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Abstract: Municipal solid waste (MSW) has become a menace to the environment, causing a lot of
environmental challenges as a result of greenhouse gas emission which contributes to the climate
change, global warming and pollution issues and this is escalating due to population increase,
economic and industrialization growth. Thus, causes huge volume of MSW deposition on landfills
and other areas in an uncontrolled manner thereby causing a significant environmental, economic
and social challenges with a trend that will not be good for the future, couple with fossil fuel and
greenhouse gas emission. Therefore, it is imperative to intensifies efforts in converting such wastes
into valuable products such as solid biofuels. As so many studies reveal that MSW contains
combustible materials which makes it suitable for renewable energy generation. However, MSW
briquettes have emerged with a good quality such as higher heating value, less flue gas emission and
ignition period compared to firewood, charcoal and sawdust briquettes. Therefore, the aim of this
review is to affirms the quality of MSW in the production of solid biofuel and its gas emission which
have been proven by many researchers that MSW can be transformed into fuel briquettes with less
flue gas emission and high calorific value. It can be concluded that MSW is a good feedstock for solid
biofuel production can be blend with other residues in the renewable energy production to reduce
the menace of greenhouse gas emission and environmental pollution.

Keywords: Solid biofuel; Municipal Solid waste

1. Introduction

The ever-increasing population growth, industrialization, economic growth, and as well rural to
urban migration attributed to the generation of high volume of waste materials deposited on landfills,
water ways and roads sites in an uncontrolled manner which in turn leads to significant
environmental, economic and social challenges with a trend that will not be good for the future,
couple with fossil fuel and gases emission from the industries during production processes (Gallardo
et al., 2014; Hoornweg and Bhada-Tata, 2012; Onyanta, 2016; Zhou et al., 2016). However, the major
cause of environmental challenges is the industrialization, urbanization and population growth. This
signifies that, there is urgent need to intensifies recycling and transforming MSW into alternate
source of energy, which will go a long way to lessen the gas emission to the environment.

As reported by worldometer (2023), that the world population hit up to 8.1 billion in 2023 and
is expected to increase to 9 billion and 10 billion in the years 2037 and 2058, respectively. Thus,
necessitate the increased in the demands for food, clothes, shelters and energy, as such generate solid
wastes which emit gases to the environment couple with 84% of global energy sources were derived
from fossil fuels, which releases greenhouse gas (GHG) emissions and CO2 emissions that causes
ozone layer depletion, climate change, rise in sea level. Therefore, the world is looking for an
alternative source of energy to meet the energy demand and replace fossil-based fuels in the future
and this can only be achieved through intensive use of MSW in bio-energy generation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Municipal solid waste (MSW) is solid waste materials discarded by the inhabitants of a given
area, thus causing a negative impact on the environment. Statista (2023) reported that the generation
of MSW across the globe is projected to increase by 70% and reach 3.40 billion tonnes by 2050, this is
alarming because the increased rate of MSW supersede the projected rate of population growth at the
same time. Thus, about 0.79 kg of solid waste is generated per capita per day (World Bank, 2020;
Ayuba et al.,, 2013; Bakare, 2018). Therefore, there is a serious challenge in the effective management
of this huge amount of waste because out of the total wastes generated, more than 70% are discarded
on landfills, while 19% is recycled and only 11% is used for various energy recovery processes.
Similarly, Sarigiannis et al., (2021) reported that 80% of MSW remains on the landfills, 15% is recycled,
about 4.1% is composted and less than 1.1% of the MSW is used for energy recovery in Greece.
Meanwhile, the deposited solid wastes in one place undergoes chemical and physical transformations
thereby emitting greenhouse gases over time (Nascimento et al., 2015a; Chonattu et al.,, 2016).
Similarly, Ngwabie et al. (2019) revealed that open dumping of MSW has high potential of releasing
greenhouse gas emission into the atmosphere and polluting the environment. Moreover, MSW
disposal has the potential of affecting the four main spheres of the environment, which are
atmosphere, hydrosphere, lithosphere, and ultimately biosphere directly or indirectly (Butt et al,,
2016).

In view of the challenges of MSW to the environment, it is imperative to reduce the volume of
MSW through robust transformation into solid bio-fuels and other source of energy to minimize the
environmental challenges caused by the MSW disposals (Loo and Koppejan 2008; Vasileiadou et al.,
2021a). Meanwhile, solid biofuel is a renewable energy that is derived from nonfossil, organic
materials, including municipal waste, plant and animal wastes which is densified and used as an
alternate source of energy for heating, cooking, and electricity generation. MSW can be
transformed into solid bio-fuels and use as a substitute for fossil fuel.

Many researchers have reported that solid bio-fuels produced from MSW provide high quality
in terms of calorific value (Tumurulu et al,, 2021; Vasileiadou et al., 2022; Ganeson and Vedagiri,
2023). Similarly, MSW briquettes made from mixtures of food and wood waste have greater calorific
value of 22.53 M]/kg, less moisture content of 6.1%, fewer emissions, and greater durability than coal
(Ifa et al. 2020; Li et al. 2023). However, Krizan et al., (2011) reported that briquetting of MSW blend
with organic binder greatly influence the quality. Thus, MSW has great energy potential resources
due to the present of combustible materials in it (Aluri et al., 2018 and Hasan et al., 2021). Afterward,
higher thermal resistance and longer conversion times was observed in a MSW pellets compared to
biomass (Zhou et al., 2018). Although, the effect of pelletization on the pyrolysis process of MSW
pellets have been less studied, with existing studies on MSW pyrolysis primarily focusing on MSW
powder (Fernandez et al., 2020; Song et al., 2020; Bin et al., 2022).The quality, quantity and leachates
of MSW vary from one region to another and depend on the climate and socioeconomic conditions
(Zhu et al. 2021). Conservely, Matli et al. (2019) studied the physico chemical characteristics which
includes the higher heating value, ash content and gas emissions (CO2, SOz, NOx, in kg/d) of MSW
co-firing with Indian coal either including the food waste or without food waste and concluded that
co-combustion with coal is an efficient process for the utilization of MSW. Similarly, Suksankraisorn
et al. (2010) studied the high moisture content of MSW in co-firing with Thai lignite in fluidized bed
and concluded that SOz emissions are lower for lower waste moisture.Vamvuka et al. (2015) studied
blends of 50% urban wastes (MSW and waste paper) and 50% lignite using several methods including
TG/MS analysis and concluded that co-firing of such blends is an attractive approach.

2. Materials and Methods

The materials used in this study includes the waste of coconut (fibre, husk and shell), Food
waste, sawdust (Nikiema et al., 2022), MSW which consist of 30% plastic, 60% paper and non-
corrugated cardboard, and 10% textile material (Tumurulu et al., 2021), MSW material used by
Poespowati and Mustiadi, (2012) constitutes waste of fruit, vegetable, paper, plastic, glass, metal,
wood, leaf, and other materials (Cassava starch, molasses, and clay were used as binders) and
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Ganesan and Vedagiri, (2024), uses firewood, sawdust and MSW consists of food waste and garden
waste which were subjected to milling process, drying and densification.

Densified fuel obtained from MSW is called refuse-derived fuel (RDF) such as briquette or pellet.
The production process involves a series of activities that includes collection, drying, crushing,
mixing, and pressing along with constant energy supply (Sarquah et al., 2022). The feed stock were
mixed and weighed at desired ratio and compressed under high pressure in machine and the
briquettes acquires the shape of the cylinder passing through (Okwu et al. 2022; Ifa 2019), Figure 1
and 2 illustrates the phases in briquetting process and the physical properties were determined using
ASTM standard test method.
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Figure 2. Stages of Briquette Production.

2.1. Determination of the MSW Briquettes Physical Properties

According to ASTM (American Society for Testing and Materials) D1762-84, the physical
qualities that are examined include moisture content, volatile matter, fixed carbon, and Ash content.

2.2. Moisture Content

The moisture content is a ratio of the initial dry weight minus the final weight to the final weight
of the solid fuel by 100% is known as the moisture content. The moisture content has a significant
impact on the briquettes burning characteristics, preservation, and density endurance. The biomass
was dried in a hot air oven at 105 + 1°C to assess its moisture content, and the weight loss was
recorded. The process was carried out until a constant weight is attained. The equation (1) below was
used to present the moisture content.

MC (%) = “%=x 100 (1)

where,
MC moisture content of sample (%), Mo mass of sample before drying (g) and Ma mass of sample
after drying in oven (g).
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2.3. Volatile Matter

The biofuel’s volatile matter demonstrates the carbon, oxygen, and hydrogen. As biomass
remains more explosive than coal and charcoal, it burns more quickly than coal. The quantity of
explosive components increases with the rate of combustion. The briquette is ground into fne
particles weighing approximately 2g+0.02 mg and placed in a sealed crucible until a consistent mass
is achieved. Subsequently, the briquette sample is heated in a muffle furnace at a temperature of 950
°C+10 °C for 10 min and then weighed after cooling (Nganko et al. 2024). Equation (2) is used to
calculate VM, which is expressed in %.

My —Mj

VM (%) —2=%5 100 )

My —My

where,
M1 mass of empty crucible in grams (g), M2 mass of empty crucible with sample in grams (g), Ms
mass of sample in grams after heating in grams (g)

2.4. Ash Content

The biofuel’s ash content was determined by subjecting 2g fractions of the biofuels into a crucible
of known weight and heated for 30 min at temperature of 700°C + 50°C in a muffle furnace (ASTM D-
3174). after that, the sample were removed and allow to cool in a dessicator and weight until constant
weight is attained. Ash content (AC) is calculated using Eq. (3), and it is a byproduct that is formed
when solid fuel is heated in a boiler to a constant weight.
Wa

AC (%)= 3= =100 3)

where,
AC sample’s ash content (%), Wa weight of ash remaining (g) and Wa weight of dried sample

(8)-

2.5. Fixed Carbon

The amount of carbon in the biomass that remains usable for burning after the volatile matter
has been completely escaped is referred to as fixed carbon and is measured in percentage (%). It was
determined using the equation (4) (Garcia et al. 2012).

FC (%) = 100 — (AC + MC + VM) (4)

2.6. Density

The density was determined by obtaining the mass of the MSW solid biofuels using electric
weighing balance divided by its volume. Meanwhile, the volume was determined by measuring the
diameter and height of the sample using vernier caliper made of stainless steel (Dao et al. 2022) and
substituted the values in the equation (5) .

Density (0) = o (kg/m?) ©)

2.7. Higher Heating Value

The maximum amount of energy output that may be anticipated per mass basis is indicated by
the calorifc content, which is designated as higher heating value (HHV). Bomb calorimeter shown in
Fig. 3 is the accepted method for determining calorifc value under pressure and in an oxygen rich
atmosphere. It is a critical determinant whether biomass is a suitable fuel and a necessary component
for thermal and electrical production systems. Following the ASTM guidelines, the calorifc values of
feedstocks and MSW briquette were measured using a bomb calorimeter (ASTM International 2004;
Trombley et al. 2023) automatically.
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Figure 4. Flue gas analyser- A DIGAS 444 N.

3. Results and Discussion

The results of the proximate analysis of MSW briquettes from various authors was presented in
Table 1. The moisture content of MSW briquettes were compared with other biofuels and observed
that, higher MC of 70.60, 32.60 and 31.80% were obtained from firewood, coconut fibre and coconut
husk respectively (Nikiema et al., 2022). High moisture content in briquette negatively affects energy
yield (Afsal et al.,, 2020; Krajnc, 2015) and the results of this study proven that high MC lowered the
heating value and risen the density of the briquette. Conversely, increased in MC up to 18% lower
the density of briquette made from lodgepole pine (Zhang and Guo, (2014)). Meanwhile, lower MC
were found in sawdust, firewood and MSW briquettes with a values of 5.40, 5.98 and 6.10%
respectively (Ganesan and Vedagiri, 2024) and this falls within the ranged of 5 to 10% (Bot et al. 2021).
Consequently, they will be optimal for the briquette’s combustibility, strength, storage and as well
indicating good quality briquettes. However, 15% MC was reported to the best conditions for
producing corn-stover, switchglass and lodgepole pine briquettes (Tumurulu, 2018).

The ash content was observed to be higher in charcoal fines and MSW briquettes as reported by
Nikiema et al., (2022) and Tumurulu et al., (2021). This indicates that the material is not suitable for
quality briquettes but can be blend with other feedstock to make quality briquette because charcoal
has high ash content in it which make it to burn slowly, likewise the MSW briquette the high ash
observed may be attributed to decomposion and bulk density of the material used. Although, Other
studies conducted with FW mixed with FS, such as by Kizito et al. (2022), report high ash values, in
the range of 30.4%. However, low ash content ranged between 0.40 to 6.10% were found in both
studies (Table 1), this indicates good quality briquettes which is consistent with the ranges of high
quality briquette (1.0% to 12%) as reported by Akolgo et al. (2021), that ash concentrations were
comparatively low and inhibition to combustion at 4.12%. At low ash percentage, high volatile matter
causes high combustibility. This outcome indicates that when the MSW briquettes burn, a strong
combustion will be produced and thereby can replace charcoal, coal, and wood as a source of energy
for cooking, heating and steaming.

The higher percentage volatile mater in solid fuels indicates that the materials contain sufficient
amount of carbon (57.0%) and oxygen (39.20%) that can lit easily and other elements like potassium
(Ganesan and Vedagari, 2024). The higher volatile matter observed in this review (Table 1)
consistently with the report of Ajimotokan et al. (2019). Increase in carbon content indicates fixed
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carbon compositions and calorifc values in the MSW briquettes which increases the energy-efficiency
as the carbonization process occurred at a high temperature (Zinla et al. 2021; Ofori 2020). The
percentage fixed carbon of MSW briquettes are found to be 8.14 to 19.21% (Table 1), this is in close
range the with report of Mfomo et al. (2020), that the amount of fixed carbon in the MSW briquettes
was 18.85%, indicating that the fuel had solid carbon accessible and quickly transfer heat to the
briquettes’” surface. Meanwhile other materials ranged from 9.40 to 49.80% (Nikiema et al., 2022).
Thus, the higher heating value or calorific value has direct relationship with the amount of fixed
carbon in the fuel. Meanwhile the calorific values of MSW briquettes are higher than other sources of
energy with a range of values between 18.50 to 49.55 K]J/g and this indicates the substantial energy
potentials compared to other sources with a range of values between 17.60 to 18.90 K]J/g respectively
(Table 1). The HHV of the MSW briquettes falls within the permissible range of values observed for
other wastes (Erol et al. 2010; Setter et al. 2021)

Table 1. The proximate analyses of Different MSW Briquettes by various authors are presented.

Waste MC AC VM FC HHV Density References

Materials (%) (%) (%) (%) kJ/g) (kg/m?)

Charcoal fines 540 42,60 7.60  49.80 18.90 531

Coconut fibre 32.60 6.10 77.80 17.80 18.30 202

Coconut husk 31.80 1.90 7140 26.70 18.50 955

Coconut shell 22,10 040 73.00 26.60 20.00 1003 Nikiema et al., 2022

Sawdust 1220 230 8830 940 17.60 170

FW 70.60  6.50 7930 14.20 18.50 1220

Food waste 598 391 69.24 17.87 22.18 -

Garden waste 5.40 5.64 7341  20.32 22.87 - Ganesan and
Vedagari, 2024

MSW Briquette  6.10 4.12 70.57 19.21 22.53 -

MSW Briquette  9.84 513 6399 17.00 4955 1.2g/cm? Poespowati and

Mustiadi, 2012
MSW 22.06 1282 79.04 8.14 2237 2818 Tumurulu et al.,
Briquette 2021

The flue gas emission of MSW briquettes results obtained from the available studied reviewed
in this work reveals acceptable ranges as recommended by ISO 16994 (2015), National institute for
occupational safety and health (NIOSH) and world health organization (WHO) that the gas emission
should not exceed the limit of 99 ppm and 35 pg/m? for a 24-h period in order to safeguard the
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environment and public health. The CO: gas emission MSW briquettes ranged from 0 - 23.97 % and
this is an indication that, the fuel is completely burned. While, CO gas emission MSW briquettes
ranged between 0 - 2.55 % which is lower than firewood and sawdust briquettes. However, it is below
the emission limit recommended by ISO 16994 (2015) and world health organization (WHO) of 7
mg/m?. Similarly, MSW briquettes produced by Maninder et al., (2012); Ifa et al. (2020); Li et al. (2023)
were reported to have less flue gas emission compared to sawdust briquette due to its oxygen
inhibition in the production of smoke. Conversely, Otieno et al. (2022) observed that burning of
charcoal and firewood briquettes produced more than 35ppm CO concentration threshold which is
harmful to human health.

Table 2. AVL DIGAS 444 N flue gas analyzer specification.

Specification Emission Limit (%) Emission Limit (%) Emission Limit (%)
(Ganesan & (Poespowati and (Nikiema et al.,
Vedagiri, 2024) Mustiadi, 2012) 2022)

02 0-15 2.5-5.88 -

CO2 0-20 1.63-5.75 5.91-23.97

co 0-10 0.06-2.0 0.14- 255
NOx 0-5000 ppm 78.38 — 84.06 (N2) 0.75-1.50
Hydrocarbon (HC) 0-25000 ppm - 4.3341.75

4. Conclusion and Recommendation

Based on the clear evidence and proofs from various studies justified that MSW has the energy
potential and quality for use as an alternate source of energy for cooking, heating and electricity
generation. Therefore, it is imperative to adopt the use of MSW as a feedstock for solid biofuel
production in the various factories and industries that are using other sources of feedstock for the
production of briquettes and pellets. Thus, this will go a long way in protecting environment from
greenhouse gas emission challenges as was clearly proven that MSW briquette produce less flue gas
emission and possessed good quality better than firewood, coal and sawdust briquettes which can
used indoor with out causing more harm to human health.

It is recommended that government, non governmental organization, individuals should
collective support the recircling and transformation of MSW into valuable products such as bio-fuel
production. As many countries and cities around the world faced with a serious environmental
challenges in one way or the other, which is directly or indirectly caused by anthropogenic activities
such industrialization, population growth, fossil fuel utilization and improper disposal of municipal
solid wastes, thus causes a lot of environmental degradation. However, with collective efforts of
imposing proper disposal and incorporation of MSW as a feedstock in the production of solid biofuels
will drastically reduced the environmental challenges. However, in the case of desert areas where
vegetation are scarsed and scattered couple with high exploitation of forest resources for firewood
and charcoal production as a source of energy for cooking, heating and steaming also contribute a lot
to the environmental challenges and as well the presence of abundance and improper disposal of
municipal solid wastes. These have significantly contributes to the climate change, global warming
effects and other environmental challenges but with this study the intensity of greenhouse gas
emission can be subdue by proper management and incorporating MSW in the production of solid
biofuel due to its proven energy potential and quality.
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