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Energy production from
municipal solid waste in low to
middle income countries: a case
study of how to build a circular
economy in Abuja, Nigeria

Emmanuel Mela Dickson*, Astley Hastings and Jo Smith

Institute of Environmental and Biological Sciences, School of Biological Science, University of Aberdeen,
Aberdeen, United Kingdom

The volume of municipal solid waste produced in many cities in low to
middle income countries exceeds the capacity of handling facilities causing
environmental and health risks. This study provides the most comprehensive
analysis to date of municipal solid waste to energy options for Abuja, Nigeria.
We use most recently available data on waste generation from Abuja municipal
authorities, integrated with secondary data from the literature. This is combined
with standard relationships between waste composition and energy production
to compare the potential for thermochemical conversion and anaerobic digestion
to meet the energy requirement of Abuja. In addition, we use assumptions about
digestate production and nitrogen release to estimate the potential production
of organic fertilizer from digestate. The organic fraction of municipal solid waste
from Abuja [7.1 x 107 (+4 x 10°) kg y_l] has potential to produce 3.6 x 106 (42 x
10°) m3 y~1 biogas. This could provide 7.8 x 103 (+4 x 102) MWh y~1 electricity,
equivalent to 8% of annual electricity requirement in Abuja, 4.0 x 107 (42 x 10°)
MJ y~1 heat, and 5.3 x 10° (+3 x 10%) kg y ! digestate use as bio-fertilizer from
organic fraction only. Potential power generation by thermochemical conversion
for combined heat and electricity is much greater, 7.73 x 104 (£4 x 103) MWh
y—l, equivalent to 83% of power requirement in Abuja, but does not produce
bio-fertilizer. Using the organic fraction for anaerobic digestion and the remaining
waste for thermochemical conversion provides combined heat and energy that
is 91.5% of Abuja power requirements, while also producing digestate. Barriers
to implementation include informal waste recyclers with poor collection and
handling procedures, absence of public education, weak environmental policies
and lack of funding. There is a need for periodic review of policies and waste
legislation to create a circular economy in Abuja.

KEYWORDS

organic fraction of municipal solid waste, anaerobic digestion, greenhouse gas emissions,
combined heat and power, municipal solid waste management, low-income countries

1. Introduction

Globally, there is an exponential rise in energy consumption; fossil fuels currently
contribute ~88% of this energy demand with a projected 50% rise in global energy
consumption by 2050 (Obidike et al., 2020). Fossil fuel consumption in Abuja, Nigeria, is
currently 5.21 x 10 kW d~! (Scarlat et al., 2015; Obidike et al., 2020; Biodun et al., 2021)
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so alternative energy sources are needed, both to meet demand
(Ezeah and Roberts, 2010; Biodun et al., 2021) and to reduce
greenhouse gas (GHG) emissions from fossil fuels (Afon and
Okewole, 2007; Arukwe et al., 2012; Biodun et al., 2021). An annual
increase in GHG emissions of ~3.79 x 10!° t CO,e globally was
reported in 2022, primarily due to fossil fuel combustion, with
carbon dioxide (CO;) being the largest contributor (Biodun et al.,
2021; EDGAR, 2022). One potential alternative to fossil fuels is
to use municipal solid waste (MSW) to provide energy, through
thermochemical conversion or production of biogas by anaerobic
digestion (AD) (Barati et al., 2017; Rajaeifar et al., 2017; Aghbashlo
et al.,, 2019; Kazemi et al., 2019).

The accumulation of MSW is a major environmental and
socio-economic problem in many cities in developing countries.
This increase in MSW generation is mostly associated with the
growth in urban population due to massive human migration
from rural to urban centers (Bongaarts, 2009; Obidike et al,
2020). Management of MSW in Abuja follows a routine process
of collection, transportation and open dumping at designated
dumpsites (Ezeah and Roberts, 2010; Scarlat et al., 2015). However,
there is an absence of planned waste recycling and energy recovery
through any centralized MSW management system (Arukwe et al,
2012). Data from 2000 to 2020 indicates that Abuja city has an
average solid waste generation of about 1.51 x 10° t y~!, out
of which the organic content constitutes ~47% (AEPB, 2020).
Therefore, there is large potential for energy generation from
these wastes.

In Abuja, private waste collection services provide house-
to-house waste collection (Ogwueleka, 2009). However, the
introduction of a tipping fee means they often dump the waste at
the side of the road instead of using the designated waste collection
points, which are organized by the Abuja Environmental Protection
Board (Ajani, 2008). The Abuja MSW system is characterized by
ineflicient collection methods, inadequate coverage of collection
points and inappropriate disposal systems (Ogwueleka, 2009).
Arukwe et al. (2012) suggested that this is a direct result of not
having waste separation implemented at the point of collection,
and weak individual and political will to drive waste management
policies and enforcement. Others also include absence of modern
waste management technologies, poor monitoring and control
operation, low levels of household income and lack of effective
environmental education and awareness (Arukwe et al, 2012).
Afon and Okewole (2007) concluded that education, income
level and social status control per capita generation of MSW in
Abuja (Afon and Okewole, 2007). Ajani (2008) suggested that age,
location, occupation and the waste collection tipping fee affects
collection services of both private and public sectors (Ajani, 2008).
Increased generation of MSW in Abuja, therefore, poses a serious
potential risk to the environment, socio-economic conditions
and health of the inhabitants if management strategies are not
urgently improved.

In addition, waste dumpsites negatively impact environmental
and health conditions for local residents through release of
contaminants into the wider environment (Arukwe et al,
2012). Release of hazardous substances such as bisphenol-A,
phthalates and non-ionic surfactants, which include perfluorinated
compounds, alkylphenol polyethoxylates, pharmaceuticals and
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personal care products, has been linked to contaminants detected in
biota and environmental matrices in aquatic environments (Yeung
et al., 2009; Murray et al., 2010).

Thermochemical technologies, such as combined heat and
power (CHP) and incineration, can be suitable for energy
generation especially from the non-degradable MSW. Combined
heat and power is an integrated system of waste treatment,
designed to generate electricity and heat simultaneously by waste
combustion. Hot flue gases generate steam, which is used in the
plant to turn turbines for electricity generation; this is typical
of the existing CHP topping cycle (Portugal-Pereira and Lee,
2015). Industries or local communities also benefit from the
recovered heat through extra thermal energy provision (Aldrich
et al,, 2011). However, waste combustion is associated with many
negative effects, such as pungent odors, surface and ground water
contamination, GHG emissions, topographical instability and risks
of fire outbreaks, although these could all be mitigated by good site
design, such as leachate collection and treatment, adequate liner
provision and coverage of incinerators (Song and Li, 2014; Yadav
etal, 2018). An advantage of incineration is the reduction in MSW
volume to between 80 and 90% of the original volume (Fzeah and
Roberts, 2012).

Anaerobic digestion is an effective waste-to-energy technology
that is currently in-use in many developed and developing
countries (Eddine and Salah, 2012; Vogeli et al.,, 2014), and could
provide a less polluting option for waste-to-energy generation. It is
a process of biochemical conversion that generates biogas through
an oxygen free digester. It is widely used for management of both
wet and dry waste resources and for energy recovery purposes.
Biogas is a colorless, non-toxic, combustible gas composed mainly
of methane (CHy4) and carbon dioxide (CO,) with about 1-5%
other gases (Deressa et al., 2015; Amasuomo and Baird, 2016).

A number of recent studies have considered the potential
for use of the organic fraction of MSW (OFMSW) for energy
generation in cities in developing countries (e.g., Aguilar-Virgen
et al., 2014; Gebreegziabher et al., 2014; Kumar and Samadder,
2017; Hettiarachchi et al., 2018; Amo-Asamoah et al., 2020;
Dehkordi et al., 2020; Paul and Soren, 2020; Rolewicz-Kalinska
et al., 2020; Ribeiro et al, 2021; Chaianong and Pharino,
2022). Analysis of the potential energy generation of OFMSW
in developing countries suggests significant energy generation,
economic and environmental benefits through AD; for example
8.5 x 10° kWh y~! with a value of 1.13 x 10° US$ y~! in
Guadalajara, Mexico (Ibarra-Esparza et al, 2022) and 2.2 x 10°
kWh y~! with a value of 2.2 x 10% US$ y~! across Malaysia
(Khairuddin et al., 2015). Moya et al. (2017) estimated that the
thermochemical potential for energy generation in Quito, Ecuador,
was 5.97 x 10> kWh t! while the biochemical potential was 6.2
x 10" kWh t~!. Others have assessed the challenges associated
with biogas production in developing countries, highlighting
key barriers as lack of appropriate segregation facilities and
inconsistent characteristics and supply of wastes (Yadav et al,
2022). Pandyaswargo et al. (2019) developed an implementation
framework to help planning of sustainable municipal organic
waste facilities.

The aim of this study is to evaluate the potential for energy
production from MSW in Abuja using both thermochemical and
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AD technologies. The novelty of this study is that it provides
a comprehensive analysis of the waste-to-energy value chain in
Abuja city, integrating the socio-environmental and economic
impacts of MSW in sustainability of energy provision that could
be used for waste legislation reviews by policy makers more widely
in developing countries. We consider factors impacting the rate
of MSW production, determine factors affecting composition of
the MSW, and estimate the environmental and socio-economic
benefits of energy production from MSW in Abuja. Finally, we
provide recommendations for enhancement of energy generation
from MSW in Abuja and the establishment of a circular economy.
This represents the most comprehensive analysis to date of the
potential in Abuja for energy production from MSW. While the
study provides recommendations specific to the case study of
Abuja, a similar approach could be applied across Nigeria and more
widely in low to middle income countries.

2. Method and materials
2.1. Study focus: Abuja

Abuja is the federal capital city of Nigeria. It is sub-divided
into six area councils for administrative purposes; these include
Abuja municipal area council, Bwari, Kuje, Gwagwalada, Abaji,
and Kwali. It was established in 1976 and is situated north of
the confluence of rivers Benue and Niger, between latitudes 7°
25'N and 9° 20'N and longitudes 5° 45E and 7° 39'E. Abuja
occupies a land area of 7,753.85 km? with an estimated population
of 3,324,000 in 2020 (National Population Commission Nigeria,
2014; United Nations Fund for Population Activities-UNFPA, 2015;
Aderoju and Guerner, 2020). It has two main seasons in a year, in
common with the climate of Nigeria as a whole; the dry and wet
(rainy) seasons. The dry season is normally between November and
March which constitute months of lowest rainfall and humidity,
while wet or rainy season is from April to October, with highest
mean rainfall of ~119 mm in August and mean humidity of ~58%
(Aderoju et al, 2018). The population of Abuja is projected to
exceed 5.8 million by 2026, based on a 2001 population of 1,724,205
(National Population Commission Nigeria, 2014). This, therefore,
poses serious environmental and socio-economic challenges to
the city, including MSW management. Note that this study is
limited to Abuja capital city under the Municipal Area Council,
so data considered here, such as the human population and waste
generation, are also limited to this area.

2.2. Socio-environmental and economic
analysis

In order to provide an analysis of the potential socio-
environmental and economic impact of energy production from
MSW in Abuja, data were collated from a wide range of
sources. Data were collected from Nigerian government-agencies
on MSW and from government agency waste reports (AEPB, 2020).
Secondary data were obtained from the peer reviewed literature,
and from workshop and seminar presentations. The standard
measure from the World Bank 2020 was used to determine MSW
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generation for Abuja capital city (Table 1). These data indicate
that the rate of MSW generation ranges from an average over
the year of 0.406kg per capita per day in Garki I & II to
0.633 kg per capita per day in Maitama. Data on MSW generation,
composition and management strategies were obtained from the
Abuja Environmental Protection Board (AEPB, 2020). Data on the
2020 population of Abuja districts, with corresponding income
levels were obtained from Nigerian National Bureau of Statistics
by direct request (NBS, 2020). Photographic evidence was collected
from designated solid waste collection centers within the city and
the major dumpsite in the Idu Industrial Districts of Abuja with
permission from the authorities. Secondary data on the occupations
of residents of Abuja and other supporting data required to
analyze the effects of economic activities on waste generation were
identified from a review of information available in the scientific
literature and during our visit to the disposal site. This involved
a critical review of more than 20 peer reviewed papers on MSW
production and disposal in Abuja and other developing cities
around the world.

The data gathered were used to determine factors influencing
the rate of waste generation and composition in different districts
of Abuja. A rank correlation was calculated to establish the
relationship between income level and waste generation. The null
hypothesis used states that there is no significant relationship
between income level and waste generation. The alternative
hypothesis states that the relationship is significant.

2.3. Energy output potential from
thermochemical conversion

In the below text, all symbols used are summarized in Table A1.
The higher heating value of the energy provided by complete
degradation of the MSW, Egpry (M] kg_l), was calculated from the
elemental content of the waste in Abuja using the below formula
(Shi et al., 2016);

Eypv = 0.350P¢ + 1.01Py — 0.0826P¢ (1)

where Pc is the carbon (C) content (%), Po is the oxygen (O)
content (%), Py is the hydrogen (H) content (%), all expressed as a
weight percentage of dry matter.

The percentage content of the different elements in the MSW,
P, (%) (where P, is Pc, Pp and Py), was obtained from the
percentage dry matter content of each component of the waste, Pyype
(g per 100 g fresh waste), and the standard elemental compositions
of each waste type, Pe yype (%) using Equation (2).

Piype X Petype
Fe= Ztype(T) @

The standard elemental compositions of combustible waste
types, P ype, are given in Table 2 (Shi et al, 2016). The dry matter
content of each waste component type in Abuja, Py, was obtained
from the AEPB (2020) data (Table 3) combined with typical bulk
densities of the waste types from literature (Foday et al., 2017).

The maximum potential gross energy production from the
MSW (Epny) is never achieved due to energy losses from the
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TABLE 1 Solid waste generated by Abuja capital city district in 2020.

10.3389/frsus.2023.1173474

Districts Population MSW generation MSW generation MSW generation
(ty=h (tcaly!) (kgca—ld1)
Asokoro 102,873 20,603 0.200 0.549
Maitama 89,201 20,603 0.231 0.633
Garki 1 & 11 140,375 20,776 0.148 0.406
Wuse 1 112,489 20,357 0.181 0.496
Wuse 11 106,614 20,529 0.193 0.528
Gwarinpa 110,421 20,603 0.187 0.511
Gudu/Durumi/Wuye 108,346 20,653 0.191 0.522
CBD 92,137 20,554 0.223 0.611
Jabi/Utako/Mabushi 113,167 20,529 0.181 0.497
Kado/Lifecamp 97,187 20,579 0.212 0.580
MSW, municipal solid waste; ca, capita.
TABLE 2 Typical bulk density and elemental composition of municipal solid waste as a percentage of the dry matter content.
Waste type Typical bulk density Carbon, Pc (%) Hydrogen, Py (%) Oxygen, Pg (%)
(kg m—3)
Organics 300 (£1) 48 (+2) 6 (£2) 38 (£2)
Plastics 60 (£1) 60 (£+2) 7 (£2) 23 (£2)
Paper 90 (£1) 44 (£2) 6 (£2) 44 (£2)
Textile 180 (1) 55 (42) 7 (£2) 31 (£2)

The numbers in brackets represent error values obtained as average values of minimum and maximum observed range.

Source: Shi et al. (2016) and Foday et al. (2017).

system. The energy that is actually available for energy generation
(the lower heating value, Erpy, MJ kg_l) was estimated by
accounting for the amount of fuel product used to evaporate the
moisture in the fuel during the different conversion methods (Shi
et al., 2016) as,

Erpv = Exnv — 0.212Py (3)

where Py is the percentage hydrogen in MSW. The value of Py was
obtained using Equation (2) for each component type (Shi et al.,
2016; Aderoju et al., 2019).

The energy recovery potential of MSW, E,, (kWh), was
calculated using the standard energy recovery formula (Equation
4) for the thermochemical conversion of biodegradable and non-
biodegradable MSW (Tsunatu et al., 2015; Ibikunle et al., 2019),

PCOIIV

100

E., = E x M, 1000 X (4)
P = FLHY "\36 x 24

where M; is the total mass of MSW produced (t) per day (multiplied
by 1,000 to convert to kg and divided by 3.6 x 24 to convert from
M] to kWh) (Ibikunle et al., 2019), while Py, is the conversion
efficiency ranging between 22 and 28% (Aderoju et al., 2019); here
set to 22% to provide a conservative estimate of the energy recovery
potential. The mass of MSW produced in Abuja (M;) was assumed
to be 1.95 x 102 t per day (Vogeli et al,, 2014; AEPB, 2020).
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The potential power generation each day, Egp (kW d~1), was
then obtained by multiplying by 24,

Egp = Eyp x 24 (5)

2.4. Energy output potential from
anaerobic digestion

In the below text, all symbols used are summarized in Table Al.
The AD plant will be required to process and treat all of the organic
fraction of MSW produced by Abuja city, including residential,
industrial and commercial solid wastes. The digester should operate
through a continuous feed process because this achieves a 40%
higher biogas generation potential than a batch system (Monson
et al., 2007).

The size of the AD plant was calculated using equation 6
assuming a 5% safety factor (Sy) (Monson et al., 2007).

(6)

Vp = QGC X <M)

100

where Vp is the digester volume in m3, Q is the ultimate feedstock
influent volume (m® d=') and 6, is the mean cell residence time
or hydraulic retention time (6, = 30 days). The feedstock volume
was obtained from the organic fraction of MSW assuming 1-part
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Error values represent average values of minimum and maximum observed ranges.

Source: Adapted from AEPB(2020). WEE: waste electrical equipment.
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biowaste to 2 parts water (so the volume of the organic fraction of
MSW is multiplied by 3),

3 X Mwmsw X Pormsw
(100 x BDormsw)

7)

where Mysw is the mass of MSW produced each day (1.95 x
10° kg per day; AEPB, 2020), Popysw is the dry mass of organic
matter in the MSW (47.2 g per 100 g; AEPB, 2020), and BDormsw
is the bulk density of the organic fraction of the MSW (170kg
m~3; Ogwueleka, 2013). The choice of 170 kg m~—3 from the given
range as BDopysw in Abuja is associated to 47% organic fraction
by volume of MSW generated.

The biogas production rate per day, R, (m*> d=!), was then
calculated using Equation (8), assuming a typical biogas yield, Y,
for organic waste of 0.67 m> kg~! VS (Vogeli et al., 2014),

Ry=QYVp ®)

where Q; is the organic loading rate (kg d~"m™3) and Vp is the
digester volume in m®.

The organic loading rate (Q,) was calculated from the
feedstock influent volume (Q) and digester volume (Vp) as shown

in Equation (9):
Q=(QxCp)/Vp ©))

where Cy is the concentration of volatile solids (VS) in the feedstock
(kg m™3). The organic matter is assumed to constitute 20% total
solids (TS) of which 80% is VS (Vogeli et al., 2014), so Cy can be
calculated as

_ (Mmsw X Pormsw X Prs X Pys)

Gr= (Q x 106) (10)

where Prs is the percentage TS in the organic fraction of the MSW
(Prs =20%), and Pys is the percentage VS in the TS (Pys = 80%).

Electric and heat energy generation are dependent on the
capacity of the thermal energy produced by biogas combustion. The
thermal energy output potential of biogas powered CHP, E;, (M]
d=1), was estimated by assuming 1 m? of biogas generates 22.3 MJ
of Eqy, (Olugasa et al., 2014).

ETh = Rb x 22.3 (11)

The potential electrical energy, E, (MWh d—1), and heat energy,
E, (MJ d7!), were estimated by assuming 35% of Er; is E,.
equivalent generation from the biogas powered CHP, 50% of Ery,
is Ej, generation while 15% are energy losses (Banks, 2011).

2.5. Nitrogen fertilizer produced by
anaerobic digestion

In the below text, all symbols used are summarized in Table Al.
The digestate output, M, (kg d~1) was estimated as a fixed
percentage, P; (%), of the feedstock,

Pyq x Popmsw X Mpmsw
Mg = 10t (12)
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FIGURE 1
Quantified relationship of factors affecting municipal solid waste in Abuja: (A) average annual generation of municipal solid waste (2000—-2020) (data
from AEPB, 2020); (B) city population against year 2000—-2020 [data from Nigerian National Bureau of Statistics (NBS, 2021)]; (C) waste generated and
population (data for population 2000—-2020 obtained from United Nations Population Projection, 2021; data for waste generation 2000-2020
obtained from AEPB, 2020); (D) monthly generation for year 2020 (data obtained from AEPB, 2020).

where the values of the percentage of the MSW that is organic
(Pormsw) and the mass of MSW (Mpysw) are as specified in
Equation (7), and P, is assumed to be 90% of the organic feedstock
produced in Abuja (Chowdhury, 2020).

The available nitrogen content in the MSW digestate, Ng
(kg d7!) was estimated assuming the conversion of 10% of the
feedstock into methane (100 — Pj;) releases ammonium which is
available to the crop when the digestate is applied (Smith et al.,
2014),

Ng = (100 — Pgq) x Popmsw X Mmsw X — (13)

where Py (%) is the percentage nitrogen content in the OFMSW.
The value of Py was assumed to be 10% (Boyd, 2009).

3. Results and discussion

3.1. Factors affecting the amount of
municipal solid waste generation

Data obtained from Abuja Environmental Protection Board for
the average annual quantity of MSW collected in Abuja is shown in
Figure 1A. Excluding the outlier years of 2000, 2011, and 2014, the
data shows a consistent increasing trend in solid waste generation
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from 2000 to 2020, with an annual increase of ~1.5 x 10* t y~1 (R?
= 0.9, p < 0.05). This increase in MSW generation is reflected in
the overstretched treatment facilities and designated disposal sites.
This was observed during our visit to the disposal sites, but the
lack of data limits further quantitative analysis of the shortfall in
facilities. Aderoju et al. (2019) reported an increase in persistent
complaints about odor and air pollution by the inhabitants of
surrounding areas due to continuous combustion of waste at the
dumpsites, which seems to be the only method used for waste
volume reduction.

From the annual waste generation data for Abuja (2000-2020)
presented in Figure 1A, it was estimated that the average volume of
solid wastes generated in the Abuja districts between 2000 and 2020
was 0.658 kg per capita per day and the waste generation recorded
for 2020 was 0.630kg per capita per day (0.229t y~! per capita).
Per capita waste generation was highest in 2014, at 0.466t y !
equivalent to 1.276kg d~!. This is above the national average of
1.02 kg per capita per day (Bogoro et al., 2014). This may be due
to higher average income of the population of Abuja compared to
most Nigerian cities.

3.1.1. Population
The population increase in Abuja since 2000 is shown in
Figure 1B, while the relationship between population and waste
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TABLE 4 Income level of Abuja residents according to districts respondent’s percentage.

Districts Low income Medium income High income No income MSW volume
N30,000 to N61,000 to Over 8300,000 (kg d—1)
60,000 300,000
Asokoro 49.9% 30.3% 7.4% 12.4% 54.9
Maitama 44.3% 31.2% 10.4% 14.1% 63.3
Garki I &I 37.4% 26.5% 11.4% 24.3% 40.6
Wause I 40.2% 30.3% 10.0% 19.5% 49.6
Wause II 41.4% 30.4% 6.4% 21.8% 52.8
Gwarinpa 33.6% 26.8% 8.3% 31.3% 51.1
Gudu/Durumi/Wuye 28.6% 16.7% 4.1% 50.9% 522
Central Business District 22.1% 12.4% 4.2% 63.3% 61.1
Jabi/Utako/Mabushi 18.2% 4.3% 2.1% 75.5% 49.7
Kado/Lifecamp 20.2% 10.9% 1.4% 67.6% 58.0
Average 33.6% 21.9% 6.6% 38.1% 533

Percentage values given show the percentage of total respondents in each district.
Source: National Bureau of Statistics, Nigeria (October 2019).
MSW, municipal solid waste.

generation in Abuja for 2000-2020 is plotted in Figure 1C.
Excluding the outlier years, per capita waste production increased
by 0.36 t y~! between 2000 and 2020 (R? = 0.9, p < 0.05).

3.1.2. Time of year

Figure 1D shows the MSW generated in Abuja on monthly
basis for the year 2020. The lowest rate of waste generation was in
August; this is a month of intense rainfall, so the lower rate may
reflect failures in collection due to the weather conditions.

3.1.3. Income level

Adeleke et al. (2020) identified income level as the main factor
controlling per capita MSW generation. This study used rank
correlation for data obtained from National Bureau of Statistics,
Nigeria (2019) on income level of Abuja residents based on the
percentage of districts survey respondents. The data on income
level and the organic content of waste produced in Abuja is found
in Table 4.

The rank correlation between income level and the quantity
of MSW generated in Abuja districts was 0.82, indicating a
positive correlation between the two variables and supporting
the alternative hypothesis that there was a significant relationship
between income level and quantities of waste generated in Abuja.

3.2. Factors affecting the composition of
municipal solid waste

3.2.1. Income

The data in Table 3 indicates that 47% by volume of the
MSW in Abuja in 2020 was organic. The increased consumption
of packaged goods was responsible for paper and plastic film
becoming the second and third largest components of the waste
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from all districts. Jabi/Utako/Mabushi with lowest percentage of
low-income earners at 18.2% also generated the lowest proportion
of organic waste of 40% (Table 3). Garki I & II generated the
highest proportion of organic waste at 57% and was composed of
the second highest proportion of low-income earners; 37.4% with
24.3% with no income.

The composition of MSW from different waste producing
group predicts the amount of energy that is recoverable. The
composition of Abuja MSW given in Table 3 shows the viable
economic potential of waste for recycling and reuse. The rank
correlation coeflicient of 0.90 indicates that there is a significant
increase in the proportion of non-organic wastes in the MSW with
increased income level.

3.2.2. Location of waste composition

Table 3 provides data on the composition of waste generated
by different districts of Abuja. This indicates that solid waste
composition differs with location with highest organic matter
content (57%) generated by Garki I & IT districts, while the highest
paper content (22%) was generated by Gudu/Durumi/Wuye
districts. A higher proportion of plastic film waste was generated
in Kado/Lifecamp (15%) and Gwarinpa (14%). This may be
determined by the type of activities occurring in the location of
waste generation.

3.3. Power generation potential of
municipal solid waste

3.3.1. Combustion

The waste types provided by the AEPB (2020) (Table 3) were
collated into the four waste categories by combining plastic
film (nylon) and dense plastic into the category “Plastics”, and
paper, cardboard and miscellaneous combustibles into the category
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TABLE 5 Estimated fresh waste elemental content of Abuja municipal solid waste type as mass fraction including moisture.

Waste type Dry mass Carbon, C Hydrogen, H Oxygen, O
(g per 100 g fresh (g per 100 g fresh (g per 100g fresh (g per 100g fresh
waste) waste) waste) waste)
Organics 47 (£2) 23 (£2) 3(£2) 18 (£2)
Plastics 18 (42) 11 (£2) 1(+2) 4(+2)
Paper 23 (+2) 10 (£2) 1(£2) 10 (£2)
Textile 2(+2) 1(+2) 0(£2) 1(+2)
Total content 91 (£2) 45 (+2) 6 (£2) 33 (+2)

TABLE 6 Output potentials of thermochemical conversion of waste in
Abuja.

Energy potentials Value
Higher heating value of energy Epypy (MJ kg™!) 19 (£2)
Lower heating value of energy E; v (MJ kg™!) 18 (£2)

Power generation potential Egp (MWh y™!) 7.7 x 10* (£4 x 10%)

Electric energy E, (MWh y~!) from combustion 2.7 x 10* (£1 x 10%)

1.39 x 108 (7 x 10°)

Heat energy E;, (MJ y~!) from combustion

Error values obtained as percentage of energy values.

TABLE 7 Output potentials of proposed anaerobic digestion plant in
Abuja.

Energy potentials Value

Average volatile solids (VS) amount (kg y™!) 7.1 x 107 (£4 x 10°)

Biogas yield R, (m® y™!) 3.6 x 10° (2 x 10°%)

Digestate value (kgy™!) 5.3 x 10° (£3 x 10%)

Total Eyy, generation output potential (M]J y~!) 8.0 x 107 (44 x 10°)

Electric energy E, (MWhy™!) 7.8 x 10% (4 x 10?)

Heat energy E, (MJ y™!) 4.0 x 107 (£2 x 10°)

Error values obtained as percentage of energy values.

“Paper” as shown in Table 5. Combustible material accounted for
91% of the MSW, with the remainder being non-combustible; glass,
ferrous metals, non-ferrous metals, waste electrical equipment and
miscellaneous non-combustibles.

The higher heating value of the MSW (Eppy) was 19 (£2)
MJ kg~! and the amount of energy available for energy generation
on thermochemical conversion (Ezry) was 18 (£2) MJ kg™!. The
power generation potential (Egp) was 2.1 x 10° (£1 x 10%) kWh
d~!, equivalent to 7.7 x 10* (&4 x 10°) MWh y~!. The total
power requirement of Abuja city in 2020 was 9.3 x 10 MWh y~!
(combined heat and electricity) (AEDC, 2020), so this was 83% of
the power requirement. The total electricity generation E, from
thermochemical conversion in CHP was 2.7 x 10% (£1 x 10%)
MWh y~! which is 29% of the electricity requirement of Abuja
city in 2020, while the total heat generation Ej, 1.39 x 10% (£7 x
10°) MJ y~1, greatly exceeded the Abuja heat requirements (2.1 x
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10° MJ y~'; AEDC, 2020). Output potentials of thermochemical
conversion of waste in Abuja is shown in Table 6.

3.3.2. Anaerobic digestion

The output potentials of the proposed AD plant in Abuja are
shown in Table 7. From the organic component of the MSW which
is the average volatile solids (VS) amount at 7.1 x 107 (&4 x 10°) kg
y~! (AEPB, 2020), biogas production (R;) was estimated to be 3.06
x 10° (£2 x 10°) m® y~!. This could be converted into electrical
energy, E, = 7.8 x 10> (4 x 10?) MWh y~! and heat energy, Ej, =
4.0 x 107 (2 x 10°) MJ y~L. This is equivalent to 8% of the annual
electricity requirement of Abuja city in 2020. The heat generated
again greatly exceeded the annual heat requirement. System energy
losses accounted for 3.62% of the biogas produced.

The electricity output potential from the combustion of
biogas produced from MSW, E., was 28% of that available by
thermochemical conversion, while heat output E; from biogas
CHP was 29% of that produced thermochemically. However, if
the remaining plastics, paper and textiles were combusted, they
could produce an additional 1.35 x 10* (£7 x 10%) MWh y~! of
electricity; 15% of the electricity requirement (Figure 2). Therefore,
the total electricity produced by AD of the organic wastes with
burning of the remaining combustibles would be 23% of the
electricity requirement of Abuja city compared to 29% by burning
alone. The heat produced by burning only plastics, paper and
textiles would be 6.95 x 107 (£4 x 10°) MJ y~!, again greatly
exceeding the heat requirement of Abuja.

The use of the organic fraction of MSW for biogas production
has the added benefit of digestate production, estimated at 5.34 x
10° (£3 x 10%) kg y~ . This digestate is important for agricultural
purposes, which could be used as biofertilizer and soil amendment.
The plant available nitrogen in the digestate (N4) was estimated to
be 1.28 x 10° (£6 x 10%) kg y~! which is 1.22% of the current
conventional fertilizer demand in Abuja at 1.05 x 107 kg y !
(Balana et al., 2022). This could increase agricultural yields in the
city and encourage environmental sustainability.

The power generation potentials from the organic fraction for
AD and the remaining waste for thermochemical conversion could
provide combined heat and electricity that is ~92% of Abuja power
requirements in addition to providing the benefits of the digestate
that can be used as a fertilizer.
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FIGURE 2

Potential energy provision from municipal solid waste in Abuja (A) electrical energy, Ee and (B) heat energy, Ey,, for thermochemical, AD and

thermochemical + AD combined
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3.4. Implications for municipal solid waste
management and society

3.4.1. How should municipal solid waste be
managed for energy provision in Abuja?

The results from Section 3.3 suggest that municipal solid waste
should be managed by combined AD of the organic fraction,
and thermochemical conversion of the remaining combustible
materials. This will provide the best energy returns of the options
considered, as well as producing an organic fertilizer that is of
value to farmers. Implementation of this combined management
process would require the development of a recycling culture,
correct wastes handling procedures and thorough sorting and
separation of waste types. It would be facilitated by a change in
the attitudes of waste producers, increased government funding
for equipment, banning of waste landfilling, economic support,
and social and private partnerships. Consistent legislation review
and policy implementation is also needed to achieve change in the
behavior of policy makers, government regulatory authorities and
all stakeholders for more effective MSW management.

3.4.2. What are the potential economic and
commercial impacts?

Power generation from the combined use of AD and
thermochemical conversion could provide 92% of the 2020
combined heat and electricity requirement of Abuja (Tables 6, 7).
In 2020, the cost of combined heat and power used by Abuja was
106,288$. Therefore, the economic value of the energy produced
is equivalent to 97,785$. In addition, assuming the 2020 price
for nitrogen fertilizer in Nigeria of 15.3$ kg~! N (IFDC, 2020),
the estimated plant available nitrogen in the digestate [1.28 x
10° (£6 x 10%) kg y~!] has a value of 39,168 y~!. The use
of MSW for energy generation in Abuja would complement the
current electricity supply, which is inconsistent due to unstable
fossil fuel gas production and an unreliable distribution network,
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causing persistent power outages that impact both domestic and
commercial activities (NBS, 2021).

3.4.3. How should public policy be changed to
facilitate use of municipal solid waste for energy
provision?

Given the economic value of the energy and fertilizers provided
by the OFMSW, use for energy provision could be incentivized by
payment for delivered waste. This would change attitudes of waste
handlers to the organic wastes and reduce dumping after collection.
Periodic review of waste management policies in Abuja, such as
establishment of economic and environmental public awareness
and strengthening of the enforcement power of existing agencies,
would further facilitate the use of waste-to-energy technologies.

3.4.4. What is the potential impact on society?
Energy generation from MSW has many benefits to society
in promoting healthy living conditions and environmental
sustainability, in addition to the provision of energy and organic
fertilizer. Potential negative impacts include land acquisition for
siting of the treatment plant, and the impacts of operating the plant,
such as the potential discharge of hazardous materials remaining
after sorting of the wastes (Afon and Okewole, 2007; Arukwe et al.,
2012; Paolini et al., 2018; Biodun et al., 2021). These disbenefits are
likely to be reduced compared to the negative impacts of landfill.

4. Conclusions

Adoption of AD and CHP into the Abuja system of MSW
management could be a viable and promising strategic innovation
for all the districts of the city. Combining AD of the organic
fraction with combustion could produce 23% of the city’s electricity
requirements. This is less than could be produced by combustion
alone (29%) but has the advantage of producing a biofertilizer
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and reducing air pollution from burning. Anaerobic digestion of
waste was estimated to provide 7.81 x 10® (&4 x 10%) MWh y~!
electricity and 4.02 x 107 (£2 x 10°) MJ y~! heat in Abuja in
addition to production of 5.34 x 10° (3 x 10*) kg y~! digestate
that could be used as bio-fertilizer in agriculture. Thermochemical
conversion of the remaining non-digestible waste would provide
7.73 x 10* (&4 x 103) MWh y~!. This is 83% of Abuja heat and
electricity requirement.

The energy production strategy of AD of MSW could play
an important role in improving the city’s economic stability
and reducing social discrimination faced by informal MSW
operators. While poor management of MSW, particularly by
informal operators, can constitute environmental risks such as
health hazards and soil contamination, energy generation from
MSW has many potential benefits, including reduction of GHG
emissions, provision of employment opportunities and reduction
of the level of harassment and discrimination faced by informal
waste collectors. This could turn waste disposal into a valued
public service.

Enhancement of MSW energy production in Abuja should be
encouraged by both government authorities and private sectors
through suitable policy initiatives and enforcement. Financial
support for industry operators may not be needed because of
the financial benefits of producing energy from MSW. Public
awareness on the negative environmental impact of poor MSW
management and the potential of improved recycling should be
increased. This could provide the citizens of Abuja with modern
waste disposal techniques with at-source sorting facilitating
collection and enhancing energy generation processing.
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APPENDIX A

TABLE A1 Symbols used in equations.

10.3389/frsus.2023.1173474

Symbol Definition Units
BDopmsw Bulk density of the organic fraction of the MSW kgm™
Cr Concentration of volatile solids in feedstock kg m™
E, Potential electrical energy generation MWhd!
Egp Potential power generation kw d!
Ep Potential heat energy generation MJd!
Ennv Higher heating value of the energy provided by complete degradation of the MSW MJ kg™
Ernv Lower heating value of the energy provided by complete degradation of the MSW MJ kg
Ey Energy recovery potential of MSW kWh
Ery Thermal energy output potential of biogas powered combined heat and power Mjd!
My Digestate output from the anaerobic digester kgd!
Muysw Mass of MSW produced kgd!
M, Total mass of MSW produced td!
Ny Available nitrogen content in the MSW digestate kgd!
Pc Carbon content of MSW %
Peony Conversion efficiency %
Py Digestate production from feedstock %
P, Elemental content of MSW %

P type Standard elemental compositions of each waste type %
Py Hydrogen content of MSW %
Py Nitrogen content of the organic fractions of MSW %
Py Oxygen content of MSW %
Porysw Dry mass of organic matter in the MSW gper100g
Prs Total solids in the organic fraction of the MSW %
Prype Dry matter content of each component of the waste %
Pys Volatile solids in the organic fraction of MSW %

0, Hydraulic retention time d

Q Feedstock influent volume m?d!
Q Organic loading rate kgd!' m?
Ry Biogas production rate m?d!
S¢ Safety factor %
Vb Digester volume m?

MSW, municipal solid waste.
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