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ARTICLE INFORMATION ABSTRACT
This paper evaluates the characteristics of municipal solid waste (MSW) in
Maiduguri metropolis for its potential use in electricity generation. Three key areas

Submitted: 28th November 2024 L . . L. .
Revised:3r¢ February 2025 within Maiduguri were selected for the study: Area A (Northern Nigeria Flour Mills),

Accepted: 5th February 2025 Area B (Monday Market/Gwange area), and Area C (University of Maiduguri
dumpsite). Additionally, three seasonal periods were considered - (1) rainy season,
(2) cold/harmattan season, and (3) hot season. Refuse dumps in these areas were
visited during each season to collect and analyze the MSW. The characteristics of
the MSW were evaluated through physical analysis, which involved sifting through
the waste and separating it into its major components. Further analysis included
proximate and ultimate analyses conducted according to ASTM standards to

Keywords:

Municipal solid waste
Physical analysis
Proximate analysis

Ultimate analysis determine the properties of the waste. The study revealed that the composition of
Calorific value refuse produced by communities in Maiduguri varies due to seasonal and
Maiduguri behavioural changes. Wood, plastics, and grass were identified as the major

physical constituents of the waste, with their proportions influenced by seasonal
variations. The calorific values of MSW samples varied across the study areas,
reflecting differences in population density and commercial activities. The highest
calorific values were recorded in Area B during the rainy and cold seasons, with
values of 19.81 MJjlkg and 15.055 MJlkg, respectively. At the University of
Maiduguri dumpsite (Area C), the calorific values of MSW samples were 7500
MJlkg, 8420 MJlkg, and 4500 M|/kg for the rainy, cold, and hot seasons,
respectively, resulting in an average of 6800 M|/kg. This average is below the
minimum calorific value of 7000 M|/kg required for setting up an incineration
plant with energy recovery. To enhance the energy potential of the MSW from the
University of Maiduguri, supplementary fuels such as bagasse would need to be
added to boost its calorific value and make it suitable for electricity generation.
This study highlights the potential for MSW utilization in Maiduguri and identifies
areas for improvement to optimize its energy recovery capabilities.

© 2025 Faculty of Engineering, University of Maiduguri, Nigeria. All rights reserved.

1.0 Introduction

Solid waste generation and characterization are some of the most important parameters which affect
environmental sustainability (Huseyin et al., 2016). Municipal solid waste (MSW) characterization depends on
social structure and income levels. The amount of waste generated and the growing concern over health
(Hamer, 2003) and environmental problems (Yang et al., 2019) related to improper waste disposal methods
such as uncontrolled and crude landfilling has risen to an unacceptable point where transformation
technologies and techniques are to be thought of power generating technology using municipal solid waste
(MSW) as fueling resource requires that the mechanism of performance is investigated to devise ways of
optimization. Typical of the performance tools are the parameters related to the waste characteristics such
as basic components, moisture content, and calorific value. To enhance the performance of the MSW plant,
in addition to identifying the parameters alongside their significance, it is of importance to investigate these
parameters and correlate them for the development of a MSW power system. In many countries, open
dumping is considered the simplest, cheapest, and most cost-effective way of managing solid wastes. Thus, in
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underdeveloped economies, MSW is openly dumped (Osra et al, 2021). Improper waste disposal causes air,
water, and soil pollution, impairing soil permeability and blockage of the drainage system. Solid Waste
Management (SWM) can be enhanced by operating a well-engineered site with the capacity to reduce, reuse,
and recover MSW.

The energy crisis and environmental degradation are currently two vital issues for global sustainable
development (Leena et al, 2014). Rapid industrialization and population explosion have led to migration of
people from villages to cities, which generate thousands of tonnes of municipal solid waste daily, which is one
of the important contributors to environmental degradation. Improper management of MSW causes hazards
to inhabitants. The management of MSW requires proper infrastructure, maintenance, and upgrades for all
activities. Several kinds of research have been focusing on MSWV. Status and challenges of MSWV, their
characterization, valuation as possible renewable resource and their management in countries such as India,
Ethiopia, Nigeria, Saudi Arabia (Peter et al, (2008); Joshi and Ahmed (2016); Diego et al,, (2017); Aron (2017);
Ogwueleka (2009); Oumarou et al, (2012)a ; Oumarou et al, (2012)b ; Osra, et al, (2021); ) and its use for
energy recovery as well as the techniques (Umberto (2012); Ola and Goran (2017); Olisa and Ajoko (2018);
Olisa et al, (2016) ; Olisa et al, (2017) ; Oumarou et al., (2018) ; Oumarou, et al,, (2012); Altine et al,, (2017);
Jack and Oko (2017); Amulah et al, (2024); ) amongst other, have been investigated. The calorific value, a
single most important parameter, measures the energy available in a particular substance that is released as
heat during complete combustion. It varies greatly for different materials and is one of the most important
waste characteristics in assessing the feasibility of a waste incineration plant. The relevant composition must
be known to evaluate the calorific value of combustible waste (Srivastava et al, (2014), Song et al, (2017),
Soorige and Priyalal (2018), Santiago et al,, (2019), Sahabo et dl,, (2021).

Presently, in the Maiduguri area there are several gaps, in the need for more waste studies to cover seasonality;
gaps in studies coverage in accounting for material-specific treatment as well as gaps in quality of research
design and consistency such as: seasonality and control for days of week, lack of local knowledge on
incineration, gasification among others, and material-specific recycling tonnages. There are also gaps in basic
compositional data: moisture content, feed rate, energy content, bulk density, etc. The extreme North-Eastern
part of Nigeria typically Maiduguri, produces large quantities of waste that needs removal and disposal from
the immediate environment. The waste generation for the year 2023 is estimated at 2.63% |05 tonnes using a
waste generation rate of 0.53 kg/capita/day, a base-year population of 1,328,100 and an annual growth rate of
2.40% for Maiduguri. This research paper investigates the basic composition of the MSW produced by
communities in Maiduguri, through physical characterization, proximate and ultimate analysis to determine the
MSW suitability for energy recovery and use in electricity generation.

2. Materials and Methods

Maiduguri, the study area, the most city full of activities and population in Borno state, is geographically located
at coordinates 1 1.8311°N and 13.1510°E (OCHA, 2018). Field visits to various refuse dumps were conducted
during three distinct seasons: the rainy season (June to October), characterized by high moisture content and
elevated daily ambient temperatures, which accelerate the rate of putrefaction; the hot season (March to May),
marked by extreme heat; and the cold/harmattan season (November to February), noted for lower
temperatures and reduced moisture levels. These seasonal variations were critical for understanding the
dynamics of municipal solid waste (MSW) in the study area. Three areas within Maiduguri metropolis were
selected for the study and labelled as follows: Area A (Northern Nigeria Flour Mills), Area B (Monday
Market/Gwange area), and Area C (University of Maiduguri dumpsite). Seasonal data collection was coded
numerically as (l) for the rainy season, (2) for the cold/harmattan season, and (3) for the hot season. The
MSW samples collected from these areas were analyzed to evaluate their characteristics. The waste was sifted
and separated into its major components for physical analysis.

A notable observation was the high proportion of sand in all samples, which had to be removed before further
analysis, as sand is an inert material that does not contribute to combustion. The sample preparation process
involved an initial sieving followed by handpicking to remove small stones that could not pass through the
sieve. Subsequently, the samples were re-sieved using a 2-mm mesh sieve and ground into powder form using
a porcelain mortar and pestle to facilitate detailed analysis. The weighing of samples was performed using a
WEDA weighing machine, Model No. 1455 (manufactured in 1974), with a maximum capacity of 100 kilograms.
Advanced laboratory equipment used for analysis included a Nabertherm LH 120/14 Electrical Furnace, Model
LH 120/14 (Model No. 182487 of 2005), capable of operating within a temperature range of 30-3000°C; a
Parr 6100 Bomb Calorimeter for calorific value determination; and a Perkins Elmer Series Il CHNS/O Analyzer
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2400 for chemical composition analysis. Additional glassware and laboratory materials used in the study
included 16 PYREX conical flasks, pipettes, burettes, beakers, volumetric flasks, plastic bottles, and filter
papers.

Figure |: Map of Maiduguri Town as the Study Area (OCHA, 2018)
2.1 Waste Composition

The refuse physical characteristics were evaluated by sifting through the waste and separating it into its various
physical major components. More precise methods require laboratory analyses and are explained below.

2.2 Proximate Analysis

The proximate analysis is the simplest test and is performed by weighting, heating, and burning a small sample
of waste according to ASTM D3172 (2021). The analysis determines the moisture content (M’,, in weight
percent (w/o)) by driving off the free moisture at ~ 107° C for approximately one hour. The volatile matter
content (V’, (w/0)) is determined by driving off volatile hydrocarbons CO, CO; and combined H,O at ~ 9500
C. The waste sample is then burned, and the inorganic residue is the ash content (A’s (w/0)). The fixed carbon
(C’, (w/0)) is then calculated by difference (Weisman & Eckart 1985).

fwio) =100 — Y wio) tViwro) A‘g(w/o)J

2.3 Ultimate Analysis

(M

The ultimate or elemental analysis is a quantitative evaluation of the total carbon (C’), hydrogen (H’), nitrogen
(N’), sulphur (§’), oxygen (O’) percentage after removal of the moisture and ash. This analysis is performed
using classic oxidation, decomposition, and/or reduction technique to determine, C, H, N and S, using ASTM
D3176 (2021). Oxygen O’ (w/o) is calculated by difference (Weisman & Eckart 1985).

O('W/O) =100— |_C(’W/0) + H('W/O) + N(’W/O) + S(,W/O) + I\/Ic’)(wlo) + 'AQ(W/O)J

2

These data from the ultimate analysis are reported in weight or mass percent.
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2.4 Determination of Calorific Value

The first step in the processing of waste is to determine its calorific content or heating value. This is a measure
of the temperature and the oxygen requirements that the specific waste will be placed in the system (Ujamet
al, 2013). The calorific value of a fuel can be determined either from its chemical analysis, using a formula or
in the laboratory (Frey et al.,, (2003), Ge et al., (2019)). In the laboratory, Bomb Calorimeter is used. The
analysis of the samples of MSW was carried out using a Parr 6100 Bomb calorimeter as per ASTM D5865
(Parr Instrument Company. 2013). In order to determine the calorific value, a sample of the MSW is placed
inside the combustion bomb, ignited in a high-pressure oxygen environment, and the resulting temperature
increase of the surrounding water bath is measured allowing for the calculation of the heat energy released
during combustion, which is the calorific value. A representative sample of the fuel is measured accurately and
placed in the combustion bomb, together with a small piece of ignition wire to initiate the combustion.

Temperature change is recorded, and necessary corrections are applied for heat losses using the calorimeter’s
built-in compensation system. The calorific value is calculated using the formula (Parr Instrument Company,
2013):

CV = (Temperature change xWater Mass X Specific Heat of Water) (3)
Sample Mass
3. Results and Discussion

All samples were collected “as — it is”, without any specific selection; and thus contained a large proportion
of sand (up to 60% of the sample in some areas) which had to be removed prior to any measurement. This is
because sand is an inert element in the combustion process. Furthermore, a fist sieving was carried out
followed by hand picking, to remove small stones which could not pass through the sieve. Table | provides
the physical composition of the municipal solid wastes in the study area.

Table I: Composition of MSW in the Study Area
Components (%)

Location

Wood Grass Paper Leaves Food Plasti Meta Glas
Remnants o I s

Maiduguri Flour Mills (AREA A)

Raining Season (1) 28.46 14.57 9.66 8.92 6.79 2899 258 0.03
Cold Season (2) 16.12 1148 3.58 16.24 10.24 3820 3.64 0.50
Heat Period (3) 27.28 11.09 6.69 13.17 6.17 3456 094 0.09
Monday Market/ Gwange Refuse Dump (AREA B)

Raining Season (1) 2228 629 14.86 13.83 5.12 2493 780 489
Cold Season (2) 24.75 6.05 10.52 15.57 4.35 2046 9.76 854
Heat Period (3) 20.07 502 880 18.40 6.88 1763 158 7.35

5

Unimaid Central Refuse Dump (AREA C)

Raining Season (1) 17.99 [7.11 1518  25.99 4.03 1627 273 0.70
Cold Season (2) 19.78  5.35 14.82 19.48 0.98 3458 496 0.04
Heat Period (3) 18.84 1505 16.48 14.78 1.53 2938 299 099

Wood, plastics, and grass are the major physical constituents of the refuse, with emphasis on seasons, mainly
due to commercial activities and the presence of the rain. Tables (2), (3) and (4) show the proximate analysis
of the MSW samples in the study area. The results for physical, proximate and ultimate analyses are in line
with those from Oumarou et al, (2012) whose study focused on the characterization and generation of
municipal solid waste in the northeastern part of Nigeria, particularly, the present study area. According to
Oumarou et al, (2012) average moisture contents were found to vary from 21.917 to 24.326, at the time of
the study. Wood, paper, plastic and leaves were found in varying proportions and |. 2 kg was found to be the
daily average generation of waste, per person.
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Table 2: Proximate Analysis Results of MSW in Area A

Percentage Composition (%)

Sample ID No.

Al 39.24
A2 42.58
A3 41.70

Moisture Content

Volatile Matter

21.46

16.37

15.60

Fixed Carbon

29.30

35.05

37.90

Ash Content

10

52

4.80

Table 3: Proximate Analysis Results of MSW in Area B

Percentage Composition (%)

Moisture Content

Sample ID No.

Bl 37.49
B2 42.66
B3 49.90

Volatile Matter

36.34

17.40

11.70

Fixed Carbon

15.17

24.74

25.2

Ash Content

15.20

13.20

Table 4: Proximate Analysis Results of MSW in Area C

Moisture Content

Sample ID No.

Cl 38.15
C2 48.78
C3 42.40

Percentage Composition (%)
Volatile Matter

23.33

10.22

14.10

Fixed Carbon

28.52

35.40

39.50

Ash Content

10

5.60

4.0

The statement on these changes and variations supports the findings by Amulah et al, (2024) that the two
primary factors driving MSW generation potential are population size (which depends on the population
growth rate) and per capita waste generation rates. The waste generation for the year 2023 was estimated to
be 2.63x105tonnes using a waste generation rate of 0.53 kg/capita/day, a base-year population of 1,328,100
and an annual growth rate of 2.40%. The MSW generation prediction model is based on the assumption that
the type and amount of waste generated will not change over time. Coupled with the various calorific values
in the study area, MSW is in large quantity and can be seen as a sustainable source to be used for energy

generation in Maiduguri (Amulah et al. 2024).

Tables (5), (6) and (7) show the results of the ultimate analysis of the MSW samples in the study area.

Table 5: Ultimate Analysis Results of MSWV in Area A

Elements (%)

Sample ID Carbon Hydrogen Oxygen Nitrogen Sulfur
Sample Al 46.22 0.21 41.85 11.64 0.08
Sample A2 44.87 0.24 43.94 10.83 0.12
Sample A3 43.14 0.20 47.09 0.11
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Table 6: Ultimate Analysis Results of MSWV in Area B

Elements (%)

Sample ID Carbon Hydrogen Oxygen Nitrogen Sulfur
Sample Bl 4791 0.23 41.42 10.34 0.10
Sample B2 48.02 0.19 41.25 10.45 0.09
Sample B3 47.08 0.20 42.15 10.50 0.07

Table 7: Ultimate Analysis Results of MSW in Area C

Elements (%)

Sample ID Carbon Hydrogen Oxygen Nitrogen Sulfur
Sample CI 45.90 0.55 47.07 6.35 0.13
Sample C2 46.10 0.67 46.70 6.44 0.09
Sample C3 46.40 0.76 45.93 6.77 0.14

Table 8 presents the CVs of the MSWV samples collected from the study area. The samples from Area Bl and
B2 recorded the highest calorific values, followed by Area A3. This is attributed to the fact that Area B, the
central market area of Maiduguri, has a highly diverse composition of waste due to its role as a hub of
commercial and social activity. Being a central meeting point for the entire city, Area B sees the inflow and
outflow of a wide range of commodities, contributing to the high calorific value of the waste. Specifically, the
calorific values for Bl and B2 were 19.81 MJ/kg and 15.055 MJ/kg, respectively. However, the study revealed
that some areas exhibited lower calorific values. These variations highlight the need for supplementary fuel,
such as sugarcane straw or weeds, during the incineration process to compensate for the lower CVs. This
supplementation ensures the viability of energy recovery from the waste. It is important to note that calorific
value alone does not determine whether the refuse will burn efficiently; moisture content is a critical
parameter that must also be considered. Additionally, while the physical constituents of the waste generally
remained consistent, higher moisture levels were observed in some samples. These increased moisture levels
can be attributed to two main factors: the population influx into Maiduguri in recent years and the high rainfall
experienced in the area. These changes further emphasize the importance of evaluating both the physical and
chemical properties of MSW to optimize its suitability for energy generation and sustainable waste
management practices.

Table 8: Calorific Value of MSW in the Study Area

Collection Area Sample No. Calorific Value (MJ)/kg)
Sample | 43110
Area A Sample 2 7.0610
Sample 3 10.0612
Sample | 19.8107
Area B Sample 2 15.0559
Sample 3 5.7262
Sample | 7.5077
Area C Sample 2 8.4217
Sample 3 4.5086

The results of the present research are in line with the findings from Fatih et al, (2018) who analyzed MSW
produced in Turkey in terms of suitability for waste incineration and energy recovery. They estimated their
current and near-future amounts of MSW generated in some big cities in Turkey and their approximate
calorific values in kcal/kg. MSWs produced in Turkey include combustible components at a rate of 45%, so it
is reasonable to examine the combustibility of MSW for energy recovery. As a tomb of rule, the waste is
theoretically feasible for combustion without auxiliary fuel when the moisture of raw waste<50%, ash
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content<6% and combustible organic fraction>25%. Additionally, the waste calorific value should be at least
2000-2500kcal/kg for energy production, and 1500-1600kcal/kg for the combustion without additional fuel. If
the heating value is below 1200kcal/kg, it is understood that the solid waste cannot be economically burned
(Fatih and Akif, 2018). This shows that the moisture content, the feed rate and the energy content of the
MSW greatly affect the quantity of electricity generated from the municipal solid wastes of Maiduguri, with
the samples from the University of Maiduguri, yielding lower electricity than the remaining locations. The
MSW samples yield 7,500 MJ/kg, 8,420 M)/kg and 4,500 M)/kg, with an average of 6,800 M)/kg, which is lower
than the average minimum calorific value of 7000 M)/kg, required for setting up an incineration plant with
energy recovery (Olisa and Ajoko, 2018; Yeganeh et al., 2023). This implies the need to add a supplementary
fuel to the MSWV, in the case of university of Maiduguri as suggested by Aliabadi et al,, (2023) in Iran. Sugarcane
bagasse is widely available in Maiduguri and has a calorific value of up to 17.29 MJ/kg (Messayet al,, 2021).

4. Conclusion
At the end of this research work, the following conclusions were drawn:

I. The basic composition of the MSW produced by communities in Maiduguri was determined and found
to vary due to seasonal and behavioural variations and conditions. Wood, plastics, leaves and grass,
are the major physical constituents of the MSW, with emphasis on seasons. Metals and glass were
almost non-existent.

2. The calorific values were found to vary between 4.41 MJ)/kg and 19.81 MJ/kg, with the University of
Maiduguri having the lowest calorific values and an average CV of 6.806 M)/kg

3. The MSW at the University of Maiduguri requires the addition of a supplementary fuel like bagasse to
boost its suitability for electricity generation.
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