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Birmingham, United Kingdom, *Kenule Beeson Saro-Wiwa Polytechnic, Bori, Nigeria

Municipal solid waste constitutes environmental challenges globally, especially
in developing countries, due to increasing waste generation, population
growth, inadequate infrastructure, lack of data and poor planning. This study
aims to conduct a comprehensive waste audit on the municipal solid waste
generated in Aba, a metropolis in southeastern Nigeria. Aba is a commercial
city considered the messiest because of the massive municipal solid waste
generation and poor management. The study investigated the energy
potential and waste regeneration. Municipal solid waste data was sought to
provide insight into the quantity and composition of municipal solid waste.
The methodology was site-based, in line with the standard test method
for determining unprocessed municipal solid waste (ASTM-D5231-92) and
SowaCLINK software, a computer-based environmental application, was used
for characterization. Linear extrapolation was adopted to quantify the rate of
municipal solid waste generated. The geometric mean was applied to forecast
the area’s population for a 10-year design period. The chemical elements of the
characterized municipal solid waste were utilized based on the ASTM-D5291
standard for municipal solid waste thermochemical conversion, and the high
and low heating values were analyzed. The outcomes provided energy recovery
potential, the electrical power potential, and the power to the grid of electrical
power of the municipal solid waste. The results obtained were 0.7813 kg/p/d
and 490,268t/y for a population of 1,719,185 persons. The percentage of the
municipal solid waste components with energy potential was 71%, comprising
48% combustible and 23% organic components on average. The high heating
value computed was 176.5 MJ/kg, and the low heating value was 14 MJ/kg. The
energy recovery potential was 3,709,463 MWh, the electrical power potential was
38,680 MW, and the power to the grid was 26.1 MW daily. The research reveals a
promising direction in transitioning from the linear economy of municipal solid
waste management toward implementing an integrated sustainable municipal
solid waste management based on the circular economy model. The study
recommends adopting detailed steps to proffer solutions to the environmental
challenges associated with municipal solid waste in most low-middle-income
countries to achieve sustainable municipal solid waste management while
generating electricity and bio-fertilizers through incineration and anaerobic
digestion.
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1 Introduction

Identifying a suitable technological approach to achieving a well-
planned infrastructure for sustainable municipal solid waste
management (MSWM) requires quantifying and stratifying the waste
stream (Orhorhoro et al, 2017; Seshie, 2020). Factors such as
population growth, culture, socioeconomic status, increase in
industrialization, commercial activities, natural resource extraction,
waste mismanagement and lack of MSWM facilities have led to the
global rise in the rate of MSW generation (Guerrero et al., 2013;
Abubakar et al., 2022). This is evident in the increase in the rate of
MSW generation from 1.3 billion tons as of 2012 to 2.1 billion tons at
0.74kg/person/day (k/p/d) in 2016. Predictions have estimated a
further increase of 70%, which will result in 3.40 billion tons of MSW
generation in 2050 at 1.42kg/p/d. This increase is calculated to affect
the developed countries at only 19% (Kaza et al., 2018). Based on the
above, given the high volume of municipal solid waste (MSW)
generated in developing countries, poor MSWM practice, and the lack
of MSWM facilities, it will be promising to identify appropriate
techniques for MSWM based on the circular economy (CE) model for
the utilization of the abundant waste as diagrammatically presented
in Figure 1.

MSW comprises domestic, small commercial, institutional and
construction discarded materials that fall within the jurisdiction of the
municipalities or the local government to collect, process, and dispose
of Letcher and Vallero (2019) and Hemidat et al. (2022). The large
volume of MSW in the various components indicates the availability
of raw material in transitioning to circularity in MSWM (Salguero-
Puerta etal., 2019; Lara-Topete et al., 2022). This justifies the selection
of the study area beyond the assertion that it is the messiest
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commercial city in Nigeria (Odoemene and Ofodu, 2016), with a lack
of proper planning and the absence of novel infrastructure for effective
MSWM (Nwankpa and Scandrett, 2020; Iyamu et al., 2022). However,
this research intends to consider the voluminous MSW within the
study area as a resource upon which waste regeneration solutions can
be proffered. This will be achieved after a comprehensive MSW
characterization, which is a primary step in identifying the
components of MSW predominant within a municipality upon which
the planning, implementation and sustainable MSWM can
be achieved (Smyth et al., 2010; Miezah et al,, 2015).

Because a comprehensive knowledge of the MSW composition
enables effective, economical, and environmentally friendly MSWM
systems for efficient material recovery (Faisal et al., 2019; Triassi et al.,
2023), this study aims to develop a structured approach for MSW
quantification. It also seeks to determine the composition of the MSW,
identify current MSWM practices, ascertain the energy contents of the
MSW generated in the Aba metropolis, and propose sustainable
MSWM techniques based on circularity.

This research intends to view the MSW available within the study
as a raw material for CE transition toward integrated sustainable
MSWM implementation. This research sought to provide
implementable solutions for managing MSW components in
megacities, the case of Aba metropolis. The research objectives (ROs)
to which these aims will be actualized are:

RO,—To quantify the rate of MSW generated in megacities.

RO,—To conduct MSW audits using SowaClink software to
determine the waste stream and percentage composition of the MSW
components and analyze the energy contents of characterized MSW.

RO;—To recommend MSWM techniques in line with the CE
model based on the RO, and RO,.
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FIGURE 1

Circular economy roadmap within the MSWM chain (Di Foggia and Beccarello, 2023).
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This research methodology can be adapted to other cities with
demography; like the study area. The combination of computer-based
applications and manual analytical processes validates the data and
procedures adopted while justifying the quality of the research.

This study is limited to MSW quantification, stratification, and
characterization to determine the composition of MSW components.
The characterized MSW’s biological and chemical energy content was
analyzed, and recommendations were proposed for regenerating the
waste stream. Notably, the MSW contamination audit to assess the
effect of leachate on underground water, soil, and air pollution within
the environment was not the primary focus of this current research.

1.1 Municipal solid waste generation

Municipal solid waste generation is unavoidable as human
endeavors from domestic, industrial, commercial, agricultural, and
educational activities continue (Owamah et al., 2017; Debrah et al.,
2021). Waste generation has been a significant concern since the
advent of industrialization and technological revolution with an
impact on the environment ecologically and socioeconomically as the
various components of waste keep increasing in most of the
municipalities within low-income countries, especially (Ferronato and
Torretta, 2019; Otumawu-Apreku, 2020).

Despite the rate at which waste is generated, MSWM
infrastructure, policy framework, and MSW data are lacking in
Nigeria (Amasuomo and Baird, 2017; Onungwe et al., 2023) and other
developing countries (Fernando and Zutshi, 2023). However, Nigeria
has an estimated average rate of 0.51kg/c/d of MSW generation (Kaza
etal, 2018). Abuja is calculated to generate 0.63kg/p/d (Dickson et al.,
2023), Lagos 0.63kg/p/d (Nnaji, 2015), Ilorin 0.78kg/p/d (Ibikunle
etal, 2019), Port Harcourt 0.60kg/p/d, Onitsha 0.53 kg/p/d, and Kano
0.56kg/p/d (Orhorhoro et al., 2017). MSW data is challenging to
obtain or access due to limited or lack of open data sources (Ezechi
etal, 2017; Ezeudu et al,, 2021), like in the case of Aba metropolis,
which necessitated this study.

MSW generated in some selected countries in 2018 includes 2.58,
2.33,2.23,2.11,2.0,1.92,1.79,1.71, 1.3, 1.24, 2.4, 1.03, 1.02, 0.93, and
0.34kg/p/d for the United States of America, Canada, Australia,
Germany, South Africa, France, United Kingdom, Japan, Saudi Arabia,
Mexico, South Korea, Brazil, China, Russia, and India respectively
(Beka and Meng, 2021). This research intends to close the gap due to
the absence of MSW data in Nigeria, particularly in the
Aba metropolis.

1.2 Composition

Practical knowledge of the composition of MSW generated within
a city enhances appropriate and sustainable MSWM (Miezah et al.,
2015; Salami et al., 2018). Several variables, including the residents,
operational activities, income level, and environmental management
expertise, are needed to ascertain the composition of MSW (Miezah
et al, 2015). MSW is classified as either biodegradable or
non-biodegradable (Babatunde et al., 2013; Yakah et al., 2023). More
than half of the volume of MSW generated in Nigeria is composed of
biodegradable components; the remaining ingredients are distributed
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among polythene, plastic, paper, tin/can and other elements
constituting the non-biodegradable waste (Oyelola et al., 2017; Ugwu
etal,, 2020), as shown in Figure 2.

Global research on the composition of MSW reveals that the
biodegradable waste components range between 28, 58, and 41% for
high, middle, and low-income countries (Karak et al., 2012). However,
predictions have estimated approximately 33, 50, and 60% by 2025 in
high, middle, and low-income nations, respectively (Hoornweg and
Thomas, 1999; Ozcan et al., 2016). Figure 3 shows the MSW
composition in Sub-Saharan Africa.

1.3 Characterization

MSW characterization is a process of determining the components
that constitute a waste stream (Aderoju Olaide, 2020). Waste
characterization enhances effective planning for sustainable MSWM
aimed at waste reduction, efficient recycling programs, resource
conservation, money and resources and waste regeneration (Ugwu
et al,, 2020; Mehdi Hassan et al., 2023). The MSW stream must
be audited through characterization to monitor an existing MSWM
system effectively aimed at policy review for decision-making. This
can be achieved by sorting, stratification, quantifying, and identifying
the MSW composition (Edjabou et al., 2015; Pathak et al., 2020). Some
approaches to achieve integrated MSWM are characterization and
quantification of MSW. Therefore, to ensure effective and sustainable
MSWM, these processes must provide reliable sources for data
acquisition during the planning, review, and implementation stages
(Al-Jarallah and Aleisa, 2014; Cheela et al., 2021).

The two main approaches used for MSW characterization are the
material flow and site-specific approaches (Kumar and Garg, 2021).
The latter requires sorting the various MSW components at the
source, carried out at the generation point or disposal facility. For
bulky samples, this can be done visually at the source or from the
waste truck (Giang, 2017; Ugwu and Ozor, 2021). MSW
characterization can be achieved using SowaCLINK software, a
computer-based environmental MSW analytical tool developed based
on Dulong’s model (Sincero and Sincero, 1996).

The software characterizes the MSW into fourteen (14) waste
components, including food, yard, paper, cardboard, plastics, textiles,
rubber, leather, wood, glass, tin/can, aluminum, other metals, dirt,
and ash.

The output of the characterization process is utilized for further
analyses of waste regeneration and sustainable MSWM. This is
because the software provides the potential energy content of MSW,
which can be used to determine the high and low heating values of the
characterized MSW. Results of the characterized MSW can
be extracted in statistical charts for straightforward interpretation
(Onungwe et al., 2021). The software performs MSW characterization
with an accurate analytical algorithm to determine waste heating or
energy value content, which is the combustible energy contained in
the material in the presence of oxygen (Bhuiya et al., 2020).

The Dulong model is a reliable computational for analyzing the
high heating value (HHV) and low heating value (LHV) of MSW
when compared with the Vandralek model and other experimental
processes (Nzihou et al., 2014). However, the Steuer and Scheurer-
Kestner model is helpful for energy value analysis, and the Dulong
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model is widely reliable and widely adopted (Liu et al., 1996; Khuriati
etal., 2017).

In a typical scenario of the Waste-to-Energy (W-to-E) process,
MSW was found to have the energy potential of producing 1 MW of
electricity from 45 tons of waste; in other words, about 550-kilowatt
hours (kWh) of energy is generated per ton of MSW (Cheremisinoff,
2013; O'Neill, 2022). A calorimeter can be used to ascertain the energy
value of MSW directly (Amber et al., 2012). Similarly, for a sample
MSW with an average calorific value of 17.23 MJ/kg and MC ranging
between 20 and 49%, it was analyzed that 700kW of power per day
can be generated when 1,500 tons of characterized MSW is incinerated
per day (Amber et al., 2012). Alternatively, an ultimate analysis can
be used to analyze the LHV of MSW components with known energy
value by adopting the chemical element of the characterized waste
(Sincero and Sincero, 1996; Ibikunle et al., 2019).

1.4 Waste to energy conversion

Several techniques of waste-to-energy conversion exist (Foster
et al., 2021), such as gasification, pyrolysis, anaerobic digestion,
incineration, and hydrothermal liquefaction. However, waste audits
provide insight into sustainable processes through characterization
(Panetal,, 2015; Rafey et al., 2020). Characterized MSW is composed
of high energy content with the potential to generate steam in a boiler
capable of powering an electric generator turbine (Wilson et al., 2013).
MSW are categorized into various components such as yard, paper,
food, plastic, cardboard, wood, rubber, textile, leather, etc. (Yusoff
et al, 2018). Mining these components without recycling used
products from the waste stream will deplete the ecosystem and
increase the effect of climate change and global warming on the
environment (Bello et al., 2022). Therefore, the need to utilize waste
as feedstock in a conversion facility benefits the environment and
livability (Alao et al., 2022; Salem et al., 2023) while promoting a
sustainable MSWM system (Farooq et al.,, 2021). However, waste
conversion is rewarding socially, economically and environmentally
(Kalkanis et al., 2022); risk analysis to adopt a safe technology remains
vital (Luo et al., 2021; Cao et al,, 2022). Different energy products are
derived from various feedstock based on the waste composition and
waste-to-energy conversion technique, as presented in Figure 4.

Incineration is a process of MSWM that leads to an alternative
energy source with substantial environmental benefits of waste
volume reduction (Bello et al., 2022), though there has been some
public criticism on the adoption of the technique (Wong, 2016);
incineration as a power generating source has been significant toward
waste-to-energy globally. Notably, the by-products from incineration
can be used to remove methylene blue (MB) from water during
purification. Some of these by-products are MSW bottom ash
(MSW-BA) and MSW fly ash (MSW-FA), which are sources of
aluminosilicate to produce geopolymer (GEO) adsorbents
(GEO-MSWBA and GEO-MSWEA) (Al-Ghouti et al., 2021). Figure 5
shows a diagrammatic presentation of MSW combustion with energy
recovery in a mass-burn incinerator.

Considering the high rate of organic fraction of MSW generated
in developing countries, anaerobic digestion has been a viable
technique for producing biogas energy while utilizing the MSW as
feedstock (Hoornweg and Bhada-Tata, 2012; Mousania et al., 2023).
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Composting is a sustainable process of managing organic waste
components (Sanchez et al, 2016); this can be achieved either
anaerobically or aerobically in line with the CE model (Ayilara et al.,
2020; Zamri et al, 2021). Bio-fertilizers for agricultural soil
improvement can be produced by composting bio-degradable MSW
components, a circulatory process of waste regeneration. As a
composting technique, Anaerobic digestion has low operational cost,
high environmental benefits, and social acceptability (Ayilara et al.,
2020; Roy et al., 2023). Promisingly, composting rapidly reduces the
volume of MSW, the ruination of pathogenic bacteria, the elimination
of weeds, and the destruction of seeds (Bello et al., 2022).

For composting to be sustainably integrated into an anaerobic
process of MSWM, the MSW collection and transportation are
essential, leading to the pre-treatment of the waste in the digester,
which results in biogas or digestate—the post-treatment results in
either energy or nutrients (Van Fan et al., 2018). Hence, energy and
bio-fertilizer are products of anaerobic digestion of organic MSW
components in a biogas plant (Cheremisinoff, 2013; Onungwe et al.,
2021), as presented in Figure 6.

1.5 Circularity in municipal solid waste
management

The concept of circular economy (CE) hinges on sustainability,
aimed at protecting and improving the environment while offering
economic and social benefits to the citizens (Mandpe et al., 2023; Van
Ewijk and Stegemann, 2023). The circular economy enables the
restoration of product value when it is damaged or has reached the
end of life. CE helps extend the product life cycle. Waste reduction is
also achieved while conserving scarce natural resources. Techniques
upon which CE can be performed include reuse, remanufacturing,
recycling, etc. (Vanson et al, 2022). For CE to be effectively
implemented, a conscious effort must be made in regulatory
legislation, governmental policy, administrative model, product
design model, supply chain management, and waste management
(Smol et al,, 2020; Kazancoglu et al., 2021). CE can be integrated into
the MSWM system through waste sorting, plastic waste recycling,
incineration techniques, and life cycle assessment (Tsai et al., 2020;
Aldhafeeri and Alhazmi, 2022). Apart from the 3Rs; reduce, reuse and
recycle which is widely discussed in MSWM, the principle of the 10Rs;
refuse, rethink, reduce, reuse, repair, refurbish, remanufacture,
repurpose, recycle, and recover can enhance circularity in MSWM
(Listiningrum et al., 2023). Also, transferring product ownership,
routine maintenance, product performance monitoring, energy
recovery through thermal treatment for heat or fuel extraction,
combustion of MSW for electricity and heat generation are circulatory
processes that can integrated into the MSWM system (Reike et al.,
2018; Gherhes et al., 2022).

2 Materials and methods

2.1 Study area

MSW components constitute the primary material used for this
research. The MSW was collected within Aba metropolis, Eastern
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designated open dumpsites, with one closed permanently at the time
of this study. Under this section, each research methodology (RM) is
carried out to achieve each research objective (RO).
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storage -

2.2 RM;—analysis to determine the volume
of MSW generated

To achieve RO,, the population of the city leading to the rate of
MSW generation was computed by applying the geometric mean
method given in Equation 1. The operational population was projected
for a 10-year design period, with the Nigerian growth factor kept at
2.53% (O'Neill, 2022). The geometric mean is a statistically proven
reliable approach for obtaining a realistic population projection to
achieve a safe infrastructural design over a specific period
(Agunwamba, 2008).

Pn=P(1+1G/100)" 1)

Pn is the projected design population. P is the current population
of the study area; IG is the percentage geometric mean or growth
factor of the study nationality; n is the design period in years. With
the absence of MSW data for the study area, linear extrapolation
becomes applicable in obtaining the rate of MSW generation.
Equation 2 was adopted to achieve this objective.

Y =Y +[(X=X1)/ (X2 = X1) % (Y2 - Y1) )

X, and X, are the years with known waste rates from government
agencies and academic research, respectively. X is the year that the
population census was conducted with an unknown waste rate, Y1
and Y2 are the rates of known waste for the year X1 and X2,
respectively, and Y is the unknown MSW rate for the year that the

Frontiers in Sustainability

population census was conducted, which the projected design
population was based. The value of Y becomes the operational rate of
the MSW generation per person per day.

2.3 RM,—characterize MSW components
generated using SowaCLINK software

The MSW components generated and collected within the study
area were handled with consideration to health and safety precautions
for characterization based on the Standard Test Method for
Determination of the Composition of Unprocessed MSW method
D5231-92 (ASTM International, 1992), which describes the steps for
manual sorting to determine the mean composition of MSW
generated within an environment in line with the material flow
method of MSW characterization (Tchobanoglous and Kreith, 2002).
The procedures followed are outlined in the steps below based on the
site-specific approach:

Step 1: Firstly, on the arrival of the delivery trucks, samples were
collected at various dumpsites using a site-specific approach by
scooping a mixed portion of the MSW delivered to the dumpsites
from 3 different locations within the metropolis (i.e., Osisioma, South
Aba, and North Aba). The exercise was conducted for 48 days within
16 consecutive weeks between July and November 2021. The process
cuts across both the wet and dry seasons, as the country of the study
has seasonal climatic conditions.

Step 2: The second procedure followed the quartering process by
dividing the MSW sample into four equal parts on a clean surface and
eliminating two diagonal portions (Zurbrugg and Imanol, 2018). The
remaining portions were processed, sorted into components, and
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weighed in line with the standard test method for determining the
details of unprocessed MSW (ASTM International, 1992; Nadeem
etal., 2016).

Step 3: The third procedure involved imputing the weighted
values (kg) of the sorted MSW components into the SowaCLINK
software for analysis and characterization (Onungwe et al., 2021).
This waste audit step enables appropriate MSW utilization based
on the outcome. The characterized representative MSW sample
attached
Supplementary Appendices A-C, which led to further analysis as

for each study location is in
detailed in the result sections. The comparative composition of
MSW components generated within the study area is presented in
Figure 7. This gives an idea toward selecting the most sustainable

MSWM techniques based on the circularity principle.

2.4 RM;—analysis to determine the energy
potential of the characterized MSW

Following the procedure of ASTM D5291, which focuses on
standard simultaneous determination of carbon, hydrogen, and
nitrogen in petroleum products (Titiladunayo et al,, 2018). In addition
to utilizing from Supplementary Appendix, which shows selected
chemical elements comprising of carbon, hydrogen, oxygen, nitrogen,
sulfur and ash with percentage value by mass on a dry basis obtained
based on ultimate analysis carried out on some MSW components
with high energy potential (Sincero and Sincero, 1996), the high
heating value (HHV) of the identified MSW from the waste stream
sample was determined by adopting Fquation 3.

10.3389/frsus.2024.1321329

HHV =0.4166 x C—0.5701 x H+0.2591 x O + N - 5.8291 (3)

The total volume of the MSW sample was 947 tons, representing
71% of the MSW generated within the study area. From the weight
(Wt) of each MSW component in percentage, as presented in Table 13,
the computation of the low heating value (LHV) of the characterized
MSW with energy-generating potential was analyzed by applying
Equation 4 (Ibikunle et al., 2019).

LHV = HHV x Wt. (4)

LHYV is the low heating value, HHV is the high heating value, and
Wt. is the weight of each MSW component in percentage. From the
determined HHV and LHV, Equations 5-7 (Ibikunle et al., 2019;
Ajaero et al,, 2023; Dickson et al., 2023) can be applied to select the
energy recovery potential ERP (MWh), the electrical power potential
EPP (MW), and the power to the grid of electrical power PG (MW)
generated from the MSW.

ERPMSW = LHVMSW X WMSW x1000/3.6 (5)

ERPyw is the energy recovery potential, LHV sy is the low
heating value (M]/kg), 1,000/3.6 is the conversion ratio from M]J to
kWh since 1kWh equals 3.6 MJ and Wy is the mass of MSW in tons.

EPPysw = LHVysw 1000/ 3.6 x Wysw /24 xce  (6)

EPPysw is the electrical power potential, LHV gy is the low
heating value, and 1,000/3.6 is the conversion ratio from MJ to kWh

Comparative Chart of
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FIGURE 7

Comparative composition of MSW component generated within the study area (kg).
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since 1kWh equals 3.6 MJ, Wy is the mass of MSW in tons and ce
is the conversion efficiency usually between 20 and 28%.

PGysw = EPPyisw x ge xte x1/1,000 (7)

PGysw is the power to the grid, EPPygy is electrical power
potential, ge is generator efficiency, adopted at 90%, te is transmission
efficiency at 75% for incineration turbine output, and 1/1,000 is a
conversion factor.

2.5 RM,—circular economy transition
roadmap for MSW utilization

MSW  quantity,
composition, availability of land, social factors, capital investment,

characteristics, physical properties,
treatment processes, environmental factors, etc., are some of the
determinants for suitable MSW treatment techniques (Aich and
Ghosh, 2016; Zabaleta et al.,, 2020). This is because identifying
sustainable methods for MSW utilization enhances circularity in
the MSWM system. This section focuses on selecting sustainable
MSW treatment technologies that will be productive for MSW
regeneration. Relevant literature on sustainability factors such as
environment, economy, technology and social indicators (Alam
et al., 2022); the outcome of RM,, RM,, and RM; which produced
the prominent MSW components available within the study area,
and the findings from background research preceding this current
study, which identified potential enablers for MSWM transition to
CE (Onungwe et al., 2023), gave insight on the suitable options to
include incineration and anaerobic digestion under the
thermochemical and biochemical techniques respectively (Agbejule
et al.,, 2021; Farooq et al., 2021).

3 Results and discussion

This section chronologically presents the results obtained from
the analysis using RM1, RM2, RM3, and RM4 based on RO1, RO2,
and RO3. The projected population computed for the current research
based on a design period of 10years by adopting Equation 1 was
1,719,185 persons. The variables substituted into the equation were
the existing population of the city (P) 1,339,100, the design period in
years (n) 10, and the percentage geometric mean or growth factor of
the study nationality (IG) 2.253%.

The rate of MSW in kilogram per person per day (kg/p/d)
generated within the study area was analyzed using Equation 2. The
linear extrapolation with “Y;” the unknown variable representing the
rate of MSW (kg/p/d), resulted in 0.7813kg/p/d. Other variables
substituted into the equation were X1 =1994, X2=2006, X=2016 and
Y1=0.58,Y2=0.69.

The volume of MSW generated annually within the municipality
is 490,268 tons. The results from the MSW samples collected from the
various open dumpsites and the corresponding analytical results using
SowaCLINK software are presented in subsequent tables and charts
to include mass of moisture (kg), dry weight of MSW sample (kg),
heating value (KJ), total energy (KJ), density (kg/cum) and the
composition of MSW components in percentage. Equations 3-7 were
to determine the MSW energy potential of the characterized waste
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stream for suitable circularity model adoption for MSWM within
the megacity.

3.1 Results of Osisioma

Supplementary Appendix A shows the composition of MSW
prominent within Osisioma as input into SowaCLINK. The design
shows putrescible waste in large quantities when compared with
non-putrescible waste. Supplementary Appendix illustrates the
SowaCLINK analytical output based on the simulation of the MSW
collected within Osisioma. This set of results provided insight into the
characteristics of the MSW sample for decision-making. This is
because ascertaining the moisture content (MC) of MSW significantly
contributes to its utilization in terms of treatment methods, recycling,
and energy consumption rate (Finet, 1987; Lorenzo Llanes and
Kalogirou, 2019).

Notably, SowaCLINK software was programmed based on a range
of moisture content values for the various MSW components in line
with the analysis carried out by Tchobanoglous (Peavy et al., 2010).
This resulted in the fourth column showing the percentage moisture
content (Tchobacao M.C. Value %) extracted from the software
(Table 1).

Table 2 shows some outputs from the software indicating the
energy content of the characterized MSW. A comprehensive
knowledge of the MSW stream’s heating value and energy potential
enhances its optimal circulatory utilization. Also, the engineering
design of a thermochemical plant output depends on the heating
potential of the MSW feedstock (Zhou et al., 2014). The results of the
characterized MSW components presented in Tables 2-6 are
consistent with the outcome of a similar analysis on energy recovering
from MSW components for electricity generation (Sincero and
Sincero, 1996; Pasek et al., 2013).

The results following the wet and dry densities of the characterized
MSW were 1.31 and 1.33 (kg/cum), respectively. MSW density is a
function of weight, mass, and volume; possessing. The knowledge of
such indexes is required to achieve sustainable engineered MSWM,
MSW
infrastructural design, including collection truck capacity allocation

appropriate operational utilization and functional
for efficient waste collection (Jaunich et al., 2016). Accurate knowledge
of the composition of MSW components within any city is an enabler
for integrated and sustainable MSWM (Bisinella et al., 2017).

Supplementary Appendix E shows the percentage of MSW
components within Osisioma LGA. The statistical chart indicating the
MSW composition in various quantities is a primary requirement for
MSWM transition toward circular economy implementation. This is
because MSW sorting, collection, selection of transportation
equipment, recycling, energy recovery, and extraction of reusable
MSW components are tools for sustainable MSWM systems (Siami
etal, 2019; Ugwu et al., 2020).

The results presented in this section close the gap in the absence
of practical knowledge of MSW composition, quantification, energy
potential, leading, and the selection of treatment techniques that
utilize waste as a resource. However, the study area is known for the
massive rate of MSW generation; MSWM has been rudimental,
posing concerns about public health and environmental safety. Also,
the lack of MSW data has hindered sustainable MSWM in Aba

(Ezechi et al,, 2017; Nwankpa and Scandrett, 2020). The significance
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TABLE 1 Percentage moisture content (wet and dry bases) of MSW in Osisioma LGA.

MSW components Percentage Mass (kg) M.C. value (%) Mass of moisture = Dry weight (kg)
composition (kg)
Food waste 1.12 1.12 60 0.67 0.45
Yard 0.41 041 60 0.25 0.16
Papers 0.17 0.17 6 0.01 0.16
Cardboard 0.06 0.06 5 0 0.06
Plastics 0.93 0.93 2 0.02 091
Textile 0.64 0.64 10 0.06 0.58
Rubber 0.5 0.5 2 0.01 0.49
Leather 0.53 0.53 10 0.05 0.48
Wood 0.92 0.92 20 0.18 0.74
Glass 0.58 0.58 2 0.01 0.57
Tin/Cans 0.79 0.79 3 0.02 0.77
Aluminum 0.2 0.2 2 0 0.2
Other metal 0.08 0.08 3 0 0.08
Dirt/Ashes etc. 0.35 0.35 8 0.03 0.32

TABLE 2 Components heating value of MSW in Osisioma LGA.

MSW EISY(Ce)] Heating Total
component value (KJ) energy
(KJ)
Food waste 1.12 4,650 5,208
Yard 0.41 6,500 2,665
Wood 0.92 19,000 17,480
Papers 0.17 16,750 2,848
Cardboard 0.06 16,300 978
Leather 0.53 17,000 9,010
Dirt/Ashes etc. 0.35 7,000 2,450
Textile 0.64 17,000 10,880
Plastics 0.93 32,600 30,318
Rubber 0.5 22,000 11,000

of the current research hinges on its site-based approach because most
research on the study is literature-based.

3.2 Results of Aba South

Table 7 shows the percentage composition, mass (kg), moisture
content (%), mass of moisture (kg), and dry weight (kg) of the MSW
representative sample of the MSW available in Aba South based on the
output of the analysis from SowaCLINK software. Considering the
components of the characterized MSW, plastic, textile, rubber, leather,
wood, and paper constitute the prominent combustible waste stream.
The biodegradable waste components are food and yard waste. This
result is consistent with the MSW composition in Sub-Saharan Africa
(Kaza et al., 2018).

However, there is a slight difference in the waste stream among
the zones comprising the study area; the results presented align with
some previous research on the premise that the composition of MSW
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can vary within the same settlement based on lifestyle, income,
education, awareness, and infrastructural availability (Babatunde
etal, 2013; Letshwenyo and Kgetseyamore, 2020). An effective plan
and design of a functional and implementable integrated sustainable
MSWM system is realistic, considering the results obtained thus far.

Some useful variables that can enhance the utilization of MSW for
energy conversion include thermal efficiency and heating values.
When further analyzed, these factors can result in energy recovery
potential, electric power potential and power to the grid (Ajaero et al,
2023; Dickson et al., 2023). Table 4 shows these variables based on the
characterized MSW components generated in Aba South LGA. The
wet and dry densities of the MSW are 1.23 and 1.30 (kg/cum),
respectively. The percentage weight of the MSW on a damp and dry
basis is 18.63 and 22.9 (%), respectively. The average percentage of the
prolific component of the MSW characterized is 24%. The explosive
element is 46.4%, giving a clear insight into the available waste stream.
This is shown in Supplementary Appendix on the pie chart extracted
from SowaCLINK software in Supplementary Appendix E

3.3 Results of Aba North

Supplementary Appendix C tabulates the MSW output collected
in Aba North. The waste audit results indicate that sustainable energy
generation is viable because of the waste stream’s massive volume and
identified inert potential (Onungwe et al., 2023).

Table 6 significantly enhances the sustainable and best utilization
of the available MSW with specific results produced from the
SowaCLINK software analysis. The energy potential of the waste is
better known, leading to the most appropriate circular economy
application. The wet density resulted in 1.26 (kg/cum), and the dry
density was 1.28 (kg/cum).

The wet and dry weights of the MSW sample are 18.39 and
22.54%, respectively. The relevance of these indices is to enable the
functional design of a sanitary landfill, transfer station, smooth
collection and transportation of MSW within the metropolis. Since
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TABLE 3 Percentage moisture content (wet and dry bases) of MSW in Aba South LGA.

MSW components Percentage Mass (kg) M.C. value (%) Mass of moisture = Dry weight (kg)
composition ()]
Food waste 1.22 1.22 60 0.73 0.49
Yard 043 0.43 60 0.26 0.17
Papers 0.19 0.19 6 0.01 0.18
Cardboard 0.06 0.06 5 0 0.06
Plastics 0.92 0.92 2 0.02 0.90
Textile 0.66 0.66 10 0.07 0.59
Rubber 0.52 0.52 2 0.01 0.51
Leather 0.49 0.49 10 0.05 0.44
Wood 0.35 0.35 20 0.07 0.28
Glass 0.60 0.60 2 0.01 0.59
Tin/Cans 0.80 0.80 3 0.02 0.78
Aluminum 0.19 0.19 2 0 0.19
Other metal 0.08 0.08 3 0 0.08
Dirt/Ashes etc 0.36 0.36 8 0.03 0.33
TABLE 4 Components heating value of MSW in Aba South LGA. by the stakeholders in developing a suitable MSWM which will

integrate environmental, economic, social, and commercial factors.

M9 MEESIG) Heating fotat The significance of MSW audit in quantification and

component value (KJ) energy
(KJ) characterization cannot be overemphasized based on MSW utilization.

Also, the research reveals that MSWM practice within Aba is based on
Food waste 1.22 4,650 5,673 . . K .
the linear model, which has numerous environmental, public health,
Yard 043 6:500 2795 social, and ecosystem concerns, as dumpsite disposal is the only
Wood 0.35 19,000 6,650 operational technique (Ezechi et al., 2017; Salami et al., 2018).
Papers 0.19 16,750 3,183 With references to Table 4, the chemical element of the MSW
Cardboard 0.06 16,300 78 components based on ultimate analysis on percentage by mass on a
dry basis was adopted in analyzing the high heating value (HHV) by
Leather 0.49 17,000 8,330 T S . .
applying Equation 7 on the identified MSW with energy-generating
Dirt/Ashes etc. 0.36 7,000 2,520 potential, which resulted in an HHV of 176.5212 M]J/kg as presented
Textile 0.66 17,000 11,220 in Table 8.
Plastics 0.92 32,600 29,992 Table 7 shows the Low Heating Value (LHV) of the characterized
MSW component in Megajoules per kilogram (M]/kg). The mean
Rubber 0.52 22,000 11,440 .
value of each MSW component and the weight of the waste sample

with energy potential are also tabulated in percentages. The output
compact waste is a requirement in sustainable MSWM in line with the ~ from SowaCLINK software on the heating value and total combustion
efficient operation of a landfill, ascertaining the optimum density of ~ energy in KJ/kg of the characterized MSW is within an acceptable
the waste is essential. range (Sincero and Sincero, 1996; Rominiyi et al., 2017; Oladejo
The composition of the waste stream that was collected and  etal,, 2020).
characterized in Aba North LGA is presented by a pie chart, which 71% of the characterized MSW has energy potential for waste-to-
was an analytical output of the SowaCLINK software attached in  energy conversion. Applying Equations 5-7, the energy recovery
Supplementary Appendix G. The putrescible and non-putrescible  potential ERPysy, electrical power potential EPP sy, and grid power
waste has an average value of 23.8%; and 47%, respectively. PG,sw were obtained as 3,709,463 MWh, 38,680 MW and 26.1 MW
The MSW waste stream within the study area predominantly  daily. In secondary research carried out on the organic fraction of
comprises food waste. This result conforms with some MSW  municipal solid waste (OFMSW) collected within a region that has
characterization outcomes (Babatunde et al,, 2013; Owamah et al,  similar demography as Aba, the energy recovery potential, electrical
2017; Kaza et al., 2018). However, the organic composition of MSW  power potential, and power to the grid were 1,299,083 MWh,
generated in some developing countries ranges between 33 and 60% 16,239 MW and 10,961 MW, respectively, (Ajacro et al., 2023).
(Karak et al.,, 2012; Ozcan et al., 2016; Aderoju Olaide, 2020). This The results indicate a possible transition to a circular economy
research revealed that the organic waste available within the study area  model based on the energy potential and the vast availability of MSW
is about 20.9 to 23.8%. By interpretation, a more practical knowledge ~ within the study area. This will reduce developing countries’
of the MSW composition of the study area has been established based ~ environmental and health challenges, including Nigeria’s, while
on the site-specific approach. This will inform good decision-making  converting waste into resources (Sharma and Jain, 2020; Hoang et al.,
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TABLE 5 Percentage moisture content (wet and dry bases) of MSW in Aba North LGA.

MSW components Percentage Mass (kg) M.C. value (%) Mass of moisture = Dry weight (kg)
composition ()]
Food waste 1.20 1.20 60 0.72 0.48
Yard 0.43 0.43 60 0.26 0.17
Papers 0.17 0.17 6 0.01 0.16
Cardboard 0.07 0.07 5 0 0.07
Plastics 091 091 2 0.02 0.89
Textile 0.64 0.64 10 0.06 0.58
Rubber 0.52 0.52 2 0.01 0.51
Leather 0.54 0.54 10 0.05 0.49
Wood 0.37 0.37 20 0.07 0.30
Glass 0.57 0.57 2 0.01 0.56
Tin/Cans 0.79 0.79 3 0.02 0.77
Aluminum 0.21 0.21 2 0 0.21
Other metal 0.09 0.09 3 0 0.09
Dirt/Ashes etc. 0.34 0.34 8 0.03 0.31

TABLE 6 Components heating value of MSW in Aba North LGA.

MSW Mass (kg) Heating Total
component value (KJ) energy
(KJ)

Food waste 1.20 4,650 5,580
Yard 043 6,500 2,795
Wood 0.37 19,000 7,030
Papers 0.17 16,750 2,848
Cardboard 0.07 16,300 1,141
Leather 0.54 17,000 9,180
Dirt/Ashes etc. 0.34 7,000 2,380
Textile 0.64 17,000 10,880
Plastics 0.91 32,600 29,666
Rubber 0.52 22,000 11,440

2022). Also, the analytical output of LHV resulting in the above EPR,
EPP, and PG of the characterized MSW with quantifiable energy
content falls within a range of 7.5-17 MJ/kg, which points to its fuel
viability based on calorific analysis (Nnaji, 2015).

Considering the results of the MSW characterized in terms of
composition and energy content, biochemical and thermochemical
technologies with anaerobic digestion and incineration are suggestive
techniques for achieving circularity in the MSWM system in Aba
metropolis. With the volume of MSW available within the study area
and the poor electricity supply, the incineration technique will reduce
the volume of MSW by utilizing it for electricity generation (Lu et al.,
2017; Nordi et al., 2017). Incineration has been proven to be a
technique that can minimize waste stream by up to 70% and its
volume by up to 90% (Akinshilo, 2019; Ajaero et al., 2023). By
adopting these biochemical and thermochemical technologies, the
narrative about the study areas as the messiest city in Nigeria
(Odoemene and Ofodu, 2016) will change through the MSWM
circularity model (Gutiérrez et al., 2021; Varjani et al., 2022).
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The daily analytical output of 10,961 MW of power to grid potential
from the MSW components of Aba metropolis is consistent with the
findings of (Cheremisinoff, 2013; Advancing Sustainable Materials
Management, 2017), which, when harnessed, will boost the electricity
consumption in Nigeria from 156 kWh, which is the least when compared
to countries like Venezuela, Ghana, and Ivory Coast with 3,413 kWh,
309 kWh and 174 kWh, respectively (Somorin et al., 2017). The current
linear MSWM system of take make and dispose of at dumpsite will
transition to waste to energy conversion through MSW utilization, a
circular economy model (Kothari et al., 2010; Rezania et al., 2023).

The findings from this practical and analytical-based research will
enhance an integrated sustainable MSWM that will boost the
participation of stakeholders (Tchobanoglous and Kreith, 2002;
Zurbrugg and Imanol, 2018), enhancing functional planning and
improving policymaking strategy and review. Also, efficient
monitoring of the MSWM system, better knowledge of the waste
stream and effective implementation of MSWM techniques based on
the CE model will be achieved (Ontario Environment, 2017; Wang
etal., 2022). Considering the projected MSW generation with its effect
on the developing countries (Kaza et al., 2018) and the findings made
by this current study, the roadmap for MSWM based on the circular
economy model can be achieved and sustained to the benefit of Aba
metropolis environmentally through appropriate MSWM techniques,
leading to recycling, reduction in greenhouse gas emissions (GHG),
conservation of natural resources, and improved city dweller’s
livability (Orlov et al., 2021). Social benefits include public health and
sanitation to achieve the SDGs (Van Kruchten and Van Eijk, 2020).
Waste to wealth can be categorized as economic benefits as citizens
have regular access to energy consumption while contributing revenue
generation through service payment (Oba et al, 2015; Dickson
etal., 2023).

4 Conclusion

A site-based and analytical municipal solid waste management
(MSWM) study aimed at conducting comprehensive waste audits with

frontiersin.org


https://doi.org/10.3389/frsus.2024.1321329
https://www.frontiersin.org/Sustainability
https://www.frontiersin.org

Onungwe et al.

TABLE 7 Low heating value (LHV) of the characterized MSW.

10.3389/frsus.2024.1321329

Components Total MSW Each Component LHV (MJ/
sample (kg) kg) = HHV*WT%

Food waste 23.22276 330.46 57.7 17.4605096 4054812761
Yard waste 22.38949 33046 20.42 6.17926527 1.383505794
Paper 20.65994 330.46 8.4 255401561 0.527658157
Cardboard 20.65994 330.46 3.08 093203413 0.192557716
Plastics 21.1368 33046 44.14 13.3571385 2823271123
Textiles 24.27824 330.46 31.04 9.39296738 2280446788
Rubber 21.33315 330.46 24.62 7.4502209 1.589366801
Wood 22.84084 33046 17.26 522302245 1.192982411

206.7 62.5491739 14.04460155

TABLE 8 High heating value (HHV) of the characterized MSW.

Components 0.416638 0.570017 0.259031 (@) 0.598955 5.829078 HHV
(MJ/kq)
Food waste 0.416638 50 0.570017 6 0.259031 38 0.598955 3 5.829078 23.22276
Yard waste 0.416638 48 0.570017 6 0.259031 38 0.598955 3 5.829078 22.38949
Paper 0.416638 44 0.570017 6 0.259031 44 0.598955 0.3 5.829078 20.65994
Cardboard 0.416638 44 0.570017 6 0.259031 44 0.598955 0.3 5.829078 20.65994
Plastics 0.416638 60 0.570017 7 0.259031 23 0.598955 5.829078 21.1368
Textiles 0.416638 56 0.570017 7 0.259031 30 0.598955 5 5.829078 24.27824
Rubber 0.416638 76 0.570017 10 0.259031 0.598955 2 5.829078 21.33315
Wood 0.416638 50 0.570017 6 0.259031 43 0.598955 0.2 5.829078 22.84084
176.5212
research objectives on MSW quantification and characterization using  citizens, educational awareness, industrialization, commercial

a computer-based environmental application, SowaClink software, to
ascertain the energy contents of the MSW generated within the Aba
metropolis is presented. However, the study area is considered the
messiest commercial city in Nigeria; this current research focused on
utilizing the available MSW within the study area as raw materials for
waste regeneration based on circularity.

Findings reveal that the status of MSWM in the Aba metropolis
is poor, as MSW is disposed of at dumpsites based on the linear
economy model. The large quantity of various components of MSW
generated within the area indicates the availability of raw material as
feedstock for circular economy implementation for waste reuse. This
can be initiated through waste sorting, recycling, characterization,
and adopting the 10Rs to boost the conservation of natural resources
for improved livability within the environment. Also, further results
reveal MSW generation at a rate of 0.7813 kg/p/d and 490,268 t/y for
a population of 1,719,185 persons. 71% of the MSW, comprising 48%
combustible components and 23% organic fraction on average, have
energy content such that, when converted, can produce electricity
and bio-fertilizer. The high heating value of the MSW was 176.5 M]/
kg, and the low heating value was 14 MJ/kg. The energy recovery
potential of the MSW (ERPysw) was 3,709,463 MWh, the electrical
power potential (EPPyy) was 38,680 MW, and the power to the grid
(PGpsw) was 26.1 MW per day.

The global environmental challenges associated with MSW due to
the increase in population growth, rural-urban migration, attitude of
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activities, natural resource mining, waste mismanagement, and lack
of MSWM facilities keep increasing, especially in developing
countries. Therefore, engaging in MSWM practices promoting
environmental sustainability through waste recovery should
be encouraged at all levels. Because the MSW generation is a sign of
economic activities and societal functionality, which cannot
be stopped, instead incorporating MSW characterization and
composition stratification at source is necessary to achieve waste
conversion for an integrated sustainable waste management based on
the circular economy model.
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