systems [13]. Nigeria boasts
the presence of diverse raw materials, which could be adopted
as resources for the development of alternative energy sources.
Harnessing internal resources would not only provide access to
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sustainable energy but create jobs for the growing population and
improve the nation’s gross domestic product (GDP).

Integrating renewables into the nations’ energy mix is a viable
option for achieving energy balance. Biomass represents a viable
platform for developing sustainable energy. Biomass is a renewable
resource and provides the additional benefit of recycling biolog-
ical waste, such as waste from agricultural farms and household
gardens. Harnessing biomass for sustainable energy development
has been a subject of research in areas such as biomass pretreat-
ment and bioprospecting for novel hydrolytic enzymes [14, 15].
This review focuses on anaerobic digestion and its contribution in
achieving balanced energy generation. Anaerobic digester plants
are designed for the anaerobic degradation of organic biomolecules
for the generation of biogas and biomethane using microorganisms
in the absence of oxygen [16]. This process can be used on a large
or small scale to produce energy and manage waste, making it
an option for small-scale energy production applications, such as
in supporting the energy needs of small and medium enterprises
and fulfilling household energy needs. Anaerobic degradation is
broadly utilized as a foundation for biochemical energy conversion.
This method generates end products such as bioethanol and biogas,
which are made up of methane, carbon dioxide, sulfur, and other
trace elements. The biogas produced is used in the transport sector
as fuel and cooking gas as well as in the electricity sector in the form
of biomethane [17]. The digestates are also useful in biofertilizer
production. Biomass is a form of carbon source that can serve as an
alternative to fossil fuels. Owing to the diverse conversion models,
biomass sources account for 14% of the overall energy sources,
compared to 5% for other renewables, and they comprised 75% of
renewable energy on a global scale in 2012 [18]. Biomass energy
has shown potential in efficient energy and electricity generation
and is critical to tackling climate change [19]. According to [20],
biomass energy accounts for 61% of all the energy provided through
renewable sources in Germany, with the prospect of leading to an
equivalent reduction in the use of 54 million tons of carbon diox-
ide. Furthermore, Nigeria’s renewable energy and energy policy
intends to add 23,000 MW of renewable energy to the existing
energy mix [21]. This review highlights and elaborates the potential
of harnessing biomolecules from plant biomass for energy and
electricity production.

2. Energy use and economic impact

Socioeconomic development in any country is strongly linked to
the availability and accessibility of sustainable energy sources,
and it is reflected in the measure of energy consumption. Nigeria
boasts a growing population (currently over 220 million), with
a rapidly expanding economy, which has resulted in a massive
increase in the demand for energy [22] in various sectors, such
as households, industries, commerce, transport, and agricultural
production, constituting a consistent trend. Hence, an increase in
energy generation will accommodate the increase in the energy
needs of the population. Unlocking and using renewable energy’s
full potential through its improvement will increase energy produc-
tion. The inclusion of renewable energy sources in energy systems
has been suggested, as it has the potential to reduce greenhouse
gases while also improving energy generation. This transition is
also beneficial for economic development, as it provides greater

access to energy [23]. Electrical power—a form of energy—has been
identified as a major limitation to Nigeria’s economic growth and
greatly influences the distribution of industries in the country [24].
Nigeria has an abundance of the raw materials required to develop
enough energy to meet the present and future energy demands;
however, it still has limited power available for household and
industrial use. A large percentage of citizens (about 95 million citi-
zens) still receive an irregular supply or no power from the national
grid, and fuel scarcity/the industrial action of oil workers are re-
current events, demonstrating the nation’s local energy challenges.
Nigeria produces about 12,000 MW of electricity, with 85% of its
electrical production fueled by natural gas. The current production
output is below the installed electric production capacity of 12,500
MW. This underutilized production capacity, resulting in a reduced
electricity supply, is attributed to operation and transmission con-
straints and deliberately damaged gas pipelines [7]. Considering
the structural challenges hindering electricity generation, trans-
mission, and distribution, as well as their impact on economic
development, an alternative sustainable energy source is needed to
support Nigeria’s energy needs. The federal government of Nigeria
has set up a National Renewable Energy Action Plan (NREAP) in
order to ensure the provision of grid-connected renewables with
a production target of 13,800 MW of electricity by 2030 [25].
The technology for generating solar energy has advanced in recent
years, while the direct use of biomass is mostly practiced in rural
communities where a national grid supply is mostly inaccessible.
The major disadvantage of the latter is its detrimental effect on the
ecosystem and soil structure. The direct use of biomass produces
large amounts of smoke, which claimed the lives of about 95,000
Nigerians in 2011 [7]. The technology required to convert and
advance the utilization of bioenergy is being used in countries
such as Germany. Nigeria can purchase and install such technology
with the help of trained personnel to improve electricity generation
through bioenergy. The scale of bioenergy utilization in electric-
ity generation is low, even though there is potential considering
the available materials for production. However, there has been
improvement in solar installations across the country. Conversely,
Figure 1 shows a comparison of the utilization of renewable energy
from different countries, which indicates that Nigeria has yet to
harness its potential in the renewable energy sector. It suggests that
Nigeria’s renewable sector has yet to develop, and the only country

lower in this respect appears to be Ghana.
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Figure 1 o Electricity generation from different countries. Source:
IRENA, 2018 [26].
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2.1. Bioenergy conversion system

An increased use of renewable energy has been observed, with
biomass making up 10% of the total global energy demand [27].
Biomass energy can be converted into different types of bioenergy
that can replace fossil fuels in energy-driven sectors. Furthermore,
energy from biomass is flexible because it can be stored and used
when needed. This quality is important, especially in comparison
to the other, unstable renewables [17]. Generally, the principles
and concepts guiding bioenergy production differ in the sense
that there are biochemical, physicochemical, and thermochemical
conversion processes used for the production of different biomass
energy phases, as shown in Figure 2. In addition, biochemical
conversion involves the use of anaerobic digestion and the fermen-
tation of organic matter into biogas and bioethanol, and physico-
chemical conversion involves the use of oils extracted from seeds
for energy production, like pyrolysis oil, while thermochemical
conversion involves the use of solid biomass for energy production,
e.g., concerting wood to charcoal. Synthetic natural gas, hydro-
genated biofuels, and biomethane can be obtained via advanced
processing; therefore, it is possible to use different channels for
bioenergy provision. It has been proven that the energy obtained
from biomass can be applied in combined heat and power systems,
the transport industry, and electricity provision [12]. According to
the International Energy Agency [18], biomass energy accounts for
14% of the total primary energy, as opposed to the 5% contributed
by other renewable energy sources. Moreover, Germany consumes
about 61% biomass energy, and this energy has contributed to an
approximate 37.2% reduction in the use of greenhouse gases [20].
The abundance of agricultural biomass in Nigeria can influence
energy generation positively, as it is underutilized. Its availability,
without being properly channeled to useful ventures, contributes to
environmental waste. The anaerobic degradation processes used to

generate biogas have long been applied in different countries. The
adoption of such processes in Nigeria will aid in the advancement
of its energy system. This highlights the importance of agricultural
residues to Nigeria’s electricity generation system.

2.2, Agro-waste transformation route

Nigeria produces a significant amount of agro-waste after harvest.
This agro-waste is left to decay, constituting an environmental
hazard because of contaminating the atmosphere with pungent
odors. Some of these wastes are renewable energy material because
of their bioenergy potential. However, the process of extracting
the embedded energy is referred to as anaerobic digestion. This
is a variation of a biochemical activity that is exploited for waste
management and energy formation. There are four essential steps
involved in anaerobic digestion: hydrolysis, acidogenesis, aceto-
genesis, and methanogenesis. Biochemical activities comprise the
degradation of constituents, which converts biomass into smaller
molecules. The conclusion of anaerobic degradation leads to the
formation of methane, carbon dioxide, etc., which are referred
to as biogases [28]. Hydrolysis is essentially the breakdown of
biomass in the presence of a catalyst and water. This process allows
the biomass to be disintegrated into substrates, which include
proteins, carbohydrates, fats, and sugars. However, these products
are also further degraded into amino acids, fatty acids, and sugars.
This is because there is a need to enter the next stage of breakdown,
which is fermentation. The process of fermentation occurs in an
acidic pH medium; therefore, the organisms involved in this stage
of degradation have the capacity to survive in such an environment.
The products of fermentation, which include volatile fatty acids,
carbonic acid hydrogen, carbon dioxide, etc., will still need to be
broken down further, as the goal is to produce methane. There-
fore, acetogenesis, a process in which these organic molecules
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form acetic acid, hydrogen, and carbon dioxide via acetoclastic or
hydrogen-syntrophic organisms, takes place. Furthermore, these
products of acetogenesis are introduced in the methanogenesis
stage, where they are converted by methanogenic organisms to
form biogas. The intricacies of the formation of biogas have been
reported by [19, 29, 30] in relation to the different roles performed
by microorganisms and the environment. However, [31] reported
that, with the optimization of augmented plant biomass, the possi-
bility of efficient biogas production is dependent on the microbial
community and environmental factors. Different microorganisms
contribute to various stages of anaerobic digestion. Moreover, bio-
gas produced through anaerobic digestion processes can be used
for different applications; for example, biogas is used as transport
fuel, injected into the electricity grid, upgraded to biomethane, etc.

2.3. Biogas digesters

Different types of digester plants can be designed, constructed,
and used for anaerobic digestion. They can be categorized into two

types:

(A) Batch digesters: Here, the substrates are introduced into the
digester and allowed to degrade within a specific time frame.
The period given for complete degradation is dependent on
the characteristics of the substrates involved. Generally, the
period is usually within 30—70 days.

(B) Continuously fed digesters: In this case, the digester is con-
structed to accommodate the continuous loading of the sub-
strates. These substrates are usually introduced to the digester

on a daily basis, while the degraded substrates are passed out
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through an outlet chamber. Therefore, the degradation period is
not considered during the use of this bioreactor (Figure 3).

However, biogas digesters are not limited to the two aforemen-
tioned types. They are also categorized in consideration of the
substrate’s characteristics. In view of the total solid (TS) character-
istics of the substrates, biodigesters are categorized into two types:
liquid- and solid-state anaerobic digesters; the former operates
with about 15% maximum total solids, while the latter operates
with 15% minimum total solids [32]. The liquid-state type is more
reliable for substances with high moisture content, such as wastew-
ater [33]. Materials that are watery are suitable for a continuous
stirred-tank reactor (CSTRs) due to its capacity for simultaneous
operation. The substrates can be fed while the digestate is being
removed. This digester can process solid substrates, but it has
poor performance for lignocellulose materials due to its capacity to
form a detached layer on the liquid. The upflow anaerobic sludge
blanket (UASB) reactor, a single-stage reactor, was designed to
treat high-rate sewage wastewater [34]. This reactor was developed
to abate microbial washout through the separation of the solid re-
tention time (SRT) and hydraulic retention time (HRT). However,
it is proficient in processing lignocellulose-rich substrates with less
water and energy input for mixing and heat [35]. The plug flow
digester is a type of digester that was designed to handle viscous
material. The batch digester is also appropriate in the processing
of lignocellulose materials. The process requires the digester to
be loaded with the substrate and left for a specific period before
discharging the digestate. A significant application of this process
includes a series of batch digesters with filtration and without a
power-driven mixer, which can be utilized for the degradation of
single-energy crops [36]. Consequently, digester performance is
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Figure 3 o Floating gas-holder-type biogas digester plant. Reproduced from [37].
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unique to the substrates and the design, as the particular design
of a digester cannot be applied across different substrates.

3. The impact of bioenergy in balancing
electricity generation

Different countries are gradually shifting to renewable energy,
of which bioenergy is a component. Biogas is mostly utilized for
electricity, heat, and transportation fuel production. Brazil, for
example, converts about 85% of its biogas to electricity, and about
55% of the biogas produced in Germany is used for electricity
production. In Norway, the biogas produced is mostly utilized
as vehicle fuel [38]. In Nigeria, biogas production for injection
into the electricity grid is yet to be materialized; nevertheless, the
country has immense potential for bioenergy use as the resources
are readily available and cheap. As shown in Figure 4a, biofuels
and waste are utilized for domestic energy production in Nigeria
but not channeled into electricity generation, and there has been a
continuous increase in the energy generated from biofuels. There-
fore, it has become pertinent to include bioenergy in the electricity

grid, as the existing scale of electricity production from the grid is
inefficient. These gaps can be filled with proper bioenergy produc-
tion processes. The majority of Nigeria is in dire need of energy,
and the inconsistencies in electricity production have influenced
the economic output of the country and impacted the populations
that require this energy. Therefore, the utilization of bioenergy for
the electricity balancing of the grid is of fundamental importance
to the country. Although the focal role of bioenergy in electricity
balancing is not contentious, there are other renewable energy
sources that can compete with bioenergy, such as solar power and
hydropower systems. However, their utilization will depend on the
needs and demands of local people. Consequently, the present state
of bioenergy utilization as a balancing option in the electricity grid
in Nigeria has not been fully exploited, probably because of the
lack of technological advancements and the training of personnel.
According to the [38], about 75% of the electricity consumed in
Nigeria is mainly obtained from natural gas, while the remaining
25% is from solar and hydro energy, as presented in Figure 4b.
As the population has little awareness of these energy processes,
there is very little willingness to harness the potential of renewable
energy. Nonetheless, with the introduction of government policies,
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Figure 4 o (a) Evolution of total electricity consumption in Nigeria since 2000. (b) Electricity generation sources in Nigeria, 2022.

Source: IEA, 2022 [38].
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incentives, regulations, and interventions to help bioenergy to
thrive, the attraction of investment might increase in this sector, as
government programs aim to increase awareness and make it easy
for businesses to become involved [39]. Moreover, considering the
forest plantation distribution of lands per state in Nigeria, there
will not be a lack of feedstock for bioenergy use as all the states
have the potential to engage in bioenergy production.

4. Biogas conversion pathways

Biogas conversion pathways are processes that illustrate biogas
energy utilization systems. The application processes are in ac-
cordance with the objectives of their production. However, biogas
must be produced before it can be used for appropriate consump-
tion. Dzene et al. [40] highlighted various ways that produced
biogas energy can be made available for usage. There are five
essential ways this gas can be utilized: heat production, combined
heat and power generation, grid injection for heat, grid injection for
combined heat and power, and grid injection for transporting fuel.
More specifically, the applications can be broken down as follows:
a. the use of biogas for heat production; b. the conversion of biogas
for combined heat and power generation; c. the use of biogas in
natural grid injection for heat production; d. the use of biogas in
natural grid injection for combined heat and power generation;
and e. the use of biogas in grid injection for the transport sector.
Upgrading biogas to biomethane is essential for grid injection
and the transportation sector. Consequently, biogas energy can
be utilized directly to produce electricity and heat or upgraded to
biomethane to be injected into the natural gas grid for storage, and
in this form, it can also be used for electricity and heat production.

4.1. Biogas supply based on demand

The model of biogas availability, when required, should be em-
braced, especially in Nigeria’s energy sector. It has been ascer-
tained that biogas can be generated to balance power and cover
peak loads in electricity generation. In the case of excess energy
production, it can be stored at the production site for a short period
of time or upgraded to biomethane to be infused into the natural
gas grid; Figure 5 summarizes this process. This is the concept
behind flexibilization. This process drives the maximum utiliza-
tion of biogas energy for electricity production. Dzene et al. [40]
reported that addressing the demand for flexible biogas depends
on substrate compositions, feeding rates, and biogas digester plant
design. However, a biogas storage system is more suitable for a
short period (8 h per day), while a biogas upgrade system applies

more to a longer period (72 h) based on cost analysis [41]. The
reliability of biological processes should be a priority in any pro-
gram targeting the flexibilization options, as the biological methods
have demonstrated themselves to be dependable and not easily
influenced by any rapid changes [42, 43]. Electricity produced
from biogas is most often used to augment an existing electricity
plan and, as such, is based on the reaction and duration time of
the demand. Therefore, rapid, average, and extended periods are
considered during operation.

4.1.1. Rapid variability (response time: 15 min
maximum; period: up to numerous hours)

This sort of demand is attained through the shutdown of or an
extensive reduction in the operational performance of a combined
heat and power machine for a brief period, mostly up to one
hour but also, in certain circumstances, several hours. Negligible
modifications to the operation of an entire plant are required for
efficient execution. During this process, control technology is a
necessity as a recurrent start-up operation has to be maintained.
The desired period for the shutdown depends on the stored gas
available. However, due to this change, there is a possibility of nom-
inal load waste. Therefore, a minute overcapacity of the storage
system is essential to cushion the effect on the supply.

4.1.2. Average variability (response time: 15 min
minimum; period: weekly schedule)

In this case, the distance and the extent of load rotation are
greater compared to those for rapid tractability. The modification
is initiated within a day or two. According to the situation, further
improvement may be required to sustain the demand. Therefore,
aside from the overcapacity of gas consumption and an adequate
storage system, an enhancement of the appropriate feeding super-
vision and biological control system is needed. The total installa-
tion carried out on site has to correspond to the necessary load
requirements. Coherence should exist between installations and
the condition for the load variation; the utilization of surplus heat
might require an additional installation.

4.1.3. Extended variability (response time: per season;
period: months)

In this case, the energy requirement condition is adjusted for the
long term. The motives for this process could include seasonal ad-
justments, such as the consumption of electricity loads from wind
and solar power, especially during periods of prolonged adverse
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weather conditions. The seasonal operations should be reflected
in the operational capacity and on-site installations of equipment.
However, the reliability of production depends on constant op-
eration, as an immediate adjustment to the operational process
could lead to failure. Therefore, the application of this mode is not
feasible for increasing the critical industrial load as a quick backup
for electricity generation.

4.2. Biogas-based electricity production

There are essentially two ways to use biogas to produce electricity,
as depicted in Figure 6. A: Electricity can be generated through a
combined heat and power engine to produce heat and electricity. B:
biogas can be upgraded to biomethane for injection into the natural
gas grid to produce electricity from biogas off-site [18]. Jentsch
et al. [44] presented the prospect of employing different options
in a single plant, which fundamentally depends on the flexibility of
the biogas production system. A combined heat and power engine
can be built to alternate between two phases during electricity
generation. Biogas can be converted to electricity using a combined
heat and power engine when electricity production is insufficient,
while during periods of excess electricity production, the combined
heat and power engine can switch to upgrading biogas in order to
inject it into the natural gas grid. This is referred to as ‘dynamic
biogas upgrading’. This dynamic upgrading process establishes the
efficiency of balancing intermittent electricity generation. How-
ever, biological methods of biogas production appear to be highly
sensitive to changes during the process [41]. The combined heat
and power unit of the biological process can take days or weeks
to shut down and restart depending on the electricity needs at a
given time; its counterpart can be shut down and restarted within
minutes. Hence, one limitation of this biological process is that it
depends on the type of bioreactor and substrate characteristics.
The microorganisms involved in the process must be stable, while
minimum feeding and relentless mechanical operation should be
regularly verified and maintained to circumvent failure.

4.3. Upgrading biogas for biomethane formation

Biomethane formation is principally achieved through upgrading
biogas. The process of upgrading biogas involves eliminating the
impurities in the biogas produced so that they can be used in
grid injection and the transportation industry, making the prod-
uct accessible for wider usage. There are essentially two types of

biogas-upgrading processes: (a) dynamic biogas upgrading and (b)
conventional biogas upgrading. The difference between the two
categories is demonstrated in the operational approach used for
combined heat and power engines. Jurgusen et al. [45] further
stated that during dynamic upgrading, excess electricity produced
as a result of a reduced demand is channeled to produce hydrogen,
which is used to convert CO, obtained from biogas production to
synthetic natural gas (SNG). This process is known as methanation.
There are two possible ways that the methanation of biogas can
be achieved, i.e., (a) methanation in the presence of CO, and (b)
methanation via CO2 recovered during biogas upgrading. Further-
more, there are two types of methanation: chemical and biological
methanation. Chemical methanation is the catalytic conversion
of hydrogen and carbon dioxide under higher temperatures and
pressures to produce methane and water. This process, known as
the Sabatier process, is utilized in the production of synthetic gas
(syngas). The hydrogen required for this reaction is obtained from
water electrolysis or anaerobic digestion.

CO5 +4H, = CH4 + 2H,0

2H>0 = 2H> + 02

4.4. Biological methanation

Biological methanation has been suggested as one of the ap-
proaches to providing electricity through grid injection. This type
of methanation process involves the use of microorganisms engag-
ing in biological processes in an anaerobic digestion system [46].
The microorganisms serve as biocatalysts for the adaptation of
hydrogen and carbon dioxide into methane. The equation below
depicts the biological methanation process:

4Ho 4+ CO2 = CH4 + 2H-0

Biological methanation microorganisms have a considerable toler-
ance for impurities, which, in this case, are gases released during
the methanation process, e.g., sulfur, ammonia, etc. The microor-
ganism methanation process also occurs within a low temperature
range of about 40 °C to 70 °C. Furthermore, biological methana-
tion can be performed in two ways:

Electrolyzer Biogas Reactor

Biogas Reactor

H: CH4

CH, Biological/Catalytic /
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* 5
Heat

Natural Gas Network
Power
=
Transport
Heat
Power

Figure 6 ¢ Pathways for generating electricity through biogas. Source: IEA, 2013 [18].
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a. In situ biological methanation

Here, hydrogen is supplied straight to the biogas digester. The
digesters of biogas plants can be used for the power-to-gas (PTG)
process system. Hydrogen is fed directly to the biogas digester. The
carbon dioxide (CO.) produced during the digestion of the biomass
isthen converted to methane (CH,) via an in-situ method, as shown
in Figure 7a. The biogas produced has a high methane content and
calorific value. The degree of CO. production determines biogas
formation. However, the CO, conversion process is challenging,
and the methane formation rate is limited. Total conversion of
the produced CO., is challenging. However, [47] reported on the
significance of balance concerning in situ biogas production as a
consequence of hydrogen partial pressure, which, in an elevated
state (hydrogen injection), destabilizes the system by favoring
methanogenic activities while disrupting acetate formation and
inhibiting fatty acid oxidation. Furthermore, elevated levels of
hydrogen can also stimulate homoacetogenesis, where about 40%
of the injected hydrogen is consumed, thereby affecting methane
upgrading [48].

b. Ex situ biological methanation in an external reactor

This process introduces the prospect of obtaining CH, through
pure cultures in an external reactor, as presented in Figure 7b.

Thermal
energy

H,O e

Electrolysis

Biogas

digester
Thermal
. H, storage
energy Electrolysis ——’—'
H,O s H, P

L o

Biological
methanation

Hydrogen, carbon dioxide, and methanogen (hydrogenotrophic)
are required for ex situ biological methanation. The process can
proceed without the hydrolysis and acidogenesis stages of anaero-
bic digestion [49]. Therefore, the efficiency of the system is depen-
dent on the abovementioned constituents. However, the required
process conditions and the reactor design must be tailored to fit
the desired goal. A corresponding process diagram is shown in
Figure 7b.

Dzene et al. [40] highlighted the advantages and disadvantages
of chemical and biological methanation. a: Chemical methanation
is adjustable according to system size, with effortless regulation.
However, it requires unusual and costly catalysts, and the gas
produced should be of high quality because the catalyzer is affected
by low-quality gas. This process requires a high temperature and
pressure with low flexibility for the system. This kind of methana-
tion is applied to large, industrial-scale processes. The biological
methanation process does not require a high temperature when
used for biogas. It involves low pressure, and the priming of the
gas is not essential. Additionally, the system is flexible, and it can
be used in small-scale digesters. b: The process is not biological,
and it is difficult to control, but biological methanation is more
appropriate for biogas plants [27]. Research efforts are currently
concentrated on the catalysts and extension of biogas-upgrading
methods and challenges related to the control of microbiological
processes for biological methanation.

,7- Waste heat

H, Digester +
BM
CH,, CO,
Gas 5 i
upgrading ol
\—ﬂ CO, H,S, H,0
(@)

‘—- Thermal energy

Gas

Cleaning Gas grid

L‘ H,S, H,0

(b)
Figure 7 ¢ (a) Flowchart for in situ variations in biological methanation. (b) Flowchart for ex situ biological methanation. Modified
from [27].
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4.5. Combined heat and power systems

The option of flexibility in energy provision is mostly limited to a
combined heat and power (CHP) unit. The limitations of CHP units
are a result of their reaction times. The shutdown of, restart of, or
changes to part-load operations can occur within several minutes.
The possibility of failure during the reaction time can be reduced by
using only part-load operation. However, this flexibility is affected
by plant design infrastructure. Normally, during operation, the
efficiency of the nominal load is considered normal, but a timeout
will require augmentation with an extra energy output. The plant
will be more flexible if its capacity is more than the nominal load
capacity. Moreover, the upstream equipment also influences the
combined heat and power plant’s efficiency as it will need to be
supplied with gas when required. Additionally, the storage capacity
of the substrates, reaction intermediate, and the produced biogas,
as well as feed handling, affect the plant’s flexibility [50]. The
performance of the general operation can be enhanced by the provi-
sion of a sufficient storage capacity and the coordinated regulation
of gas production, gas storage, and utilization. Grim et al. [42]
reported the possible effect of flexibility options through a proper
feeding mechanism. However, the use of existing storage facilities
aids biogas production in controllable power generation [41]. If this
existing storage capacity can provide 8 h of biogas utilization per
day, the additional cost of using more advanced design flexibility
concepts with pretreatment and biomethanation technology can be
eliminated [41]. The sturdiness of the biological process should be
considered when the aim of flexibilization is to induce variation in
the design of the biogas plant. Grim et al. [42] demonstrated that
the biological process can be stabilized and controlled; production
is not monumentally affected by immediate changes, as reported
by [43]. The biogas utilization demand can be addressed by up-
grading the feeding mechanisms in the natural gas grid [50]. There
are different ways a plant can achieve flexibility, even though the
concept is mostly directed toward electricity generation based on
demand. Market demands and grid upgrades must be dealt with
together to determine the optimal plant design.

4.6. Future endeavors

Biogas production has been demonstrated to be environmentally
friendly. The resources required for the operation of such plants
are also available in Nigeria. In light of the need to reduce the use
of greenhouse gases to ensure a safe climate, shifting towards green
energy must be considered. Nigeria’s CO, output is significant
because of the country’s total dependence on fossil fuels, which is
also the country’s economic and energy mainstay. Therefore, an
increase in the pace of the implementation of an already-existing
renewable energy policy will be a welcome development.

5. Conclusions

The impacts of alternative energy on Nigeria’s energy generation
system cannot be over-emphasized. Nigeria has witnessed poor
power generation over the years. The increase in the population
and the potential of increased industrial development are causes of
concern considering the country’s poor power generation. There-
fore, this study was conducted with the understanding that other
sources of energy generation can improve energy generation in
Nigeria. Bioenergy was the main focus because there are abundant
resources available in Nigeria, especially from the agro sector.

This study highlights the technical aspects of biogas production
required for use in Nigeria’s electricity generation system and
to help the country to improve its electricity output. This study
shows the possibility of improved power generation in Nigeria
through bioenergy utilization. Different renewable energy methods
are available in Nigeria. However, biogas production is cheap when
considering resource availability. This knowledge will help in the
diversification of Nigeria’s electricity generation, thereby increas-
ing the availability of electricity to the country’s population.
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