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Abstract

Despite Mali’s abundant biomass resources, its potential for bioenergy production
remains untapped, contributing to persistent energy insecurity, heavy reliance on
traditional biomass and imported fossil fuels. This study assesses and quantifies
available livestock waste, cereal crops residues and municipal solid waste, for
biomethane, energy and biohydrogen production, with the aim of enhancing
national energy security. Secondary data from the three principal biomass types
across nine main regions of Mali, especially Kayes, Koulikoro, Sikasso, Ségou,
Mopti, Tombouctou, Gao, Kidal and Bamako were processed and analyzed based
on data collected from 2013 to 2018 to estimate the potential for the years 2020,
2025, 2030, 2035, 2040, and 2045. Subsequently, bioenergy potentials were
quantified using Buswell’s equation for anaerobic digestion and the general

biomass gasification equation for thermal conversion.

The results showed that the central region, Mopti, has the greatest potential for
biomethane, energy and hydrogen production (1134402.9 kt, 2018428376.53 GWh
and 226276698.38 Mmol respectively in 2045) through anaerobic digestion,
whereas it was Kayes which showed the highest cereal crops potential for
hydrogen production through gasification (67.68 Mmol, 291.18 Mmol, 1345.02
Mmol, 6410.05 Mmol, 30999.19 Mmol and 151019.89 Mmol for the years 2020,
2025, 2030, 2035, 2040 and 2045 respectively). Overall, the results highlighted
the significant and region-specific potential of biomass resources to support
decentralized renewable energy solutions in Mali, particularly through anaerobic

digestion and gasification technologies.

These findings contribute to the field by providing a data driven foundation for
policy development, investment planning, and the promotion of sustainable

energy practices tailored to local biomass availability.

Key words: Waste-to-energy; Mali; anaerobic digestion; gasification; biomass

potential.
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Résumé

Malgré les ressources abondantes du Mali en biomasse, son potentiel de
production bioénergétique reste inexploité, ce qui contribue a une insécurité
énergétique persistante et a une forte dépendance a l'égard de la biomasse
traditionnelle et des combustibles fossiles importés. Cette étude évalue et
quantifie les déchets d'élevage, les résidus de cultures céréalieres et les déchets
solides municipaux disponibles pour la production de biométhane, d'énergie et de
biohydrogéene, dans le but de renforcer la sécurité énergétique nationale. Les
données secondaires provenant des trois principaux types de biomasse dans neuf
régions principales du Mali, en particulier Kayes, Koulikoro, Sikasso, Ségou,
Mopti, Tombouctou, Gao, Kidal et Bamako, ont été traitées et analysées sur la
base des données collectées entre 2013 et 2018 afin d'estimer le potentiel pour les
années 2020, 2025, 2030, 2035 et 2040 et 2045. Par la suite, les potentiels
bioénergétiques ont été quantifiés a l'aide de 1'équation de Buswell pour la
digestion anaérobie et de 1'équation générale de gazéification de la biomasse pour

la conversion thermique.

Les résultats ont montré que la région centrale, Mopti, présente le plus grand
potentiel en termes de production de biométhane, d'énergie et d'hydrogene
(1134402,9 kt, 2018428376,53 GWh et 226276698, 38 Mmol respectivement, en
2045) a travers la digestion anaérobie, tandis que c'est Kayes qui présente le plus
grand potentiel de production d'hydrogene a partir de céréales par gazéification
(67,68 Mmol, 291,18 Mmol, 1345,02 Mmol, 6410,05 Mmol, 30999,19 Mmol and
151019,89 Mmol pour les années 2020, 2025, 2030, 2035, 2040 and 2045
respectivement). Dans 1'ensemble, les résultats ont mis en évidence le potentiel
important et spécifique a chaque région des ressources biomasse pour soutenir
des solutions décentralisées d'énergie renouvelable au Mali, en particulier grace

aux technologies de digestion anaérobie et de gazéification.

Ces résultats contribuent a 'avancement de la recherche dans ce domaine en
fournissant une base factuelle pour 1'élaboration de politiques, la planification
des investissements et la promotion de pratiques énergétiques durables adaptées

a la disponibilité locale de la biomasse.

Mots clés: Valorisation énergétique des déchets; Mali; digestion anaérobique;

gazéification; potentiel de biomasse.
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Introduction

Mali faces persistent challenges in meeting its growing energy demand. Traditional biomass,
mainly firewood and charcoal, which constitute the majority of household energy
consumption, are a vital source of energy in the country. This dependence worsens health
problems associated with indoor air pollution in addition to rapid deforestation and land
degradation. Electricity access remains limited in rural areas (Figure 2) despite efforts to

expand solar energy and hydropower.

In addition, Mali is susceptible to the effects of climate change, which threatens water
availability and agricultural productivity. Although the country’s GHG keeps increasing due

to growth of the population, expansion of agriculture and traditional biomass use.

In the light of this, biomass is an important yet underutilized renewable energy source in Mali.
However, the country produces a lot of municipal solid waste, livestock manure, and
agricultural residues, which might be converted into energy to diversify the energy mix,

reduce reliance on imported fossil fuels and increase energy availability.

1. Background

o Current energy situation in Mali

In recent decades, fossil fuels have accounted for approximately 80% of the world's energy
demand [1]. However, their widespread use poses two significant challenges. Firstly, burning
fossil fuels contributes to environmental degradation and releases greenhouse gases (GHGs),
which are the primary drivers of climate change [2]. Secondly, they are finite resources,
meaning they will eventually be depleted [3]. In Mali, an emerging economy, the demand for
energy is increasing as its population grows and its economy expands. The country's energy
supply is largely dependent on traditional biomass, such as firewood and charcoal, which
accounts for approximately 78% of its total energy consumption [4]. Another study from [5]
showed that in 2014, the total primary energy supply was 5.1 million tonnes of oil equivalent
(Mtoe) in which 69% (about 3.6 Mtoe) was from firewood and 7% from charcoal. They
further stated that 1.02 Mtoe (20%) was accounted for petroleum products (gasoline and
diesel) mainly used for the transport sector. Taking the same total of energy supply, only

3.8% was considered as the share of electricity including imports.

o Greenhouse gas emissions in Mali

Since the 1990s, Mali has experienced significant economic and demographic development in
a context of global warming. Although Mali is a country with low greenhouse gas emissions,
it remains vulnerable to the adverse effects of climate change and faces increasing pressure on

its natural resources. Mali’s economy is based primarily on the agro-pastoral sector (which

1



employs almost 80% of the population and accounts for more than 40% in GDP). However,
following the increase in the scale of production, it is accompanied by environmental
degradation [6].

The same author further stated that, the latest estimates have shown that Mali is responsible
for about 0.06% of global greenhouse gas (GHG) emissions; and Mali’s energy supply in
2007 to 2012 rise from 3,543 to 4,755 ktoe, an increase of 34.21% over the three years. For
the same period, greenhouse gas emissions have increased slightly from 3433.662 to
4513.955 tons.

The agricultural sector contributes approximately 71% of the country’s total greenhouse gas
(GHG) emissions, mainly through rice production and livestock farming. This generally high
percentage is largely explained by low emissions from energy production (12% of natural
emissions), which relies heavily on the use of hydropower. Of these emissions, crop
production accounts for 31% of total agricultural emissions and livestock production for 69%.
Organic soil cultivation is one of the main contributors to GHG emissions, with savanna
burning accounting for 21% of agricultural emissions. In the livestock subsector, enteric
fermentation is a major source of emissions (39% of agricultural emissions), closely followed

by manure left on pastures (28% of agricultural emissions) [7].

Biomass combustion remains the main source of greenhouse gas emissions in the energy
sector. The residential is the most polluting sector, consuming almost all solid biomass. It is
followed by the transport sector, which mainly uses petrol and diesel. Carbon dioxide is by far
the most dominant greenhouse gas emitted from energy production and consumption in Mali

[6].

o Biomass resources in Mali

Biomass originates from plants and includes agricultural, forestry waste, sewage, municipal
solid waste (MSW) and energy crops. It has been traditionally used to generate heat through
direct combustion of firewood, charcoal, agricultural residue, and dung [1]. Mali is one of the
Sub-Saharan countries with the highest dependence on traditional biomass use [8]. By 2020,
biomass accounted for around 64% of the total energy supply. This was followed by oil at
33%, hydro at 3%, and solar, coal and other sources which were practically insignificant. Mali
is primarily considered as an agricultural country and heavily reliant on this activity for its
socio-economic development. Thereby, there is considerable amount of crop residues and
livestock waste produced, which has not yet been quantified in detail. Furthermore, municipal
solid waste is poorly treated in the country. Disposing of waste at uncontrolled open landfill
sites is the most common practice. However, waste-to-energy technologies are favoured in

waste management hierarchies because they are more socio-economically and



environmentally beneficial. Therefore, MSW could also be a potential source resource for the

country [3], [9].

2. Problem statement

Mali is confronted with ongoing challenges in achieving energy security as a significant part
of the population still does not have access to electricity as seen in (Error! Reference source
not found.). Moreover, the country’s heavy reliance on imported fossil fuels and traditional
biomass contributes to deforestation, greenhouse gas emissions, and public health risks from
indoor air pollution. Although the country has abundant biomass resources from livestock
waste, crop residues, and MSW, their potential for producing bioenergy remains largely
unquantified and underutilized. Existing studies often focus on individual biomass resources
or specific regions, leaving a critical gap in comprehensive, long-term assessments covering
all major regions of Mali. Without accurate data on the sustainable availability of these
resources and their energy conversion potential, policymakers and investors lack the
necessary evidence to plan and implement effective renewable energy strategies. The present
research addresses this gap by assessing some of Mali’s biomass potential and estimating its
capacity to generate biomethane, biohydrogen and energy from 2020 to 2045, with the aim of

enhancing national energy security.

3. Research questions
This study is driven by the following questions:

o What is the potential of livestock waste, cereal crops, and MSW in the nine main regions of
Mali for the years 2020, 2025, 2030, 2035, 2040, and 2045?
o What is the biomethane, energy and biohydrogen potential from livestock and MSW.

o What is the biohydrogen potential from cereal crops residues.

3. Research hypotheses
This research is based on the following hypotheses:

o There is no significant potential of livestock waste, cereal crops, and MSW in Mali.

o There is a no significant biomethane, energy and biohydrogen potential sufficient to enhance
the country’s energy security.

o There is a significant potential of livestock waste, cereal crops, and MSW in Mali to produce

biomethane, energy and biohydrogen that can enhance the country’s energy security.



4. Objectives
Main objective

The main objective of this study is to assess Mali’s biomethane, energy and biohydrogen

potential from livestock waste, cereal crops residues, and MSW to enhance its energy security.

Specific objectives

o To estimate the potential of livestock waste, cereal crops residues, and MSW in the
nine main areas of Mali for the years 2020, 2025, 2030, 2035, 2040, and 2045.

o To calculate the biomethane, energy and biohydrogen potential from livestock waste
and MSW through anaerobic digestion.

o To calculate the biohydrogen potential from cereal crops through gasification.

5. Structure of the thesis
This thesis is organized into three main chapters:

o Chapter one: Literature review

This chapter reviews existing studies on livestock waste, cereal crops and MSW, as well as
hydrogen conversion technologies such as anaerobic digestion, pyrolysis, gasification,
hydrothermal, dark fermentation, photo-fermentation, and bio-photolysis.

o Chapter two: Materials and methods

This chapter describes the data sources, analytical methods, and calculation procedures used
to estimate the potential of the three biomasses used in Mali from 2020 to 2045. It also details
the approaches of quantifying biomethane, energy and biohydrogen generation through

anaerobic digestion and gasification, in line with study’s specific objectives.
o Chapter three: Results and discussion

The last chapter in this work presents and interprets the results of the biomass potential
assessment. It discussed the quantity of the available biomass and their corresponding

biomethane, energy and biohydrogen potential.



Chapter 1: Literature review

This chapter provides an overview of the key literature on biomass resources and bioenergy
conversion technologies. It further explores the main biomass sources available in Mali, such
as crop residues, livestock waste and MSW, highlighting their characteristics and potential for
energy production. The chapter also reviews the fundamental processes of anaerobic digestion,
as well as various thermochemical and biological methods of generating biohydrogen and
electricity from biomass. Finally, it discusses the evolving dimensions and importance of

energy security in achieving sustainable energy development.

1.1 Major biomass types
1.1.1 Crop residues

Crop residues are known as a key biomass resource to feed tomorrow's sustainable
bioeconomy [10]. They are distributed resources with variations in their spatial and temporal
availability, as well as in their characteristics. Gross residues and surplus residues are
different categories of crop residues. The gross residues are used by farmers for different

purposes, and the surplus residue depends on it and the area covered by cultivation [11].

The major type of crop produced in Mali are cereals and the main grown for subsistence are
millet, sorghum, rice, and maize (corn), which represent almost 75% of total crop production
for food in the country. Considering the production of cowpea, groundnut, and sweet potatoes,
it increases the share to around 82%. There are also fruit crops like mango, banana, and
orange which contribute significantly to food production. According to the Malian
government, cotton and sugarcane are considered as the two main cash crops since sugarcane

has a high production potential and cotton a key crop for socio-economic development [3].

1.1.2 Livestock

Livestock is a large and growing sector at an accelerated rate due to increased demand for
animal products from a rapidly growing and affluent human population. The contribution of
different livestock systems to the supply of these products varies widely. Most meat and milk

come from mixed crops-livestock production systems and industrial [12].

Grazing systems contribute relatively little to the global food supply, despite occupying a
large proportion of land and playing a key social role, particularly in very extensive
conditions. The importance of grazing systems as users of natural resources, a source of
livelihoods, and engines of economic growth has attracted significant attention in the last
decade. The livestock sector is the largest land-use system on earth. It contributes 40% of

global agricultural gross domestic product and provides income for over 1.3 billion people as



well as nourishment for at least 800 million food-insecure individuals. However, it uses vast
areas of rangeland, one-third of the world’s freshwater, and one-third of global cropland for
feed [13]. Livestock systems emit about 8 to18% of GHGs and use 25 to 32% of global fresh
water [12].

In the process, livestock can contribute valuable nutrients to crops but can also be responsible
for nutrient pollution and soil degradation. They can provide both protein and micronutrients
essential to human nutrition and contribute to obesity. The role played by livestock farming

varies depending on location and circumstances, as this sector presents many dualities [13].

The waste generated by livestock is a mixture of solid and liquid materials, including animal-
by-products derived from cattle, poultry, pigs, rabbits, sheep, and goats. The livestock waste
is either transported to treatment facilities or directly applied to agricultural fields as fertilizer.
For the treatment facilities, the waste undergoes anaerobic or aerobic digestion, resulting in
biogas and digestate. The biogas produced can be used to generate thermal energy and
electricity, while the residual by-product is separated into solid and liquid components. These
components can be used in a variety of ways: the liquid is used as fertilizer, while the solids

are frequently made into compost or animal bedding [14].

1.1.3 Municipal solid waste

The municipal biomass is classified into three major categories such as municipal solid waste,
municipal sewage, and urban wood biomass. It contains significant quantities of

carbohydrates, which have considerable potential to be applied as an energy source [15].

The same author further designated MSW as a solid waste released from people’s daily life
and work generated in households, commercial establishments, institutions, and businesses in
urban areas. Items like used paper, discarded cans and bottles, food scraps, yard trimmings,
industrial process wastes, agricultural wastes, mining waste are common constituents of
MSW. Conventionally, MSW is divided into different categories based on the material. These
include food residue, wood waste, paper, textiles, plastics, and rubber. In terms of its chemical
and biological properties, MSW can be divided into organic matter such as paper, wood,
textiles, and leather, which is considered the main feedstock for waste-to-energy processes
using different energy conversion technologies (incineration, digestion, pyrolysis and bio-

technologies), and inorganic matter consisting of metals, glass, concrete, masonry and so on.

Inefficiency in municipal corporations’ collection and transportation capacity results in
significant MSW accumulation. Furthermore, the open, unsanitary and indiscriminate
dumping of MSW in landfills poses an additional threat, contributing distinctly to GHG
emissions, primarily methane (CH4). Additionally, negligible segregation of collected MSW,



leads to leachate generation, degrading the surrounding soil and water resources and

impacting the health of nearby residents [16].
1.2 Bioenergy conversion technologies

Various bioenergy technologies can be used to convert biomass into different forms of useful
energy. These methods are usually categorized as thermochemical, biochemical, or biological,
depending on whether heat-driven processes or microorganisms are used. The subsequent
sections outline the main processes for converting biomass into energy carriers such as biogas,

hydrogen, and bio-oil, emphasizing both thermochemical and biological approaches.
1.2.1 Anaerobic digestion

Anaerobic digestion is a biological process that involves biochemical reactions by converting
organic matter into a CHg-rich gas phase in an oxygen-free environment [17]. It is one of the
useful techniques that produces biogas by reducing waste. Hydrolysis, known as the first step
of the anaerobic digestion process, is where complex organic materials (protein, lipids...) and
carbohydrate polymers (starch and cellulose) are hydrolyzed to create monomers (long fatty
acids, sugars and amino acids) [18]. During acidogenesis the second phase, hydrolysis
products are converted into intermediate volatile fatty acids (VFAs) such as acetic propionic
and butyric acids along with minor amounts of ethanol, and lactic acid by acidogenic
microorganisms. Now comes the third stage, acetogenesis where acetic acid, hydrogen, and
COg; are produced from VFAs. The process ends with the methanogenesis phase, whereby the
methanogens utilize H> as an electron donor to produce CH4 [17]. The process flow of

anaerobic digestion is shown in (Figure 1).
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Figure 1: Process flow diagram of anaerobic digestion

1.2.2 Biohydrogen production methods

Biohydrogen production is a process of producing hydrogen from biomass that offers a
promising pathway toward achieving sustainable and eco-friendly energy systems. It can be
done either from thermochemical methods (gasification, pyrolysis and hydrothermal) or

biological methods (dark fermentation, photo fermentation and bio-photolysis) [19].



1.2.2.1 Thermochemical methods
1.2.2.1.1 Gasification

Biomass gasification, a significant bioenergy production technology, is a pathway for
transforming woody materials into thermal energy, electrical power and diverse vehicular
fuels. Partial oxidation is involved in its process to enhance the generation of syngas and
obtain maximum hydrogen quantity. The distribution of products relies on factors like the
chemical makeup of biomass and the gasifying agent used. The resulting gas from the primary
components are Hz, CO2, CO, H20, N> and CH4. Gasification process of biomass may occur
with or without the presence of a catalyst and fluctuate within temperatures from 500 to
1000°C and pressures around 0.98 to 2.94 atmospheres [20].

1.2.2.1.2 Pyrolysis

Pyrolysis is known as a precursor to the multiple thermochemical processes converting low-
energy-density biomass into high-energy-density biomass in an oxygen-depleted atmospheres
[21]. As one of the promising methods for generating renewable energy and reducing
environmental pollution, biomass pyrolysis uses organic materials generated from agricultural,
forestry, and industrial activities as waste. Some of the advantages of this process include
utilizing waste materials, reducing the competition between food and energy production and
decreasing the cost of feedstocks. The main products from pyrolysis are char, bio-oil, and
syngas, transformable into valuable energy resources [22]. The temperature of this process
ranges from 300 to 600°C depending on the types: fast pyrolysis is more effective because of
the higher temperatures and faster heating rates compared to slow pyrolysis which has lower

temperature [21].

1.2.2.1.3 Hydrothermal

Hydrothermal process is an emerging technology using hot compressed water to convert
various biomass feedstocks like recalcitrant organic compounds in biowastes into desired
solid, liquid, and gaseous products. Based on operating conditions, hydrothermal treatment of
biomass is classified into hydrothermal carbonization (HTC), hydrothermal liquefaction
(HTL), and hydrothermal gasification (HTG). HTC occurs at low temperatures (130 to 250°C)
and self-generated pressures (1 to 5 MPa) obtaining solid products: hydro-char used as solid
fuels and carbonaceous materials [23]. HTL technology utilizes subcritical water which has
higher ionic products and lower dielectric constant, to break down organic pollutants such as
polyhydroxyalkanoates, triclosan, polychlorinated biphenyls, pesticides and polyfluoroalkyl
substances efficiently [24]. HTL works under a moderate temperature (250 to 374°C) and

pressure (4 to 22MPa) ranges. The bioproducts from this process, bio-oil, serve as potential



chemical buildings blocks. HTG is a process where gaseous products are formed such as Ho,
CO», CO, and CH4above 374°C and 22 MPa [23].

1.2.2.1.4 Steam methane reforming

Steam methane reforming (SMR) is currently the most widely used method to produce
hydrogen [25]. Compared to the other industries such as energy and transport, it is the main
chemical reaction for the large-scale production of hydrogen and synthesis gas in the chemical
industry [26]. During the reaction, methane reacts with steam to produce hydrogen, carbon
dioxide and carbon monoxide. Today, almost all hydrogen in oil refineries is produced by
SMR and accounts for over 48% of global H» production [25]. A high operating temperature
of 700 to 900°C is necessary for the process, which is significantly endothermic, to ensure
consistent conversion of methane to hydrogen. Additionally, low pressures are also favorable

for SMR since the reaction involves an increase in the number of molecules [27].

1.2.2.2 Biological methods
1.2.2.2.1 Photo-fermentation

Photo-fermentation is known as a biological process through which organic substrates from
wastewater or biowaste are converted into hydrogen gas using particularly purple non-sulfur
as bacteria (PNSB). These types of bacteria are made to utilize light energy to drive hydrogen
production. It is a process that combines metabolic and photosynthetic pathways [28]. Due to
its utilization of solar energy and diverse carbon sources, photo-fermentation is viable and has

the advantage of continuous operation, ensuring a consistent and uninterrupted hydrogen gas

supply [19].

1.2.2.2.2 Dark fermentation

Dark fermentation process involves the production of hydrogen through the degradation of
complex organic substrates (carbohydrates mainly). Demonstrated to have a high production
rate, it provides the advantage of using various types of organic waste such as agricultural
waste, and food waste. Moreover, effluents from dairy, paper industries and other
carbohydrate-rich wastewaters can be also used as feedstocks [29]. Dark fermentation is a
versatile and efficient process for hydrogen production because of its operation in the absence
of light [19].
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1.2.2.2.3 Bio-photolysis

Bio-photolysis is a mechanism in biohydrogen production that occurs in two forms: direct and
indirect [30]. Direct photolysis derives its energy from sunlight using specialized
microorganisms or photocatalysts to directly convert water into hydrogen gas. Unlike indirect
photolysis primarily in cyanobacteria, which generates organic compounds that are then
transformed into hydrogen gas through chemical or biological processes by involving

photolysis of biomass [19].

1.3 Electricity production methods from biomass

There are variety ways to produce electricity from biomass. Options for the prime mover

include steam turbine, internal combustion engine and gas turbine [31].

1.3.1 Steam turbine

The central component of a thermal power plant is a steam turbine, which converts the
thermal energy of the steam into mechanical energy. This mechanical power is then converted
into electricity in a generator [32]. In a biomass power plant, biomass is burned in a boiler to
produce pressurized steam. This steam is then expanded through a turbine to generate
electricity. A fully condensing turbine is used for power production only, while it is a
condensing-extraction also called back-pressure which is used for electricity and heat

production [31].

1.3.2 Internal combustion engines

Internal combustion engines are machines that convert heat produced by combustion into
mechanical work [33]. It is a small scale alternative for generating electricity from producer
gas or biogas [31]. A producer gas is a combustible gas that is generated from biomass
gasification in a reactor known as a gasifier. Feedstock used in a gasifier are generally wastes
from agricultural and forestry biomass. Additionally, a product of gasification, raw producer
gas, can be used directly as fuel for burners for heating purposes, or as fuel for internal

combustion engines [34].

1.3.4 Gas turbines

The gas turbine is a continuous-flow engine that produces a steady flame during combustion.
This favorable feature enables the use of various fuels and ensures clean combustion in the
gas turbine [35]. It is composed of three parts: a compressor, a combustion chamber and a

turbine. The process involves gas being compressed in the compressor, fired in the combustor,
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and then expanding inside the turbine. This causes the turbine to spin rapidly, transforming
some of chemical energy in the gas or liquid fuel into mechanical work and producing
electrical power. Additionally, gas turbines have a compact structure that is much smaller than
that of steam turbines. However the fuels used in gas turbines are generally combustible gases
and oils [36].

1.4 Energy security

The term ‘energy security’ is defined differently in different contexts [37]. In the 1870s and
1980s, [38] defined it as a stable supply of cheap oil in the face of potential embargoes and
price manipulation by exporters. However, in 2006 [39] defined the term as encompassing a
broader range of issues beyond oil supplies. Furthermore, [40] stated the concept of energy
security now involves other energy policy issues, such as mitigating climate change and
providing equitable access to modern energy. The notion of energy security has been
introduced by the Asia Pacific Energy Research Centre and published in many other articles.
Notably, it has been related to the four “As”: availability, accessibility, affordability, and
acceptability [41] Another definition of energy security was demonstrated in the study by [42].
They referred to this as the low vulnerability of vital energy systems involving energy

resources, infrastructure, and uses linked together by energy flows.

Public economic decisions can affect energy security, affordability, reliability and
sustainability, and have a strong influence on the electricity sector. Therefore, it is important
to analyze applicable indicators in the electricity sector to ensure a clear understanding of the
wider energy landscape. This is important for achieving economic growth and social

development objectives [43].
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Chapter 2: Materials and methods

2.1. Study area

Mali, one of the landlocked countries located in the sub-Saharan West Africa and having a
high dependence on traditional biomass use, is divided into three separate climatic zones: in
the south a tropical savanna, a hot semi-arid region in the center and a hot desert in the north
[3]. The country has a size of 1,241,238 square kilometers with a population of 20,250,833
habitants according to [45]. This work focuses on cereal crops, livestock waste and MSW
potential assessment in Bamako, the capital city located in the southern part, and the eight
main regions of the country according to the country’s division before 2016 [46]. However,
due to unavailable data, Taoudénit and Ménaka were out of the selected regions. The ones
considered are: Kayes and Koulikoro in the west, Sikasso and Ségou in the south, Mopti in
the center, Tombouctou in the north, and Gao and Kidal in the northeast [47] as seen in
(Figure 3) from [48].
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Figure 3: Map of the study site
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2.2. Methods

Figure 4 summarizes the flowchart of the methodology’s major steps. By combining the
potential of livestock waste and MSW, biomethane, biohydrogen and energy were produced.
Only cereal crops were used to produce biohydrogen in each specific region over the years

considered.

[ Crop residues ] [ MSW ] [ Livestock ]

=( Potential assessment ]:
L J

v
\

[ Biohydrogen } [ Biomethane } [ Energy }

Figure 4: Flowchart of the methodology

2.2.1. Data Collection

The data needed to calculate Mali’s livestock waste, cereal crop residues, and MSW potential
were secondary data collected from articles and the Statistical Yearbook of the Rural

Development Sector published by the Finance and Economy’s Ministry.

2.2.2. Data processing and analyzing

The data collected of the various feedstocks were classified by region and year. Data from
2013 to 2018 was used to estimate biomass potential from 2020 to 2045 in each region. The
results were processed in Microsoft Excel and presented using tables and figures in Origin Pro

for interpretation.
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2.3. Biomass resources assessment
2.3.1. Livestock waste

The livestock used in this study includes cattle, sheep, goats, horses, donkeys, camels, pigs
and poultry. Biomass potential, which according to [3] is the share of biomass waste that
could be collected and is disposed of or burned is calculated using (Equation 1) for

determining the livestock waste potential in each region of the country.

LWP = N, * Y, * C. Dy (Equation 1)

Where LWP is the livestock waste potential; N, is the number of head of animals in the region;
Ym is the daily manure yield of the animal; C. is the collection coefficient or availability

factor for the animal and Dy, the number of days in a year.

o Calculations

The following stages were considered for the calculation of livestock waste potential (LWP)

for the years 2020, 2025, 2030, 2035, 2040 and 2045:
= Stage one:

The number of animals for each region from 2013 to 2018 expect 2015 (data not available)
were obtained from the Statistical Yearbook of Mali. Then ((Equation 2), (Equation 3) and
(Equation 4)) were used to calculate the Compound Annual Growth Rate (CAGR) and the
trend values of the number of animals (Na) for the years 2019, 2020, 2021, 2022 and 2023.
CAGR is commonly applied to estimate the average yearly rate of growth [49], [50] of a
variable over time, assuming a continuous exponential growth. The same equations were

considered to estimate Na for 2025, 2030, 2035, 2040 and 2045.

Y, = (ax*xb)" (Equation 2)
1/n
R= (ﬁ) 1 (Equation 3)
Vi
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Where Y, is the annual number of animals that must be calculated, a is the intercept value of

Y when n =0, b = (1+ R); R being the compound annual growth rate to be determined.

Ve=Vix(1+R)" (Equation 4)
Where V¢ is the final number of animals to be estimated for a specific year, V; is the initial
number of animals for the year based on, and n is the number of years between V; and V.
= Stage two:

Regarding the collection coefficient or availability factor and the manure yield of the animal,
data were collected from literature. The average of the minimum and maximum values

obtained were taken as seen in (Table 1 and Table 2).

= Stage three:

The values obtained from stage one and two were multiply by 365 (number of days in a year)
to get the livestock waste potential in each region for the years 2025, 2030, 2035, 2040 and
2045.

Table 1: Collection coefficient of livestock waste

Animal Collection coefficient References
Cattle 0.2-0.6 [3], [51], [52]
Sheep 0.2-0.33 [3], [S1], [53], [54]
Goats 0.2-0.33 [3], [51], [53], [54]
Horses 0.5 [3], [54]
Donkeys 0.46 - 0.5 [3], [S1], [53], [54]
Camels 0.5 [3], [54]

Pigs 0.5 [3], [51]
Poultry 0.5-0.99 [3], [54]
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Table 2: Manure yield of animals in kg/(day*head)

Animal Manure yield References
Cattle 10-23 [3], [54], [55]
Sheep 1.2-2 [3], [51], [54]
Goats 1.5-2 [3], [51], [54]
Horses 10-16 [3], [54], [55]
Donkeys 10- 15 [3], [54]

Camels 15-22.5 [3], [54], [56]
Pigs 3.12-3.6 [3], [51], [52]
Poultry 0.01-0.12 [3], [52], [55]

2.3.2. Cereal crops residues

In this work, only cereal crops were used as crop residues due to the lack of data for fruit and
vegetable crops. The main cereal crops considered are millet, sorghum, rice, maize (corn),
wheat, and fonio. Moreover, the regions Bamako and Kidal were not part of this assessment

due to unavailable data of their annual cereal crops produced.

o Theoretical cereal residues potential

Cereal crop residues’ theoretical potential was obtained by multiplying the annual production

by the residue to product ratio as shown in (Equation 5).

Th = AP = RPR (Equation 5)

Where Th is the theoretical potential in ton/year; AP is the annual production of a specific

crop in ton/year; RPR is the residue to product ratio of the crop.
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The residue to product ratio (RPR) was found from literature. The annual production of each
crop was collected from the Statistical Yearbook of the country for the years 2013, 2014,
2016, 2017 and 2018. As for livestock, (Equation 2 and (Equation 3) were used to estimate
the average annual growth rate and production from 2019 to 2025. The same method was

applied for the estimations of the years 2030, 2035, 2040 and 2045.

o Technical cereal residues potential

To determine the technical potential of cereal crops residues, the theoretical potential is

multiplied by the surplus residue fraction. (Equation 6) below shows it:

TP = Th = SRF (Equation 6)

Where TP is the technical crop residue potential in ton/year and SRF, the surplus residue
fraction. For the surplus residue fraction (SRF), a value of 25% was assumed to represent the

portion of residues retained in the field for soil conservation according to [57].

Table 3: Residue to Product Ratio for each crop

Crop Crop residue RPR References
Millet Millet straws 2 [3], [58]
Millet stalks 2 [58]
Sorghum Sorghum straws 1.9 [59]
Sorghum stalks 2.25 [60]
Rice Rice straws 0.75 [3]
Rice husks 0.21 [3], [60]
Maize stalks 1.2 [3], [60]
Maize Maize husks 0.21 [60]
Maize cobs 0.65 [3], [60]
Wheat Wheat straws 1.55 [59]
Wheat husks 0.8 [58]
Fonio Fonio straws 1.55 [61]
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o Usable crops potential

The usable crop refers to the quantity of waste which can be used for bioenergy production
after extracting the percentage of surplus residue fraction from technical potential. It is

calculated by using (Equation 7) below.

UCP =Th — TP = 75%Th (Equation 7)

Where UCP is the usable crop potential, Th is the theoretical potential and TP is the technical

potential.

2.3.3. Municipal solid waste potential

o Annual MSW generation
The annual MSW generation for each region was calculated by using (Equation 8) [57]. For
its estimation, based was made on the urban population as the waste generated per capita in

this area is far high compared to the rural areas. Moreover, in the rural areas, waste collection

strategies remain unknown [3].

AMSW = UP « MSW 4 % D (Equation 8)

Where AMSW is the annual MSW generation, UP is the urban population for each region,
MSW; is the MSW generated in each region, and D is the number of days in a year (365).

The following stages were adopted for the calculations:
= Stage one:

The share of urban population for each region was obtained with data from the fourth General
Census of Population and Housing in 2009 (RGPH-2009) in the country, which is the most
recent and published by the Ministry of Economic and Finance, and the National Institute of
Statistics each ten years. The estimations from 2020 to 2045 have been made by calculating
the CAGR using the available data of RGPH which was for the years 1976, 1987, 1998 and
2009 in each region.

= Stage two:
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For the daily generation of MSW, a value of 0.65 kg / (person*day) was used for the whole
country [3].

o Theoretical MSW potential

The theoretical MSW potential was determined using (Equation 9) below.

TMSW = AMSW % OFMSW (Equation 9)

Where TMSW is the theoretical MSW and OFMSW, the organic fraction of municipal solid
waste in Mali. It was found a value of 51% in the literatures [62], [63] for the OFMSW.

o Technical MSW potential

The technical MSW potential was calculated using ((Equation /0) below [3].

T,MSW = TMSW  CR (Equation 10)

Where T-MSW is technical MSW potential and CR is the collection rate, which refers to the
ratio of total waste collected to total waste generated according to [64]. Regarding the

collection rate of MSW, an average value of 60.5% for the year 2025 has been determined

from [64].

2.3.4. Total biomass potential

The total biomass potential for each region was calculated by summing up the total of
livestock waste, cereal crops residues and MSW potential in each region for the respective

years. (Equation 11) shows that.

TBP = LWP + UCP + T.MSW (Equation 11)

2.3.5. Bioenergy potential estimation

In this study, anaerobic digestion was used to evaluate the biomethane, biohydrogen and

energy potential from the combination of livestock waste and MSW potential as they have
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high moisture content. Conversely, cereal crops were used in the evaluation of biohydrogen
potential through gasification across all regions of the country due to their low moisture

content.

2.3.5.1. Biogas potential from MSW and livestock through anaerobic digestion

o Buswell’s equation

Buswell’s equation (Equation 12) from empirical formula CxHyO,N,S, [57], [65] was used to
calculate the theoretical biogas composition, methane and energy yield of the various
feedstock used which are OFMSW and livestock (cattle, sheep, goats, horses, camels, pigs,
and poultry) manure. However, donkey was not considered in the calculation due to

unavailable data of its elemental analysis as seen in Table 4.

4x —y—2z+3v+2u

C.H,0,N,S, + 2 H,
dx—y—2z—3v—2u 4x—y+2z+3v+2u
- 3 CH4+ 3 C02+UNH3
+UH25

(Equation 12)

Table 4: Ultimate and proximate analysis of livestock manure and OFMSW (on a dry basis

(%))

Feedstock Ultimate analysis Moisture Dry References

C H Q) N S content matter

(%0) (%)

OFMSW  47.03 6.75 3277 258 0.52 60 40 [57], [66]
Cattle 4465 5.85 38.18 2.05 0.09 77.00+£0.73 23 [67], [68]
Sheep 40.60 5.10 30.70 2.10 0.60 38.71+3.50 61.29 [67], [68]
Goats 4224 5.10 27.50 234 0.76 37.7+03 62.3 [69], [70]
Horses 43.00 5.70 49.50 1.00 0.80 67.6 32.4 [67], [71]
Camels 3533 1.29 60.61 2.77 0 38.00 62 [72]
Pigs 5430 7.50 31.50 5.10 1.70 73.10+3.00 269 [67], [68], [73]

Poultry 38.10 5.60 3090 3.50 0.60 49.59+5.00 5041 [67], [68]
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o Theoretical methane, energy and hydrogen yield

To determine the theoretical methane, energy and hydrogen from MSW and livestock, five

main phases were followed:

a) Theoretical biogas composition

This outlines the calculation of methane and carbon dioxide percentages for each feedstock,

based on (Equation 12 and (Equation /3). The following steps detail the procedure employed:
= Step one: Empirical MSW formula

To get the empirical formula of OFMSW, the elemental values of its ultimate analysis shown

in Table 4 were divided by the corresponding atomic mass.

= Step two: CH4 and CO; coefficient from OFMSW

The empirical formula gotten in step one was used in theoretical Buswell’s equation to

determine the coefficients of both methane and carbon dioxide.
= Step three: CHs and CO; percentage from OFMSW

The percentage of methane was obtained by dividing its coefficient with the sum of CH4 and

CO; coefficients as indicated in (Equation 13).

n(CH4)

) Equation 13
n(CH4)+n(C02) X 100 ( 1 )

b) Kilograms of carbon converted to biogas

This stage details the steps followed to determine the amount of carbon that can be converted

into biogas from OFMSW.
= Step one: Conversion from kt to kg
The initial municipal solid waste potential calculated earlier in kt was converted into kg by

multiplying it by 10"6.
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= Step two: Moisture content and dry matter

Using the proximate analysis displayed in Table 4, the theoretical moisture content and dry
matter were determined by multiplying their respective percentages by the converted

municipal solid waste potential in step one.
= Step three: Percentage of carbon from Buswell’s equation

To obtain the carbon percentage, the elemental value for each element from the ultimate
analysis was multiplied by their respective atomic mass. The value for carbon was then
divided by the sum of the value for all the elements. This was lastly divided by one hundred

to get the carbon percentage from Buswell’s equation.
= Step four: Carbon content from OFMSW

The carbon content from OFMSW was determined by multiplying the theoretical dry matter

potential by the percentage of carbon from Buswell’s equation obtained in step three.

= Step five: Weight of carbon converted to biogas

Assuming 70% as biodegraded carbon percentage [57], the weight of carbon converted into
biogas in kg was finally obtained by multiplying the percentage assumed by the carbon
content from OFMSW.

¢) Theoretical methane yield in kg

This section explains the process on how the theoretical methane was calculated using the

weight of carbon that has been converted into biogas.
= Step one: Weight of methane carbon

This was determined by multiplying the weight of carbon converted into biogas by the

percentage of methane earlier calculated using (Equation 13).
= Step two: Weight of methane in kg

Assuming 1 mol of CH4 equals to 16g of CH4[57], [74], the weight of carbon was calculated
by multiplying 16 with the weight of methane carbon. The obtained value was then divided by

the atomic mass of carbon to get the weight of methane in kg.
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d) Energy value from methane in MWh

To calculate the energy value of OFMSW from the weight of methane in kg, the following

steps were followed:
= Step one: Conversion of CHs4 from kg to g then cubic meter

The weight of CH4 calculated in kg was converted into grams by multiplying its previous
value by 1073. According to [57], [74] 1 mol CHs equals to 22.4 L (liters) at standard
temperature and pressure, therefore 16 g of CHy is equivalent to 22.4L. The amount of CHj4 in
grams was then converted to cubic meter by multiplying the obtained amount by 22.4 and

107-3 and divided all by 16.
= Step two: Energy value in GWh

Assuming that 1 m?® provides 36 MJ (megajoules) of energy and considering that 1 kWh is
equivalent to 3.6 MJ [75], this corresponds to 10 kWh per cubic meter, or 10"-5 GWh. The
energy value in GWh was then calculated by multiplying the CH4 volume in cubic meter by

107-5.

e) Theoretical hydrogen potential in Mmol through steam methane reforming

(SMR)

This phase explains how hydrogen was obtained from the calculated methane value in grams

using the steam reforming process.
= Step one: Stoichiometry of SMR

((Equation /4) was used to get the amount of hydrogen produced in moles stoichiometrically

since 1 mol of CH4 (in grams) gives 3 mol of hydrogen.

CH, + H,0 » CO +3H,; A H°298K = 206 kJ /mol (Equation 14)

= Step two: Conversion of hydrogen from mol to Mmol

The amount of hydrogen obtained in step one was converted from mol to megamoles (Mmol)
by multiplying it by 10"-6.

These five phases were also applied for the calculation of theoretical methane, energy, and

hydrogen produced for the other livestock.
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o Technical methane, hydrogen, and energy potential

The steps below detail the calculation steps of technical potential by using the conversion

efficiencies for each region of the country.

» From MSW to technical methane potential

It was determined a range value of 75% to 90% for the technical conversion efficiency of
methane from the theoretical potential based on [75]. The calculation was carried out by

multiplying the average efficiency with the theoretical methane previously obtained.

» From livestock to technical methane potential

The conversion efficiency of animal manures to methane was considered to range between
65% and 76% as reported in the literature [76]. This efficiency was then multiplied by the

theoretical methane potential.

» From methane to technical energy produced

According to [74], 35% efficiency for methane-based energy produced was evaluated and

multiplied by the theoretical energy potential to get the technical energy produced annually.

» From methane to technical hydrogen potential

For hydrogen, the conversion efficiency was determined as 75% [56], [77]. This value was
then multiplied by the theoretical hydrogen potential earlier calculated to obtain the

corresponding hydrogen potential technically.

2.3.5.2. Hydrogen potential from cereal crop residues through gasification

The theoretical hydrogen potential from the air gasification process was computed using the

general equation for biomass gasification which is shown in (Equation 15) below [78].

anHyOZ + mHZO(g) + WOZ - x1C0 + xZHz + X3C02 + X4CH4 + X5H20 + x602
(Equation 15)

If we assume that the fractions of CO2, Oz, and H>O (vapor form) produced during

gasification mainly result from the combustion needed to supply the energy required for the
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gasification process and to compensate for energy losses associated with the reactor’s
efficiency, and that CH4 production is negligible, the reaction for hydrogen production from
biomass can be simplified to (Equation 16) below [79], [80].

nC.H,0, + mH,0 - x1CO + x;H, (Equation 16)
From (Equation 16) the atomic values X, y and z were determined by dividing the mass
percent for each element in (7able 5) by their respective molecular mass.
» Theoretical hydrogen potential

The theoretical hydrogen potential in mol for each crop was calculated using the

stoichiometry in (Equation 16). The value obtained in mol was then converted into Mmol.
» Technical hydrogen potential

The energy efficiency for hydrogen yield through gasification ranges between 40% and 70%
[81]. To obtain technical hydrogen potential, this efficiency was multiplied by the theoretical

value gotten.

Table 5: Carbon, hydrogen and oxygen content of cereal crops (wt%)

Cereal residue C H (0 LHYV (MJ/kg) References
Millet straw 46.5 4.9 39.38 13 [76], [77], [78]
Millet stalk 44.4 6 43.8 15.51 [76], [79]
Sorghum straw 40 5.2 40.7 17.6 [80]
Sorghum stalk 43.11 597  50.58 15.7 [81], [82]
Rice straw 3824 52 28.27 12.65 [80]
Rice husk 3499 458  34.18 12.84 [80]
Maize stalk 43.73 555  41.35 18.5 [83], [84]
Maize husk 43.79 6 43.15 15.56 [75], [84]
Maize cob 50.2 59 43.5 17.34 [80]
Wheat straw 4245 527 3276 13.96 [80]
Wheat husk 40.78 6.29  43.55 12.9 [76], [85]
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Chapter 3: Results and discussion

3.1. Results
3.1.1. Biomass resource potential

3.1.1.1 Livestock waste potential

o Western and southern regions for livestock group 1

Figure 5 below presents the projected potential of livestock waste group 1 (cattle, sheep, goats,
and horses) in western and southern regions of Mali (Bamako, Kayes, Koulikoro, Sikasso,
and Ségou) for the 2020, 2025, 2030, 2035, 2040, and 2045 represented in metric tons. The
results reveal that cattle consistently have the highest sustainable potential across all regions,
with strong and steady growth projected, especially in Sikasso with 4728499.81t, 5481360.33t,
6354089.51t, 7365772.57t, 8538533.4t, and 9898018.42t respectively. Sheep and goats show
moderate increase in sustainable potential, whereas horses displayed lowest and nearly

constant potential across the regions annually.

x103 Bamako Kayes Koulikoro Sikasso Ségou
11400 A

] P __— ———

11400 H

7600 -

2
g 3800 —
-E 0 - — o+ +— ————— —t ——t ——t
g
= 11400 -
Q9
=
= 7600
=]
S
A< 3800 -
— ——— —e—t——
0 o+——r—o——— ———
11400 -

7600 -

3800 -

04— ——

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2020 2030 2040 2020 2030 2040 2020 2030 2040 2020 2030 2040 2020 2030 2040

Year

Figure 5: Cattle, sheep, goats, and horses’ potential in western and southern Mali
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o Western and southern regions for livestock group 2

Figure 6 shows the projected potential of livestock waste group 2 (donkeys, camels, pigs, and
poultry) in western and southern regions of Mali. It indicates lower and more stable
sustainable potential compared to group 1 livestock. However, poultry shows the highest
potential in Bamako, with 207942.84t, 379332.83t, 691985.33t, 1262331.28t, 2302765.98t,
and 4200744.48t for the years 2020, 2025, 2030, 2035, 2040, and 2045 respectively. This
growth is mainly due to the rising urban demand and commercialization in the area. While

camels and pigs provide a minimal and consistent contribution.
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Figure 6: Donkeys, camels, pigs and poultry’s potential in western and southern Mali

o Central and northern regions for livestock group 1

Figure 7 illustrates the projected potential of cattle, sheep, goats, and horses for the years
2020, 2025, 2030, 2035, 2040, and 2045 in central and northern Mali (Mopti, Tombouctou,
Gao, and Kidal). It showed cattle as the livestock which has the strongest growth in Mopti,
the central region of the country, where the production was: 8306467.22t, 9629437.34t,
11163116.76t, 12941065.14t, 15002187.15t, and 17391583.8 t respectively.
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Although sheep and goats demonstrated stable increases over time with similar production

levels across the regions, whereas horses had the lowest potential across all the regions

annually.
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Figure 7: Cattle, sheep, goats and horses’ potential in central and northern Mali

o Central and northern regions for livestock group 2

The graphic shown below in (Figure 8) presents the projected potential for donkeys, camels,

pigs, and poultry in central and northern Mali. Camels appeared to have the highest

sustainable production trends, mainly in Kidal with a potential of 2012279.28t, 2200435.91t.
2406186.1t, 2631174.81t, 2877200.94t, 3146231.57t for the years 2020, 2025, 2030, 2035,

2040, and 2045 respectively. However, pigs’ waste showed the lowest across all regions.
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Figure 8: Donkeys, camels, pigs and poultry’s potential in central and northern Mali

3.1.1.2. Cereal crops usable potential
o Western and southern regions

The usable potential of the cereal crop’s residues in the western and southern regions of the
country are illustrated below in (Figure 9 and Figure 10) for the years 2020, 2025, 2030, 2035,
2040, and 2045. Sorghum revealed significant potential in Kayes, and these were: 2654.94 kt,
13047.96 kt, 64125.53 kt, 315151.37 kt, 1548843.14 kt, and 7611945.54 kt respectively.

However, it was maize which showed the highest potential in Koulikoro. Its results for the
years 2020, 2025, 2030, 2035, 2040, and 2045 were: 2204. 52 kt, 7687.48 kt, 26807.37 kt,
93481.3 kt, 325983.25 kt, and 1136752.2 kt respectively. In contrast, wheat and fonio

residues had the lowest potential across all the regions.
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Figure 9: Millet, sorghum and rice’s potential in western and southern Mali
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Figure 10: Maize, wheat and fonio’s potential in western and southern Mali
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o Central and northern regions for cereal group 1

Figure 11 and Figure 12 represent cereal crops residues potential in the central and northern
Mali. The results showed that rice and wheat residues have the highest potential in the
northern part, especially in Gao. Although the potential for the years 2020, 2025, 2030, 2035,
2040, and 2045 were: 413.28 kt, 2028.34 kt, 9954.78 kt, 48856.52 kt, 239780.32 kt, and
1176805.1 kt for rice residues and 1.36 kt, 3.05 kt, 6.84 kt, 15.32 kt, 34.31 kt, and 76.85 kt for

wheat residues.

Nevertheless, maize and fonio showed the lowest potential across all the regions.
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Figure 11: Millet, sorghum, and rice’s potential in central and northern Mali
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Figure 12: Maize, wheat and fonio’s potential in central and northern Mali

3.1.1.3. Municipal solid waste sustainable potential
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The graph illustrated in (Figure 13) represents the municipal solid waste potential for the
years 2020, 2025, 2030, 2035, 2040, and 2045 in Mali. There is a consistent increase in MSW
potential across all the regions annually. This is mainly shown in Koulikoro where we have
the highest potential and which was: 120.09 kt, 176.16 kt, 258.40 kt, 379.04 kt, 555.99 kt, and
815.56 kt respectively. However, regions of the northern part (Tombouctou Gao and Kidal)

show the lowest production over time. This is mainly due to a low urban population in those

arcas.
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Figure 13: MSW potential for each region from 2020 to 2045

3.1.1.4. Total livestock waste, cereal crop residues and MSW potential for the whole
country from 2013 to 2018

The total livestock, cereal crops residues, and MSW potential in Mali is represented in (Figure
14) for the years 2013, 2014, 2015, 2016, 2017 and 2018. The results revealed a significant
mostly dominated by livestock. The potential obtained are: 47022.52 kt, 52480.85 kt,
51761.39 kt, 56833.44 kt, 57603.62 kt and 64049.16 kt respectively.
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Share of Total Biomass Potential from 2013 to 2018
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Figure 14: Total biomass potential in Mali from 2013 to 2018

3.1.1.5 Total livestock waste, cereal crop residues and MSW potential for the whole
country from 2020 to 2045

Figure 15 shows the total livestock, cereal crops residues, and MSW potential in Mali for the
years 2020, 2025, 2030, 2035, 2040, and 2045. Overall, the total biomass potential in Mali
grows consistently over time and the results showed as total potential: 70330.34 kt, 110122.14
kt, 228055.91 kt, 661703.57 kt, 2495768.59 kt, and 10685985.41 kt respectively. Although,
the growth is mainly driven by livestock. Although MSW have the lowest production

potential in total.
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Figure 15: Total biomass potential in Mali from 2020 to 2045

3.1.2. Bioenergy potential

3.1.2.1 Methane, energy and hydrogen potential for the years 2013, 2014, 2015, 2016,
2017 and 2018

Figure 16, Figure 17, Figure 18 and Figure 19 shows the theoretical and technical potentials
of methane, energy and hydrogen respectively for the years 2013, 2014, 2015, 2016, 2017 and
2018. Among the nine regions, Mopti, Tombouctou and Gao demonstrated significant
potential over time which is mainly driven by the high cereal produced and livestock available
in those areas compared to the other regions. The theoretical potentials are consistently higher

than technical ones due to the conversion efficiency.
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Theoretical and Technical Methane Potential in kt
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Figure 16: Theoretical and technical methane potential from livestock manure and MSW

Theoretical and Technical Energy Potential in GWh

2500
n
c
Qo
= 2000
1500
1000
] i |I | II || II I| || |I||||
0
Q AN
> \e . 5° go o e
PN \ga ‘l~°\\ e = W «o“‘“oo W

W 2013 ®m2014 Wm2015 W2016 W2017 m2018
2013 2014 © 2015 12016 = 2017 = 2018

Figure 17: Theoretical and Technical energy potential from livestock manure and MSW
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Theoretical and Technical Hydrogen Potential in Mmol
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Figure 18: Theoretical and Technical hydrogen potential from livestock manure and MSW

Theoretical and Technical Hydrogen Potential from Cereal Crops in
Mmol
350
300
250
200
150
100
< sl o 0
0 IIIII II i II wlanBl noene - m
Kayes Koulikoro Sikasso Ségou Mopti Tombouctou Gao
® 2013 W2014 M2015 M 2016 2017 W2018
2013 2014 12015 & 2016 W 2017 W 2018

Figure 19: Theoretical and technical hydrogen potential from cereal crops

3.1.2.2 Theoretical methane, energy and hydrogen potential from livestock waste and
MSW for the years 2020, 2025, 2030, 2035, 2040 and 2045

The results below show the theoretical methane, energy and hydrogen potential produced
from livestock waste and MSW for the years 2020, 2025, 2030, 2035, 2040, and 2045 through
anaerobic digestion as seen in (Figure 21, Figure 22 and Figure 22) respectively. Consistent
production potential was observed in the central and northern parts of the country, especially

in Mopti, Tombouctou, and Gao as compared in the western and southern regions like Kayes,
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Koulikoro, Bamako, Sikasso, and Ségou. However, for the same years, Mopti which showed
the highest potential were: 639407.03 kt, 765383.28 kt, 918326.72 kt, 1104447.57 kt,
1331482.4 kt, 1609078.74 kt respectively.

Similarly, the highest energy production was observed in Mopti with a potential of
2291634801 GWh, 2743133666 GWh, 3291282947 GWh 3958340081 GWh, and
4772032937 GWh for 2020, 2025, 2030, 2035, 2040, and 2045 respectively.

On the other hand, the highest theoretical hydrogen production potential were: 119888818.4
Mmol, 143509364.5 Mmol, 172186259.1 Mmol, 207083918.8 Mmol, 249652950.8 Mmol,
and 301702264.5 Mmol in region of Mopti for the considered years respectively.

In contrast, Bamako had the lowest production potential for theoretical methane, electricity,
and hydrogen mainly due to the lack of livestock in this area compared to the other regions.
The results obtained were: 30663.26 kt, 51116.06 kt, 87450.43 kt, 152554.57 kt, 269885.6 kt,
and 482175.39 kt for methane; 109897107.5 GWh, 183199975.3 GWh, 313422330.2 GWh,
546755574 GWh, 967269996.8 GWh, and 1728116593 GWh for energy and 5749360.4
Mmol, 9584262.1 Mmol, 16396955.05 Mmol, 28603981.62 Mmol, 50603550.34 Mmol, and
90407885.37 Mmol for hydrogen.

3.1.2.3 Technical methane, energy and hydrogen potential from livestock waste and
MSW for the years 2020, 2025, 2030, 2035, 2040 and 2045

The technical methane, energy, and hydrogen production potential in each region for the years
2020, 2025, 2030, 2035, 2040, and 2045 are represented below, in (Figure 21, Figure 22 and
Figure 22) respectively. These results are similar to the theoretical potential obtained above
where the highest were in the central and northern parts mainly in Mopti, Tombouctou, and
Gao. However, the technical potential is lower than theoretical one due to the conversion
efficiency. The production potential for methane in Mopti were: 450782.64 kt, 539596.09 kt,
647421.46 kt, 778636.98 kt, 938696.95 kt, and 1134402.9 kt for the year 2020, 2025, 2030,
2035, 2040, and 2045 respectively.

The technical electricity obtained in Mopti were: 802072180.2 GWh, 960096783 GWh,
1151949032 GWh, 1385419028 GWh, 1670211527.89 GWh, and 2018428376.53 GWh for
the considered years. And its technical hydrogen potential was: 89916613.8 Mmol,
107632023.36 Mmol, 129139694.33 Mmol, 155312939.14 Mmol, 187239713.1 Mmol, and
226276698.38 Mmol for the respective years.

Unlike, Bamako showed the lowest potential for the technical methane, energy and hydrogen
production when compared to the other regions, its results for the years 2020, 2025, 2030,
2035, 2040, and 2045 were: 21620 kt, 36039.7 kt, 61655.9 kt, 107555.06 kt, 190274.22 kt,
and 339939.46 kt for methane; 38463987.6 GWh, 64119991.37 GWh, 109697815.6 GWh,
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191364450.9 GWh, 338544498.9 GWh, and 604840807.5 GWh for energy and 4312020.3
Mmol, 7188196.58 Mmol, 12297716.3 Mmol, 21452986.21 Mmol, 37952662.75 Mmol, and
67805914.03 Mmol for hydrogen.

Theoretical and Technical Methane Potential in kt
S 18
3
S 16
14
12
10
8
6
4
LA “ ‘ I | “ I|| |
0 -III I I
N ® 8 o> o> &
% o @ R oe° o w
<o®
M2020 W2025 W2030 MW2035 M2040 M 2045
2020 © 2025 12030 2035 2040 W 2045
Figure 20: Theoretical and technical methane yield in Mali from 2020 to 2045
Figure 21: Theoretical and technical energy potential in Mali from 2020 to 2045
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Figure 22: Theoretical and technical hydrogen potential in Mali from 2020 to 2045

3.1.2.4 Theoretical and technical hydrogen potential from cereal crops through

gasification

The theoretical and technical production potential of cereal crops residues for the years 2020,
2025, 2030, 2035, 2040, and 2045 are illustrated in (Figure 23) below. The results showed
that cereal crops’ production potential is less than what obtained from the combination of
OFMSW and livestock mainly due to the quantity of cereal crops considered and the
unavailability data of some regions such as Bamako and Kidal. It demonstrated the highest
production in Kayes over time for the years 2020, 2025, 2030, 2035, 2040, and 2045 with
123.05 Mmol, 529.42 Mmol, 2445.5 Mmol, 11654.63 Mmol, 56362.16 Mmol, and 274581.61

Mmol respectively as the theoretical potential which is greater than the technical potential.

The technical potential obtained in Kayes was: 67.68 Mmol, 291.18 Mmol, 1345.02 Mmol,
6410.05 Mmol, 30999.19 Mmol, and 151019.89 Mmol for the respective years.

On the contrary, Mopti showed the lowest potential over time. Although its technical potential
obtained was: 64.31 Mmol, 89.74 Mmol, 127.34 Mmol, 183.43 Mmol, 267.95 Mmol, and
396.54 Mmol for the years 2020, 2025, 2030, 2035, 2040, and 2045.

42



Theoretical and Technical Hydrogen Potential from Cereal Crops in
Mmol
o
S 30
o
25
20
15
10
5 II
0 e | ,,-II _—u=l i _ _m . |
Kayes Koulikoro Sikasso Ségou Mopti Tombouctou Gao
2020 W2025 W2030 W2035 MW2040 m2045
2020 2025 12030 W 2035 2040 M 2045

Figure 23: Theoretical and technical hydrogen potential in Mali from 2020 to 2045

3.1.2.5 Hydrogen production potential in Mali in 2045

Figure 24 presents the map of Mali with the technical hydrogen potential for the year 2045
alongside the best conversion technology in the studied regions. Anaerobic digestion is
represented by the green shades and gasification by the blue shades. According to the results
obtained from the previous technical production for both technologies, Mopti and
Tombouctou showed very high hydrogen potential in 2045 through anaerobic digestion
compared to gasification. This was followed by Ségou, Kidal, and Bamako.

Conversely, Kayes and Gao had highest hydrogen potential in 2045 through gasification.
Thereafter, Koulikoro and Sikasso appeared to have lower potential through gasification but
still considerable.
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Hydrogen Potential in 2045 through Anaerobic
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Figure 24: Hydrogen Potential in 2045 through AD and gasification in Mmol

3.2. Discussion

In this study, biomass potential of livestock waste, cereal crops residues and MSW were
assessed for the years 2020, 2025, 2030, 2035, 2040, and 2045. It additionally estimated the
bioenergy outputs in the form of biomethane, energy and biohydrogen through anaerobic
digestion for livestock and MSW and gasification for cereal crops residues. The findings give

a thorough evaluation of Mali’s bioresource potential and its implications for energy security.

Mali faces the challenges of rising energy demand and dependence on traditional biomass and
imported fossil fuels. This research aimed to quantify livestock manure, cereal crops residues,
and MSW availability across nine regions, evaluate the potential methane, energy and
hydrogen through anaerobic digestion and gasification, and determine how these resources
could contribute to enhancing national energy security.

The results indicate that Mali’s biomass resources increase significantly over time, mostly due
to livestock expansion, rising cereal production and MSW generated. Although, livestock was
found to be the largest contributor to total biomass potential, especially in regions with high
cattle raising such as Mopti and Sikasso (17391.58 kt and 9898.02kt as potential in 2045
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respectively). However, cereal residues also made significant contributions, with sorghum in
Kayes and maize in Koulikoro which stood out as major sources of biohydrogen through
gasification (7611945.54 kt and 1136752 kt in 2045 respectively). On the other hand, the
potential of fonio and wheat residues was consistently low across all regions. In terms of
MSW, the northern regions (Tombouctou, Gao, and Kidal) showed the lowest production
potential, while Koulikoro showed the highest with 815.56 kt in 2045, which reflected the

higher urbanization in this area.

The central region, Mopti, consistently showed the greatest potential for methane, energy and
hydrogen (1134402.9 kt, 2018428376.53 GWh, 226276698. 38 Mmol in 2045 respectively)
through anerobic digestion, whereas it was Kayes which showed the highest potential for
hydrogen production through gasification (67.68 Mmol in 2045). These results highlight the

strategic significance of those feedstocks for the deployment of bioenergy in the future.

The results align with earlier research that highlighted Mali’s dependence on agriculture and
livestock as the primary sources of biomass [4], [5], as well as with [65] and [86] which
considered biomass conversion pathways into methane and hydrogen through anaerobic

digestion and gasification.

This study, however, expands on earlier studies by presenting a long-term estimate (2020 to
2045) and considering several biomass categories at once, providing a more thorough
assessment as considered by [57]. Although previous studies have observed that MSW is
underutilized, this analysis measured its growth potential, supporting recommendations for

improved waste management systems.
e Implications for policy and energy security.

The findings demonstrate how biomass could help lessen Mali’s dependency on imported
fossil fuels and reduce deforestation brought on by the usage of charcoal and firewood. The
four “"As” of energy security (Availability, Accessibility, Affordability, and Acceptability),
could be addressed by extensively utilizing crop residues, livestock manure and OFMSW to
generate renewable energy. Moreover, rural populations with low electrification rates may

profit from investments in decentralized bioenergy systems.
e Limitations of the study
Despite the analysis’s strength of this study, several limitations should be acknowledged:

+ Incomplete data availability: the study relied on secondary data; the accuracy of the
data could be impacted by missing data on different feedstocks.

+ Economic feasibility analysis: a full economic analysis such as calculating the
Levelized Cost of Hydrogen (LCOH) and the Levelized Cost of Electricity (LCOE)

could be conducted.
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+ Environmental impact: the impacts on biomass use could also be assessed through a
full Life Cycle Analysis (LCA).

e Directions for future research

Future research should focus on verifying biomass availability on the ground, combining life
cycle analysis to assess the environmental impact and economic feasibility assessments.
Further work is also needed on integrating bioenergy into Mali’s national grid and exploring
hybrid systems that combine hydropower and solar. Moreover, case studies of small-scale
pilot projects in high potential areas like Mopti and Koulikoro could provide practical insights

into the scaling up of bioenergy technologies.
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Conclusion and perspectives

This research assessed livestock waste, cereal crops residues, and MSW potential in Mali for
the years 2020, 2025, 2030, 2035, 2040, and 2045. It further estimated how much of this
potential could be converted into biomethane, energy and biohydrogen theoretically and
technically. According to the findings, biomass resources are abundant and steadily increasing.
Livestock waste is the dominant contributor, followed by cereal crops residues and MSW.
Although, Mopti and Gao appeared to have the greatest biomethane, energy and biohydrogen,
potential theoretically and technically through anaerobic digestion. However, for gasification,

Kayes showed the highest biohydrogen potential.

The whole country will produce 9.64 EWh of electricity or 1,080,468.29 Gmol of hydrogen
with the combination of all livestock and MSW considered in each region by 2045 through
anaerobic digestion technically. On the other hand, 229.33 Gmol of hydrogen will be
produced with cereal crops residues in the five regions considered by 2045 through

gasification technically.

47



References

[10]

[11]

[12]

[13]

[14]
[15]

REN21, Renewables 2022  Global Status. 2022. [Online]. Available:
https://www.ren21.net/gsr-2022/

S. A. Asongu, M. O. Agboola, A. A. Alola, and F. V. Bekun, ‘The criticality of growth,
urbanization, electricity and fossil fuel consumption to environment sustainability in
Africa’, Sci. Total Environ., vol. 712, p. 8, 2020, doi: 10.1016/j.scitotenv.2019.136376.

I. Segura-Rodriguez and R. Bhandari, ‘Assessment of Bioenergy Potential from
Biomass Waste to Improve Access to Clean Energy for Cooking in Mali’, Sustain., vol.
16, no. 1, p. 34, 2024, doi: 10.3390/sul6010455.

S. Mariko, S. Sanogo, R. Adamou, R. Bhandari, V. Sessa, and A. Ba, ‘Sustainability
assessment of energy supply scenarios: case study of Mali’, Environ. Res. Commun.,
vol. 5, p. 17,2023, doi: 10.1088/2515-7620/ad028c.

E. D. Nopenyo, A. N. Safiatou, B. Souleymane, K. Smail, and D. Bagui, Mali
Renewables Readiness Assessment, no. September. 2019. [Online]. Available:
https://www.irena.org/publications/2019/Sep/Renewables-Readiness-Assessment-Mali

A. Maiga, S. Traoré, A. Bamba, and A. Traoré, ‘Determinants of CO2 emissions in
Mali Déterminants des émissions de CO2 au Mali’, J. Econ. Financ. Manag., vol. 2, no.
3, pp. 202224, 2023.

S. et al. B, ‘Climate-Smart Agriculture in Mali’, pp. 1-25, 2020.

‘Mali’, The World Bank Group. [Online]. Available:
https://climateknowledgeportal.worldbank.org/country/mali

Z. M. A. Bundhoo, ‘Solid waste management in least developed countries: current
status and challenges faced’, J. Mater. Cycles Waste Manag., vol. 20, pp. 1867-1877,
2018, doi: 10.1007/s10163-018-0728-3.

S. K. Karan and L. Hamelin, ‘Crop residues may be a key feedstock to bioeconomy but
how reliable are current estimation methods?’, Resour. Conserv. Recycl., vol. 164, p.
10, 2021, doi: 10.1016/j.resconrec.2020.105211.

E. W. Gabisa and S. H. Gheewala, ‘Biomass and Bioenergy Potential of bio-energy
production in Ethiopia based on available biomass residues’, Biomass and Bioenergy,
vol. 111, no. January, pp. 77-87, 2018, doi: 10.1016/j.biombioe.2018.02.009.

M. Herrero, S. Wirsenius, B. Henderson, C. Rigolot, P. Thornton, P. Havlik, I. De Boer,
P. Gerber, ‘Livestock and the Environment: What Have We Learned in the Past
Decade?’, Annu. Rev. Environ. Resour., vol. 40, pp. 177-202, 2015, doi:
10.1146/annurev-environ-031113-093503.

M. Herrero, P. Havlik, H. Valin, A. Notenbaert, M. C.Rufino, P. K. Thornton, M.
Bliimmel, F. Weiss, D. Grace, M. Obersteiner, ‘Biomass use, production, feed
efficiencies, and greenhouse gas emissions from global livestock systems’, Proc. Natl.
Acad. Sci. U. S. A., vol. 110, no. 52, pp. 20888-20893, 2013, doi:
10.1073/pnas.1308149110.

‘Livestock waste and animal by-product management’, 2011.

Y. Li, L. W. Zhou, and R. Z. Wang, ‘Urban biomass and methods of estimating

48



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

municipal biomass resources’, Renew. Sustain. Energy Rev., vol. 80, pp. 1017-1030,
2017, doi: 10.1016/.rser.2017.05.214.

A. Hamdan, S. Panda, M. S. Jain, V. Raj, and S. Mathew, ‘Assessing municipal solid
waste in Indian smart cities: A path towards Waste-to-Energy’, Heliyon, vol. 11, no. 6,
2025, doi: 10.1016/j.heliyon.2025.e42770.

G. Mazzanti, F. Demichelis, D. Fino, and T. Tommasi, ‘A closed-loop valorization of
the waste biomass through two-stage anaerobic digestion and digestate exploitation’,
Renew. Sustain. Energy Rev., vol. 207, no. March 2024, 2025, doi:
10.1016/j.rser.2024.114938.

H. Warade, S. Mukwane, K. Ansari, D. Agrawal, P. Asaithambi, M. Eyvaz, Y.
Mohammad, ‘Enhancing Biogas Generation: A Comprehensive Analysis of Pre-
Treatment Strategies for Napier Grass in Anaerobic Digestion’, Discov. Mater., vol. 5,
p. 30, 2025, doi: 10.1007/s43939-025-00211-z.

F. Akram, T. Fatima, R. Ibrar, and 1. ul Haq, ‘Biohydrogen: Production, promising
progressions and challenges of a green carbon-free energy’, Sustain. Energy Technol.
Assessments, vol. 69, 2024, doi: 10.1016/j.seta.2024.103893.

F. Sher, S. Hameed, N. Smjecanin Omerbegovi¢, A. Chupin, 1. Ul Hai, B. Wang, Y.
Heng Teoh, M. Joka Yildiz, ‘Cutting-edge biomass gasification technologies for
renewable energy generation and achieving net zero emissions’, Energy Convers.
Manag., vol. 323, 2025, doi: 10.1016/j.enconman.2024.119213.

M. M. Afessa, A. Locaspi, P. Debiagi, A. Frassoldati, R. Caraccio, A. V. Ramayya, T.
Faravelli, ‘Pyrolysis of large biomass particles: Model validation and application to
coffee husks valorization’, J. Anal. Appl. Pyrolysis, vol. 188, 2025, doi:
10.1016/j.jaap.2025.107028.

S. Mariyam, M. Alherbawi, G. McKay, and T. Al-Ansari, ‘A predictive model for
biomass waste pyrolysis yield: Exploring the correlation of proximate analysis and
product composition’, Energy Convers. Manag. X, vol. 25, 2025, doi:
10.1016/j.ecmx.2024.100831.

B. Zhang, B. K. Biswal, J. Zhang, and R. Balasubramanian, ‘Hydrothermal Treatment
of Biomass Feedstocks for Sustainable Production of Chemicals, Fuels, and Materials:
Progress and Perspectives’, Chem. Rev., vol. 123, no. 11, pp. 7193-7294, 2023, doi:
10.1021/acs.chemrev.2¢00673.

S. Zhou, Q. Wang, M. Hua, S. Wang, and S. Zhang, ‘Sustainable Biomass Acts as an
Electron Donor for Cr(VI) Reduction during the Subcritical Hydrothermal Process:
Molecular Insights into the Role of Hydrochar and Liquid Compounds’, Environ. Sci.
Technol., vol. 58, pp. 15855-15863, 2024, doi: 10.1021/acs.est.4c05488.

B. Shrikant and S. Jhuma, ‘Process Intensification Aspects for Steam Methane
Reforming: An Overview’, AIChE J., vol. 55, no. 2, pp. 408-422, 2009, doi:
10.1002/aic.

D. Pashchenko and I. Makarov, ‘Carbon deposition in steam methane reforming over a
Ni-based catalyst: Experimental and thermodynamic analysis’, Energy, vol. 222, p.
119993, 2021, doi: 10.1016/j.energy.2021.119993.

R. Carapellucci and L. Giordano, ‘Steam, dry and autothermal methane reforming for
hydrogen production: A thermodynamic equilibrium analysis’, J. Power Sources, vol.
469, no. June, p. 228391, 2020, doi: 10.1016/j.jpowsour.2020.228391.

49



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

D. Xie, L. Kong, J. Hu, H. Li, and Y. Wang, ‘A comparative review of biohydrogen
and biomethane production from biowaste through photo-fermentation’, Green Chem.,
vol. 27, pp. 1331-1347, 2024, doi: 10.1039/d4gc06079b.

O. Garcia-Depraect, L. Vargas-Estrada, R. Mufioz, and R. Castro-Mufioz, ‘Membrane-
Assisted Dark Fermentation for Integrated Biohydrogen Production and Purification: A
Comprehensive  Review’,  Fermentation, vol. 11, mno. 1, 2025, doi:
10.3390/fermentation11010019.

N. A. Zawawi, N. A. Latif, M. F. A. Wahab, A. Daverey, Z. A. Zakaria, and S. H.
Hasmoni, ‘Advancing Wastewater-Based Biohydrogen Production Through Microbial
Engineering and Process Innovations’, Curr. Pollut. Reports, vol. 11, pp. 1-22, 2025,
doi: 10.1007/s40726-025-00343-z.

E. Larson, ‘Technology for Electricity and Fuels from Biomass’, Annu. Rev. Energy
Environ., vol. 18, pp. 567-630, 1993, doi: 10.1146/annurev.energy.18.1.567.

S. E. Hosseinizadeh, E. Ghamati, A. Jahangiri, S. Majidi, . Khazaee, and M. A. Faghih
Aliabadi, ‘Reduction of water droplets effects in steam turbine blade using Multi-
objective optimization of hot steam injection’, Int. J. Therm. Sci., vol. 187, p. 108155,
2023, doi: 10.1016/j.ijthermalsci.2023.108155.

C. Bae and J. Kim, ‘Alternative fuels for internal combustion engines’, Proc. Combust.
Inst., vol. 36, no. 3, pp. 3389-3413, 2017, doi: 10.1016/j.proci.2016.09.009.

A. A. P. Susastriawan, Y. Purwanto, and Purnomo, ‘Biomass gasifier—internal
combustion engine system: review of literature’, Int. J. Sustain. Eng., vol. 14, no. 5, pp.
1090-1100, 2020, doi: 10.1080/19397038.2020.1821404.

K. K. Gupta, A. Rehman, and R. M. Sarviya, ‘Bio-fuels for the gas turbine: A review’,
Renew. Sustain. Energy Rev., vol. 14, no. 9, pp. 2946-2955, 2010, doi:
10.1016/j.rser.2010.07.025.

M. Liu, ‘Biomass-Based Gas Turbine Systems for Power Generation: Sustainable
Feedstocks and Environmental Benefits’, Highlights Sci. Eng. Technol., vol. 114, pp.
79-83, 2024, doi: 10.54097/zjmf1b33.

B. W. Ang, W. L. Choong, and T. S. Ng, ‘Energy security: Definitions, dimensions and
indexes’, Renew. Sustain. Energy Rev., vol. 42, pp. 1077-1093, 2015, doi:
10.1016/j.rser.2014.10.064.

D. Yergin, ‘ENERGY SECURITY IN THE 1990s’, Counc. Foreign Relations, vol. 67,
pp. 110-132, 1988.

D. Yergin, ‘Ensuring Energy Security’, Ensuring Energy Secur., vol. 85, no. 2, pp. 69—
82, 2006.

A. Goldthau, ‘Governing global energy: Existing approaches and discourses’, Curr.
Opin.  Environ.  Sustain., vol. 3, mno. 4, pp. 213-217, 2011, doi:
10.1016/j.cosust.2011.06.003.

A. Cherp and J. Jewell, ‘The concept of energy security : Beyond the four As’, Energy
Policy, vol. 75, pp. 415-421, 2014, doi: 10.1016/j.enpol.2014.09.005.

J. Jewell, A. Cherp, and K. Riahi, ‘Energy security under de-carbonization scenarios:
An assessment framework and evaluation under different technology and policy
choices’, Energy Policy, vol. 65, pp. 743-760, 2014, doi: 10.1016/j.enpol.2013.10.051.

T. Karpavicius, T. Balezentis, and D. Streimikiene, ‘Energy security indicators for

50



[44]

[45]

[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

sustainable energy development: Application to electricity sector in the context of state
economic decisions’, Sustain. Dev., vol. 33, no. 1, pp. 1381-1400, 2024, doi:
10.1002/sd.3190.

‘Key Indicators’, Africa Development Bank Group. Accessed: Sep. 17, 2025. [Online].
Available: https://africa-energy-portal.org/aep/country/mali

M. Fomba, Z. D. Osunde, S. S. Traoré, A. Okhimamhe, J. Kleemann, and C. Fiirst,
‘Urban Green Spaces in Bamako and Sikasso, Mali Land Use Changes and
Perceptions’, Land, vol. 13, no. 1, pp. 1-20, 2024, doi: 10.3390/1and13010059.

A. Sissoko, ‘Régionalisation : Deux Nouvelles régions créées au Mali’, pp. 1-2, 2016.

Laurent Bossard, ‘Les régions maliennes de Gao, Kidal et tombouctou
PERSPECTIVES NATIONALES ET REGIONALES’, 2015.

J. NATABOU, ‘Quelles sont les régions du Mali ?°, gifex.com. Accessed: Oct. 15,
2025. [Online]. Available: https://gifex.com/fr/fichier/quelles-sont-les-regions-du-mali/

N. C. Paul and D. D. Nangare, ‘Trend Analysis of Area, Production and Productivity of
Nutri-Cereals (Pearl Millet and Sorghum) in Maharashtra, India: Navigating
Challenges for Food Security and the Way Out’, Natl. Acad. Sci. Lett., vol. 47, no. 6,
pp. 613616, 2024, doi: 10.1007/s40009-024-01417-0.

A. M. S. Kumar, Y. Lad, ‘Trend Analysis of Area, Production and Productivity of
Minor Millets in India’, Res. Trend, vol. 24, no. 1, pp. 14-18, 2022, doi:
10.51470/plantarchives.2024.v24.n0.1.073.

F. Kemausuor, A. Kamp, S. T. Thomsen, E. C. Bensah, and H. Stergard, ‘Assessment
of biomass residue availability and bioenergy yields in Ghana’, Resour. Conserv.
Recycl., vol. 86, pp. 28-37, 2014, doi: 10.1016/j.resconrec.2014.01.007.

Y. Kang, Q. Yang, P. Bartocci, H. Wei, S. S. Liu, Z. Wu, H. Zhou, H. Yang, F.
Fantozzi, H. Chen, ‘Bioenergy in China: Evaluation of domestic biomass resources and

the associated greenhouse gas mitigation potentials’, Renew. Sustain. Energy Rev., vol.
127, no. April, p. 109842, 2020, doi: 10.1016/j.rser.2020.109842.

N. van Duivenbooden and F. R. Veeneklaas, ‘Impact of inorganic fertilizer availability
on land use and agricultural production in the Fifth Region of Mali - I. Methodology
and basic data’, Fertil. Res., vol. 35, no. 3, pp. 193-204, 1993, doi:
10.1007/BF00750638.

M. U. Khan, M. Ahmad, M. Sultan, I. Sohoo, P. C. Ghimire, A. Zahid, A. Sarwar, M.
Farooq, U. Sajjad, P. Abdeshahian, M. Yousaf, ‘Biogas production potential from
livestock manure in Pakistan’, Sustain., vol. 13, no. 12, pp. 1-17, 2021, doi:
10.3390/sul3126751.

H. Afazeli, A. Jafari, S. Rafiee, and M. Nosrati, ‘An investigation of biogas production
potential from livestock and slaughterhouse wastes’, Renew. Sustain. Energy Rev., vol.
34, pp. 380-386, 2014, doi: 10.1016/j.rser.2014.03.016.

M. M. Ali, M. Ndongo, B. Bilal, K. Yetilmezsoy, I. Youm, and M. Bahramian,
‘Mapping of biogas production potential from livestock manures and slaughterhouse
waste: A case study for African countries’, J. Clean. Prod., vol. 256, 2020, doi:
10.1016/j.jclepro.2020.120499.

F. B. Jobe, S. Narra, V. Singh, and K. Agboka, ‘Bioenergy and Green Hydrogen
Production in The Gambia: Potential for Energy Mix Integration’, Energy

51



[58]

[59]

[60]

[61]

[62]

[63]

[64]
[65]

[66]

[67]

[68]

[69]

[70]

Energineering, 2025, doi: 10.32604/ee.2025.061963.

C. Uzoagba et al., ‘Bioenergy Potential Assessment of Crop Residue Biomass
Resources in Africa Towards Circular Economy’, Cureus Journals, pp. 1-24, 2024, doi:
10.7759/1.

N. N. Same, A. O. Yakub, Abdulfatai, D. Chaulagain, J. Park, A. Owolabi, L.
Babatunde, J. O. Lim, J. W. Roh, D. Suh, J. S. Huh, ‘A multicriteria decision analysis
for the selection and ranking of crop residue for sustainable energy generation in West
Africa’, Energy Nexus, vol. 18,2025, doi: 10.1016/j.nexus.2025.100408.

F. Barry, M. Sawadogo, I. W. K. Ouédraogo, M. Traoré/Bologo, and T. Dogot,
‘Geographical and economic assessment of feedstock availability for biomass
gasification in Burkina Faso’, Energy Convers. Manag. X, vol. 13, 2022, doi:
10.1016/j.ecmx.2021.100163.

M. Pastori, A. Udias, L. Cattaneo, M. Moner-Girona, A. Niang, and C. Carmona-
Moreno, ‘Bioenergy potential of crop residues in the Senegal river basin: A cropland—

energy—water-environment nexus approach’, Sustain., vol. 13, no. 19, 2021, doi:
10.3390/sul31911065.

A. R. Hama, T. A. Tahir, and B. J. Ali, ‘An overview of factors affecting the rate of
generation and Physical Composition of Municipal Solid Waste’, IOPscience, 2021,
doi: 10.1088/1757-899X/1107/1/012096.

K. Rajendran and G. S. Murthy, ‘Biocatalysis and Agricultural Biotechnology Techno-
economic and life cycle assessments of anaerobic digestion — A review’, Biocatal.
Agric. Biotechnol., vol. 20, p. 101207, 2019, doi: 10.1016/j.bcab.2019.101207.

PNUE, ‘Avenir de la Gestion des Déchets en Afrique’, pp. 1-223, 2018.

P. K. Yuen, C. Man, D. Lau, K. In, and G. Yuen, ‘Calculations Reconsidered : From
Mass Percentages of Elements to Empirical Formula and From Empirical Formula to
Theoretical Biomethane Potential’, vol. 16, no. 2, pp. 75-86, 2024, doi:
10.5539/ijc.v16n2p75.

Z.J. Yong, M. J. K. Bashir, and M. S. Hassan, ‘Biogas and biofertilizer production
from organic fraction municipal solid waste for sustainable circular economy and
environmental protection in Malaysia’, Sci. Total Environ., vol. 776, p. 145961, 2021,
doi: 10.1016/j.scitotenv.2021.145961.

J. J. Hoyos-Sebd, N. P. Arias, J. Salcedo-Mendoza, and V. Aristizdbal-Marulanda,
‘Animal manure in the context of renewable energy and value-added products: A

review’, Chem. Eng. Process. - Process Intensif., vol. 196, 2024, doi:
10.1016/j.cep.2023.109660.

S. Inna, A. Z. Henriette, H. Boukar, T. Cornelius, G. Carac, R. D. Mihaela, M. Ruben,
K. Richard, ‘Compositional characteristics and theoretical energy potential of animal
droppings from Adamawa region of Cameroon’, Biomass Convers. Biorefinery, vol. 14,
no. 10, pp. 10871-10883, 2022, doi: 10.1007/s13399-022-03320-4.

Y. Yin, J. Tu, Z. Wu, T. Wang, M. M. Rahman, M. Shakir, M. Qing, Z. Chen, B. J. Ni,
Y. Xuan, Z. Peng, L. Liu, ‘Thermal characteristics, kinetics mechanism, and sulfur

retention of waste tires and goat manure Co-combustion’, Energy, vol. 325, p. 136071,
2025, doi: 10.1016/j.energy.2025.136071.

J. T. Hotaj-Krzak, A. Konieczna, K. Borek, D. Gryszkiewicz-Zalega, E. Sitko, M.
Urbaniak, B. Dybek, D. Anders, J. Szymenderski, A. Koniuszy, G. Watowski, ‘Goat

52



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Manure Potential as a Substrate for Biomethane Production—An Experiment for
Photofermentation’, Energies, vol. 17, no. 16, 2024, doi: 10.3390/en17163967.

J. Lu, A. Veksha, Y. S. Poh, W. J. A. Loh, and G. Lisak, ‘Catalytic synthesis of
biogenic multi-walled carbon nanotubes and hydrogen from manure’, Chem. Eng. J.,
vol. 503, p. 158613, 2025, doi: 10.1016/j.cej.2024.158613.

P. Parthasarathy, M. Alherbawi, S. Pradham, T. Al-Ansari, D. Singh, V. Tirkey, G.
McKay, K. Sarma, Technoeconomic and Life Cycle Analyses for Commercial Biocrude
Production. Aslam, Mohammad; Mishra, Sanjeev; Anell, Jorge, 2025.

Z. Lentz, P. Kolar, and J. J. Classen, ‘Valorization of swine manure into hydrochars’,
Processes, vol. 7, no. 9, 2019, doi: 10.3390/pr7090560.

J. Paini, V. Benedetti, M. Baratieri, and F. Patuzzi, ‘Towards a food waste integrated
biorefinery: Downstream valorization of apple pomace’, p. 2, 2018, [Online]. Available:
https://doi.org/10.1063/1.1928231.

J. Bohman, S. Nydahl, R. Farholm, K. Norin, and H. Holm, ‘DIGESTION WITH
ELECTRICITY PRODUCTION AND HEAT RECOVERY”, 2024.

R. J. Tanyi and M. S. Adaramola, ‘Bioenergy potential of agricultural crop residues
and municipal solid waste in Cameroon’, AIMS Energy, vol. 11, no. 1, pp. 31-46, 2023,
doi: 10.3934/energy.2023002.

J. O. Ajikashile, M. J. Alhnidi, G. K. Parku, A. Funke, and A. Kruse, ‘A study on the
fast pyrolysis of millet and sorghum straws sourced from arid and semi-arid regions of

Nigeria in a twin-screw mixing reactor’, Mater. Sci. Energy Technol., vol. 6, pp. 388—
398, 2023, doi: 10.1016/j.mset.2023.03.007.

D. Chen, J. Wang, S. Li, Y. Liu, X. Zhu, J. Li, T. Zhang, ‘Effects of different
pretreatment methods on millet straw and millet bran for fuel properties and pyrolysis
bio-oil’, J. Therm. Anal. Calorim., vol. 148, no. 19, pp. 10429-10439, 2023, doi:
10.1007/s10973-023-12393-w.

P. A. Seglah, K. A. W. Neglo, H. Wang, D. Cudjoe, F. Kemausuor, C. Gao, Y. Bi, Y.
Wang, ‘Electricity generation in Ghana: Evaluation of crop residues and the associated
greenhouse gas mitigation potential’, J. Clean. Prod., vol. 395, p. 136340, 2023, doi:
10.1016/j.jclepro.2023.136340.

K. H. Chakravarty, M. Sadi, H. Chakravarty, J. Andersen, B. Choudhury, T. J. Howard,
A. Arabkoohsar, ‘Pyrolysis kinetics and potential utilization analysis of cereal biomass
by-products; an experimental analysis for cleaner energy productions in India’,
Chemosphere, vol. 353, 2024, doi: 10.1016/j.chemosphere.2024.141420.

F. O. Olanrewaju, G. E. Andrews, H. Li, H. N. Phylaktou, B. G. Mustafa, and M. H. M.
Kiah, ‘Investigation of the heat release rate and particle generation during fixed bed
gasification of sweet sorghum stalk’, Fuel, vol. 332, p. 126013, 2023, doi:
10.1016/j.fuel.2022.126013.

M. Thobhebhe, Y. Suberu Mohammed, and N. Audu, ‘Bioelectric Power Potential
Analysis of Agricultural Crop Residues: A Case Study of Nigeria’, Asian J. Electr. Sci.,
vol. 12, no. 2, pp. 1-9, 2023, doi: 10.51983/ajes-2023.12.2.3719.

H. Fitri, G. A. K. Giirdil, B. Demirel, E. Y. Cevher, and H. Roubik, ‘Biomass potential
from agricultural residues for energy utilization in West Nusa Tenggara (WNT),
Indonesia’, GCB Bioenergy, vol. 15, no. 11, pp. 1405-1414, 2023, doi:
10.1111/gcbb.13100.

53



[84]

[85]

[86]

M. Wozniak, I. Ratajczak, D. Wojcieszak, A. Waskiewicz, K. Szentner, J. Przybyt, S.
Borysiak, P. Golinski, ‘Chemical and structural characterization of maize stover

fractions in aspect of its possible applications’, Materials (Basel)., vol. 14, no. 6, 2021,
doi: 10.3390/mal14061527.

P. Kumar and B. Kumar Nandi, ‘Combustion characteristics of high ash Indian coal,
wheat straw, wheat husk and their blends’, Mater. Sci. Energy Technol., vol. 4, pp.
274-281, 2021, doi: 10.1016/.mset.2021.08.001.

A. Franco, ‘Green Hydrogen and the Energy Transition: Hopes, Challenges, and
Realistic  Opportunities’, Hydrogen, vol. 6, no. 2, p. 28, 2025, doi:
10.3390/hydrogen6020028.

54



APPENDIXES

Appendix 1. Theoretical Methane, Energy and Hydrogen

Livestock

Year
Bamako
Kayes
Koulikoro
Sikasso
Ségou
Mopti
Tombouctou
Gao
Kidal
Total

Year
Bamako
Kayes
Koulikoro
Sikasso
Ségou
Mopti
Tombouctou
Gao
Kidal
Total

Year
Bamako
Kayes
Koulikoro
Sikasso
Ségou
Mopti
Tombouctou

2020
30663.3
305760
355396
332408
292025
639407
355463
387154
213842
2912119

2020
109897107.5
1095843564
1273739260
1191351526
1046619280
2291634801
1273979671
1387559551
766410586.5
10437035346

2020
5749360.395
57329985.54

66636749.8
62326565.62
54754775.39
119888818.4

66649327.1

Theoretical Methane Yield in kt/year

2025
51116.1
365077
421306
391993
348233
765383
413174
448889
244148
3449319

2030
87450.4
437167
501237
463453
417768
918327
498274
548730
295655

4168059

2035
152555
525018
598412
549371
503305
1104448
602871
672771
359804
5068554

Theoretical Energy Potential in GWh

2025
183199975.3
1308437520
1509959324
1404902051
1248067949
2743133666
1480815664
1608817475
8750274441
12362361069

2030
313422330.2
1566806319
1796431799
1661015481
1497279398
3291282947
1785812536
1966647225
1059626220
14938324256

2035
546755574
1881664073
2144707604
1968945551
1803846674
3958340081
2160690439
2411211575
1289536537
18165698107

Theoretical Hydrogen Potential in Mmol

2025
9584262.102
68452018.71
78994802.78
73498642.47
65293733.39
143509364.5
77470127.53

2030
16396955.05
81968801.56
93981853.34
86897433.79
78331441.72
172186259.1
93426297.55

2035
28603981.62
98440852.03
112202197.5
103007056.6

94369768.8
207083918.8
113038353.1

Yield from MSW and

2040
269886
632367
716841
652926
608390
1331482
731754
827204
439925
6210774

2040
967269996.8
2266403468
2569157225
2340086706
2180468533
4772032937
2622606009
2964698025
1576689980
22259412880

2040
50603550.34
118568819.8
134407639.4
122423620.9
114073060.8
249652950.8
137203857.9

2045
482175
763890
861523
778047
737570
1609079
890944
1019854
540249
7683330

2045
1728116593
2737781015
3087698295
2788520706
2643450484
5766938219
3193142470
3655156019
1936251031

27537054830

2045
90407885.37
143229336
161535555.3
145883826
138294354.3
301702264.5
167051956.8



Gao
Kidal
Total

72591354.84
40095419.91
546022357

84166650.85
45777802.95
646747405.3

102886817.7
55435244.51
781511104.4

126144578.7
67463197.72
950353904.9

155100691.9
82485873.67
1164520066

191222587.5
101296615
1440624381

Appendix 2. Technical Methane, Energy and Hydrogen Yield from MSW and Livestock

Technical Methane Yield in kt

Year 2020 2025 2030 2035 2040 2045
Bamako 21620 36039.7 61656 107555 190274 339939
Kayes 215562 257381 308204 370140 445822 538546
Koulikoro 250556 297023 353375 421885 505380 607384
Sikasso 234349 276357 326737 387311 460319 548531
Ségou 205879 245505 294527 354832 428917 519989
Mopti 450783 539596 647421 778637 938697 1134403
Tombouctou 250602 291288 351283 425025 515887 628116
Gao 272944 316467 386855 474305 583180 718999
Kidal 150759 172125 208437 253662 310147 380875
Total 2053052 2431781 2938497 3573351 4378622 5416784
Technical Energy Potential in GWh
Year 2020 2025 2030 2035 2040 2045
Bamako 38463987.62 64119991.37 109697816 191364450.9 338544498.9 604840807.5
Kayes 383545247.3 457953132.1 548382212 658582425.5 793241213.9 958223355.2
Koulikoro 445808741.1 528485763.3 628751130  750647661.4  899205028.8 1080694403
Sikasso 416973034.2 491715718 581355418 689130942.9 819030347.3 975982247
Ségou 366316748 436823782.2 524047789 631346335.9 763163986.6 925207669.3
Mopti 802072180.2 960096783 1.152E+09 1385419028  1670211527.8 2018428376.53
Tombouctou 445892884.9 518285482.5 625034387 756241653.7 917912103.2 1117599864
Gao 485645842.8 563086116.4 688326529 843924051.1 1037644309 1279304607
Kidal 268243705.3 306259605.4 370869177  451337787.9 551841493 677687860.8
Total 3652962371 4326826374 5.228E+09 6357994338 7790794508 9637969191
Technical Hydrogen Potential in Mmol
Year 2020 2025 2030 2035 2040 2045
Bamako  4312020.296  7188196.577 = 1229771629 = 2145298621 = 37952662.75 = 67805914.03
Kayes 42997489.15 = 51339014.03 61476601.17 73830639.02 88926614.88 107422002
Koulikoro 49977562.35 = 59246102.09 70486390 84151648.1 100805729.6 121151666.5
Sikasso 46744924.22  55123981.86 65173075.34 77255292.45 91817715.71 109412869.5
Ségou 41066081.54 = 48970300.04 = 5874858129 = 70777326.6 = 85554795.62 = 103720765.7
Mopti 89916613.80  107632023.36 = 129139694.33 = 155312939.14 = 187239713.10 = 226276698.38
Tombouctou = 49986995.32  58102595.65 70069723.17 84778764.79 102902893 .4 125288967.6

II



Gao
Kidal

Total

Appendix 3.

Year
Kayes
Koulikoro
Sikasso
Ségou
Mopti
Tombouctou
Gao
Total

Year
Kayes
Koulikoro
Sikasso
Ségou
Mopti
Tombouctou
Gao
Total

54443516.13

30071564.93

409516767.7

63124988.14
34333352.21
485060554

77165113.3
41576433.38
586133328.3

94608434.06
50597398.29
712765428.7

116325518.9
61864405.25
873390049.2

143416940.6
75972461.27

1080468286

Theoretical and technical hydrogen potential from cereal crops residues

2020
123047.41
202102.69

303142.4
219484.352
116930.381

29628.74

26464.17
1020800.15

2020
67676.07
111156.47
166728.32
120716.39
64311.70
16295.80
14555.29
561440.08

Theoretical Hydrogen Potential in kmol

2025
529420.12
515077.72
609006.57
337381.22
163168.51
71757.58
124998.90
2350810.65

2030
2445495.86
1462983.52
1269452.43
544822.82
231521.73
194265.21
603186.36
6751727.95

2035
11654632.04
4494230.29
2703769.75
1124756.39
333516.64
571876.74
2938663.52
23821445.38

Technical Hydrogen Gas in kmol

2025
291181.06
283292.74
334953.61
185559.67

89742.68

39466.66

68749.39
1292945.86

2030
1345022.72
804640.93
698198.84
299652.55
127336.95
106845.86
331752.49
3713450.37

2035
6410047.62
2471826.66
1487073.36
618616.01
183434.15
314532.210
1616264.93
13101794.96

2040
56362155.41
14525653.32
5831778.25
2242407.24
487177.17
1829817.42
14376810.35
95655799.16

2040
30999185.48
7989109.32
3207478.03
1233323.984
267947.44
1006399.58
7907245.69
52610689.54

2045

274581613.4

48423486.21
12674884.53
3622041.24
720976.18
6453904.51
70462847.02
416939753

2045
151019887.3
26632917.41

6971186.49
1992122.67
396536.90
3549647.48
38754565.86
229316864.2
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