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Abstract- Sub-Saharan Africa faces unprecedented
challenges in municipal solid waste (MSW)
management, with rapid wurbanization and
population growth generating increasing volumes of
waste that overwhelm existing infrastructure. This
comprehensive  review examines engineering
pathways  for  transforming  MSW  from
environmental burden to economic opportunity
through systematic upcycling approaches. Drawing
from recent research and case studies across the
region, we analyze the potential of various upcycling
technologies including anaerobic digestion for
biogas production, plastic-to-fuel conversion,
composting systems, and e-waste valorization. Our
analysis reveals that while Sub-Saharan Africa
generates approximately 174 million tonnes of MSW
annually, current collection rates average only 44%,
creating both environmental hazards and missed
economic opportunities. The review identifies key
engineering solutions including decentralized biogas
systems capable of processing 15-20 kg of organic
waste per household daily, plastic pyrolysis units with
potential returns of $2,000-5,000 per tonne of
processed waste, and integrated composting facilities
that can divert up to 60% of MSW from landfills.
However, implementation faces significant barriers
including inadequate infrastructure, limited
technical expertise, and financial constraints. We
propose a framework for scalable upcycling that
emphasizes community-based solutions, public-
private partnerships, and technology transfer
mechanisms. The findings suggest that systematic
implementation of these engineering pathways could
transform the region's $4.6 billion waste
management deficit into a sustainable economic
sector while addressing critical environmental and
public health challenges.
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L INTRODUCTION

The rapid urbanization and economic development
across  Sub-Saharan  Africa have generated
unprecedented challenges in municipal solid waste
management, with waste generation rates increasing
faster than the capacity to manage them effectively
(Zhang et al., 2024). With urban populations projected
to double by 2050, the region faces a critical juncture
where traditional waste management approaches
prove inadequate, necessitating innovative
engineering solutions that can transform waste streams
into valuable resources (Awino et al., 2024). The
concept of upcycling, which involves converting
waste materials into products of higher value and
utility, presents a paradigm shift from linear waste
management models toward circular economy
principles that align with sustainable development

goals (Kemper et al., 2024).

Current municipal solid waste generation across Sub-
Saharan Africa varies significantly between countries
and regions, with urban areas producing between 0.3
to 1.2 kg per capita daily, reflecting diverse economic
conditions and consumption patterns (Odonkor et al.,
2023). The composition typically includes 50-70%
organic matter, 10-20% plastics, 5-15% paper and
cardboard, and smaller fractions of metals, glass, and
electronic waste, creating diverse feedstock streams
suitable for various upcycling technologies (Debele et
al., 2024). However, inadequate collection systems,
limited processing infrastructure, and weak regulatory
frameworks  have resulted in  widespread
environmental degradation and public health risks,

while simultaneously representing missed
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opportunities for resource recovery and economic
development (Theron et al., 2024).

The engineering pathways for large-scale upcycling
present multifaceted opportunities that extend beyond
waste management to encompass energy production,
materials recovery, and job creation within local
communities (Munubi et al, 2023). Recent
technological advances in anaerobic digestion,
pyrolysis, composting, and materials recovery have

demonstrated significant potential for application in
Sub-Saharan contexts, though adaptation to local
conditions  remains  crucial for  successful
implementation (Kinue et al., 2024). The integration
of these technologies within broader circular economy
frameworks offers pathways for sustainable
development that address multiple challenges
simultaneously, including energy access, food
security, environmental protection, and economic
empowerment (Gbadeyan et al., 2024).

Table 1: Municipal Solid Waste Generation and Composition in Selected Sub-Saharan African Countries

Country MSW Generation | Organic Plastic Collection Rate | Source
(kg/capita/day) Content (%) Content (%) (%)

Nigeria 0.65 62 16 32 Odonkor et al.,
2023

Ghana 0.47 68 12 48 Zheng et al,
2024

Ethiopia 0.35 75 8 25 Debele et al.,
2024

South 1.18 45 22 65 Theron et al.,

Africa 2024

Kenya 0.52 58 18 42 Zhang et al,
2024

Malawi 0.29 82 5 18 Masika et al.,
2024

This comprehensive review examines the current state
of municipal solid waste management across Sub-
Saharan Africa, analyzes promising engineering
pathways for upcycling implementation, and evaluates
the economic, technical, and social factors that
influence successful adoption of these technologies.
Through systematic analysis of recent research and
case studies, we aim to provide actionable insights for
policymakers,  engineers, and  development
practitioners working to transform the region's waste
challenges into sustainable economic opportunities.

II. CURRENT STATE OF MUNICIPAL SOLID
WASTE MANAGEMENT IN SUB-
SAHARAN AFRICA

The municipal solid waste landscape in Sub-Saharan
Africa reflects a complex interplay of rapid
urbanization, limited infrastructure development, and
diverse socioeconomic conditions that create both
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challenges and opportunities for innovative
management approaches (Zhang et al., 2024). Urban
centers across the region generate approximately 174
million tonnes of MSW annually, with generation
rates varying significantly between and within
countries due to differences in economic development,
consumption patterns, and population density
(Odonkor et al., 2023). The heterogeneous nature of
waste streams, characterized by high organic content
ranging from 45-82% in different locations, presents
substantial opportunities for biological treatment
technologies, while the increasing plastic fraction
reflects changing consumption patterns and packaging
trends (Debele et al., 2024).

Collection systems represent a critical bottleneck in
the waste management chain, with average collection
rates across the region standing at 44%, though this
figure masks significant variation between urban and
rural areas (Odonkor et al., 2023). Urban centers such
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as Cape Town and Lagos achieve collection rates
exceeding 60%, while smaller cities and peri-urban
areas often experience rates below 30%, creating
environmental and public health challenges that
disproportionately affect low-income communities
(Theron et al., 2024). The informal sector plays a
crucial role in waste collection and recovery, with
waste pickers and small-scale entrepreneurs providing
essential services while generating livelihoods, though
their activities often lack formal recognition and
support (Masika et al., 2024).

Figure 1: Municipal Solid Waste Composition Profile
in Sub-Saharan Africa

Municipal Solid Waste Composition Profile in Sub-Saharan Africa

Treatment and disposal infrastructure remains
severely underdeveloped, with most collected waste
ending in uncontrolled dumpsites that lack basic
environmental controls (Mmereki et al., 2024). Only
12% of cities in Sub-Saharan Africa operate sanitary
landfills that meet international standards, while
composting facilities serve less than 5% of urban
populations, despite the high organic content of waste
streams (Awino et al., 2024). This infrastructure
deficit creates significant environmental externalities
including groundwater contamination, air pollution
from open burning, and greenhouse gas emissions
from uncontrolled decomposition, while
simultaneously representing substantial missed

opportunities for resource recovery and value creation
(Kemper et al., 2024).

The economic implications of current waste
management practices extend beyond direct service
costs to encompass broader impacts on public health,
environmental quality, and missed opportunities for
resource recovery (Ogunseye et al., 2022). Annual
expenditure on waste management across the region
approaches $4.6 billion, yet achieves limited coverage
and environmental protection, suggesting significant
potential for efficiency improvements through
innovative approaches (Zhang et al., 2024). The
informal economy around waste generates substantial
employment, with estimates suggesting over 500,000
people derive income from waste-related activities,
though productivity and safety conditions require
significant improvement through formalization and
technology adoption (Theron et al., 2024).

Electronic waste presents particular challenges and
opportunities within the broader MSW context, with
Sub-Saharan Africa receiving substantial quantities of
used electronics from developed countries while
lacking adequate processing infrastructure
(Ssemugabo et al., 2020). Ghana's Agbogbloshie
electronic waste site exemplifies both the
environmental challenges and economic opportunities
inherent in e-waste streams, where informal recycling
activities recover valuable materials while generating
significant pollution and health risks (Zheng et al.,
2024). The rapid proliferation of solar energy systems
creates additional waste streams that require
specialized management approaches, as off-grid solar
installations reach end-of-life within 5-10 years,
generating  batteries, panels, and electronic
components that require proper handling (Kinally et
al., 2022).

Table 2: Waste Management Infrastructure and Service Levels by Sub-Region

Sub-Region Urban  Population | Collection Rate | Sanitary Composting Recycling Rate
(millions) (%) Landfills Facilities (%)

West Africa 195 38 15 8 12

East Africa 142 42 22 12 18

Central Africa | 87 35 8 4 8

IRE 1711156

ICONIC RESEARCH AND ENGINEERING JOURNALS 830



© MAY 2024 | IRE Journals | Volume 7 Issue 11 | ISSN: 2456-8880
DOI: https://doi.org/10.64388/IREV7111-1711156-9459

Southern 98 58 35 18 28
Africa

Regional 522 44 20 11 17
Average

Source: Compiled from Odonkor et al., 2023; Zhang et al., 2024; Awino et al., 2024

III.  ENGINEERING PATHWAYS FOR
MUNICIPAL SOLID WASTE UPCYCLING

The transformation of municipal solid waste into
valuable products requires systematic engineering
approaches that consider local conditions, available
feedstock characteristics, and market demand for end
products (Zhao et al., 2022). Engineering pathways for
upcycling in Sub-Saharan Africa must address unique
challenges including intermittent electricity supply,
limited technical expertise, high capital costs, and
diverse waste stream compositions while leveraging
regional advantages such as abundant organic content,
growing energy demand, and established informal
recycling networks (Li et al., 2024). The selection and
design of appropriate technologies depends on
multiple factors including waste composition, local
energy needs, available financing mechanisms, and
community  acceptance, requiring  integrated
approaches that consider technical, economic, and
social dimensions simultaneously (Kemper et al.,
2024).

3.1 Anaerobic Digestion and Biogas Production
Anaerobic digestion represents one of the most
promising engineering pathways for organic waste
upcycling in Sub-Saharan Africa, given the high
organic content of regional waste streams and
substantial unmet energy demands (Kinue et al,
2024). The technology offers multiple benefits
including renewable energy generation, organic
fertilizer production, and pathogen reduction, while
operating at scales ranging from household systems
processing 15-20 kg daily to municipal facilities
handling hundreds of tonnes (Gbadeyan et al., 2024).
Recent studies demonstrate that optimized anaerobic
digestion systems can achieve biogas yields of 200-
400 m* per tonne of organic waste, with methane
content ranging from 55-70%, providing sufficient
energy for cooking, heating, and small-scale
electricity generation (Kabeyi & Olanrewaju, 2022).
The engineering design of anaerobic digestion systems
for Sub-Saharan contexts requires adaptation to local
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conditions including temperature variations, seasonal
availability of feedstock, and limited maintenance
infrastructure (Kinue et al., 2024). Fixed-dome biogas
digesters, widely adopted in rural areas, typically cost
$300-800 per household installation and achieve
payback periods of 2-4 years through savings on
cooking fuel and fertilizer purchases (Gbadeyan et al.,
2024). Larger community-scale systems processing
mixed organic Wwaste streams require more
sophisticated engineering including pH control,
temperature regulation, and gas cleaning systems, with
typical investment costs ranging from $1,500-3,000
per tonne of daily processing capacity (Kabeyi &
Olanrewaju, 2022).

Figure 2: Engineering Pathways for MSW Upcycling
in Sub-Saharan Africa

Engineering Pathways for MSW Upcycling in Sub-Saharan Africa

Technical challenges in implementing anaerobic
digestion include managing feedstock variability,
preventing system acidification, and ensuring
consistent gas production throughout seasonal
variations in waste composition (Kinue et al., 2024).
Co-digestion approaches that combine food waste
with agricultural residues or wastewater sludge
demonstrate improved stability and higher gas yields,
though require careful management of carbon-to-
nitrogen ratios and moisture content (Kabeyi &
Olanrewaju, 2022). Pre-treatment technologies
including mechanical maceration, thermal treatment,
or pH adjustment can improve digestion efficiency,
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though must be balanced against increased complexity
and capital costs (Gbadeyan et al., 2024).

3.2 Plastic
Recycling

The increasing prevalence of plastic waste in Sub-
Saharan Africa's MSW streams creates both
environmental challenges and substantial
opportunities for chemical recycling and valorization
technologies (Ayeleru et al, 2020). Pyrolysis
technology offers particular promise for converting
mixed plastic waste into fuel oils, gases, and carbon
products, with recent advances in reactor design and

Waste Valorization and Chemical

process optimization enabling operation at smaller
distributed implementation
(Hussain et al., 2023). Advanced pyrolysis systems
can process 1-10 tonnes of plastic waste daily,
generating fuel oil with heating values comparable to
diesel fuel while producing minimal emissions when
properly operated (Xing et al., 2023).

scales suitable for

The engineering requirements for plastic pyrolysis
include reactor design optimization, heat integration
systems, and product purification technologies that
ensure quality and
compliance (Li et al., 2024). Catalytic pyrolysis using
locally available catalysts such as modified zeolites or

consistent environmental

clay minerals can improve product quality and reduce
operating temperatures, though requires careful
catalyst management and regeneration procedures
(Hussain et al., 2023). Integration with waste sorting
and preparation systems becomes crucial for ensuring
consistent feedstock quality, while downstream
processing equipment for fuel oil refining and gas
utilization adds complexity but improves economic
viability (Xing et al., 2023).

Economic analysis of plastic-to-fuel systems
demonstrates potential returns of $2,000-5,000 per
tonne of processed plastic waste, depending on local
fuel prices and feedstock costs, with typical payback
periods of 3-5 years for properly scaled installations
(Zhao et al, 2022). However,
implementation requires addressing challenges
including consistent feedstock supply, product quality
control, and regulatory compliance for fuel product
sales (Moyen Massa & Archodoulaki, 2024).
Community-based collection and sorting systems
become essential components of successful plastic
integration with existing

successful

valorization, requiring
informal recycling networks while improving worker
safety and productivity (Ayeleru et al., 2020).

Table 3: Technical Performance and Economic Viability of Major Upcycling Technologies

Technology | Feedstock | Processing | Product Yield Capital Cost | Operating Cost | Payback

Capacity (USD/tonne/day) (USD/tonne) Period
(years)

Anaerobic Organic 1-50 200-400 m? | 1,500-3,000 25-50 2-4

Digestion waste tonnes/day | biogas/tonne

Plastic Mixed 1-10 600-800 L fuel | 15,000-25,000 150-250 3-5

Pyrolysis plastics tonnes/day | oil/tonne

Composting | Organic 5-100 300-500 kg | 500-1,200 15-30 1-3

waste tonnes/day | compost/tonne
E-waste Electronic | 0.1-2 Variable by | 10,000-20,000 200-400 2-4
Processing waste tonnes/day | component

Source: Compiled from Gbadeyan et al., 2024; Hussain et al., 2023; Zheng et al., 2024; Kabeyi & Olanrewaju, 2022

3.3 Composting and Organic Matter Processing

Large-scale composting represents a well-established
yet underutilized pathway for organic waste
valorization in Sub-Saharan Africa, offering
opportunities to address both waste management
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challenges and soil fertility concerns that limit
agricultural productivity (Mmereki et al., 2024). The
high organic content of regional waste streams,
typically 50-80%, provides excellent feedstock for
composting operations, while growing demand for
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organic soil amendments creates market opportunities
that support economic sustainability (Debele et al.,
2024). Modern composting systems including in-
vessel composting, aerated static pile systems, and
windrow composting can process 10-500 tonnes of
organic waste daily while maintaining quality control
and minimizing environmental impacts (Awino et al.,
2024).

Engineering design for composting systems requires
careful consideration of climate conditions,
particularly managing moisture content during rainy
seasons and ensuring adequate aeration in high-
temperature environments (Masika et al., 2024).
Forced aeration systems with automated controls can
maintain  optimal  conditions  throughout the
composting process, though increase capital and
operating costs compared to passive systems
(Mmereki et al., 2024). Integration with waste sorting
infrastructure  becomes crucial for removing
contaminants and ensuring compost quality meets
agricultural standards, while screening and packaging
equipment enables market-ready product development
(Debele et al., 2024).

3.4 Electronic Waste Processing and Materials
Recovery

Electronic waste processing represents a specialized
but increasingly important pathway for materials
recovery, particularly given the rapid proliferation of
electronic devices and inadequate end-of-life
management systems across Sub-Saharan Africa
(Ssemugabo et al., 2020). The region receives
substantial quantities of used electronics from
developed countries while generating increasing
domestic e-waste, creating feedstock streams rich in
valuable materials including precious metals, rare
earth elements, and recyclable plastics (Zheng et al.,
2024). Proper e-waste processing  requires
sophisticated  engineering  systems including
dismantling equipment, metal recovery technologies,
and environmental controls to manage hazardous
substances safely (Kinally et al., 2022).

The technical requirements for e-waste processing
include mechanical separation systems for component
recovery, hydrometallurgical or pyrometallurgical
processes for metal extraction, and hazardous waste
management systems for materials such as batteries
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and CRT glass (Ssemugabo et al., 2020). Automated
dismantling systems can improve worker safety while
increasing processing efficiency, though require
substantial capital investment that may limit adoption
in smaller facilities (Zheng et al., 2024). Integration
with collection networks becomes crucial for ensuring
consistent feedstock supply, while quality control
systems  ensure  recovered materials  meet
specifications for resale to manufacturers (Kinally et
al., 2022).

IV.  ECONOMIC ANALYSIS AND MARKET
OPPORTUNITIES

The economic potential of municipal solid waste
upcycling in Sub-Saharan Africa extends beyond
direct revenue generation to encompass broader
economic benefits including job creation, import
substitution, environmental cost avoidance, and
industrial development opportunities (Munubi et al.,
2023). Current waste management expenditure across
the region approaches $4.6 billion annually while
achieving limited coverage and environmental
protection, suggesting substantial opportunities for
efficiency  improvements through innovative
approaches that generate rather than consume value
(Zhang et al., 2024). The transition from linear waste
management models to circular economy approaches
requires careful economic analysis to identify viable
pathways and appropriate financing mechanisms that
support sustainable implementation (Ogunseye et al.,
2022).

Market demand for wupcycling products varies
significantly across different sectors and regions, with
energy products such as biogas and refuse-derived
fuels enjoying strong demand due to widespread
energy access challenges (Kabeyi & Olanrewaju,
2022). The agricultural sector presents substantial
opportunities for compost and bio-fertilizer products,
with regional soil degradation and declining
productivity creating growing demand for organic soil
amendments (Mmereki et al., 2024). Construction
materials derived from plastic waste demonstrate
increasing acceptance, particularly in applications
where cost advantages offset performance limitations,
while recovered materials from e-waste processing
command premium prices in international markets
(Tang & Li, 2022).
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Figure 3: Economic Potential and Market Size for
MSW Upcycling Technologies

Economic Potential and Market Size for MSW Upcycling Technologies
Annual Market Poter Sub-Saharan Africa (USD Billions

tarket Potential

Total M:
$7.3 Billion Annually

Market Potertial (USD Billions)

Investment requirements for establishing upcycling
infrastructure vary substantially depending on
technology selection, scale of operation, and local
conditions, with household-scale biogas systems
requiring $300-800 per installation while municipal
composting facilities may cost $0.5-2 million
depending on capacity and sophistication (Gbadeyan
et al., 2024). Financing mechanisms including blended
finance, development finance institution support, and
carbon credit revenues can improve project viability,
though require careful structuring to address risk
concerns and ensure sustainable operation (Kemper et
al., 2024). Public-private partnerships offer pathways
for combining public sector waste management
responsibilities with private sector efficiency and
innovation, though require appropriate regulatory
frameworks and contract structures (Awino et al.,
2024).

The informal sector's role in current waste
management creates both opportunities and challenges
for formal upcycling enterprises, with existing
collection networks and sorting expertise providing
valuable infrastructure while requiring integration
approaches that preserve livelihoods and build on
existing capabilities (Theron et al., 2024). Cooperative
models and social enterprises demonstrate potential
for inclusive development that combines commercial
viability with social objectives, though require
supportive policy environments and appropriate
capacity building (Masika et al., 2024). Technology
transfer and local manufacturing of equipment present
opportunities for industrial development while
reducing capital costs and improving maintenance
capabilities (Ogunseye et al., 2022).
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Table 4: Economic Impact Assessment of MSW
Upcycling Implementation

Impact Curren | With Net

Category t Upcycling Benefit
Situati | Implementat | (USD
on ion millions/y

ear)

Waste 4,600 | 3,200 1,400

Manageme

nt Costs

Energy - 950 950

Import

Savings

Fertilizer - 420 420

Import

Savings

Job - 380 380

Creation

Value

Environme | - 650 650

ntal  Cost

Avoidance

Total 4,600 | 5,600 3,800

Economic

Impact

Source: Author estimates based on regional data and
technology performance

Employment generation represents a crucial economic
benefit of upcycling implementation, with labor-
intensive technologies such as composting and
materials recovery creating 5-15 jobs per 1,000 tonnes
of annual processing capacity (Munubi et al., 2023).
Higher-skilled positions in system operation,
maintenance, and quality control provide career
advancement opportunities for local workers, while
ancillary services including collection, transportation,
and marketing create additional employment
multiplier effects (Theron et al., 2024). Training and
capacity building programs become essential for
developing local expertise, with partnerships between
educational institutions, technology providers, and
operating companies providing pathways for skills
development (Kemper et al., 2024).
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V. TECHNICAL CHALLENGES AND
SOLUTIONS

Implementation of large-scale MSW upcycling in
Sub-Saharan Africa faces numerous technical
challenges that require innovative engineering
solutions adapted to local conditions and constraints
(Zhang et al., 2024). Infrastructure limitations
including unreliable electricity supply, limited water
availability, and poor transportation networks create
operational challenges that conventional technologies
may not adequately address, necessitating design
modifications and alternative approaches (Ogunseye
et al.,, 2022). The heterogeneous nature of waste
streams, seasonal variations in composition and
quantity, and limited quality control in collection
systems create feedstock management challenges that
require robust and flexible processing technologies
(Debele et al., 2024).

Equipment reliability and maintenance represent
critical challenges in environments with limited
technical infrastructure and spare parts availability,
requiring technology selection that prioritizes
robustness and maintainability over maximum
efficiency (Masika et al., 2024). Decentralized
maintenance models using local technicians and
regionally available materials offer pathways for
improving system reliability while building local
capacity, though require appropriate training programs
and supply chain development (Kemper et al., 2024).
Modular system designs that enable incremental
expansion and component replacement can improve
long-term viability while reducing initial capital
requirements (Gbadeyan et al., 2024).

Figure 4: Technical Barriers and Mitigation
Strategies for MSW Upcycling

Technical Barriers and Mitiy for MSW U,
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Process control and monitoring systems must balance
sophistication with operational simplicity, utilizing
technologies that provide necessary oversight while
remaining accessible to operators with limited formal
training (Kinue et al., 2024). Mobile monitoring
systems using smartphone applications and cloud-
based data management can provide sophisticated
process control capabilities while reducing
infrastructure requirements and enabling remote
technical support (Li et al., 2024). Automated systems
with fail-safe designs can prevent serious operational
problems while reducing labor requirements, though
must be balanced against increased complexity and
maintenance needs (Hussain et al., 2023).

Quality control of end products represents a crucial
technical challenge that affects market acceptance and
regulatory compliance, requiring standardized testing
procedures and certification systems adapted to local
contexts (Awino et al, 2024). Laboratory
infrastructure for product testing may be limited in
many regions, suggesting opportunities for mobile
testing units or simplified field testing methods that
provide adequate quality assurance (Mmereki et al.,
2024). Traceability systems that track materials from
collection through processing to final products can
support quality control while meeting increasingly
stringent market requirements (Zhao et al., 2022).

Environmental compliance and emissions control
require particular attention given limited regulatory
oversight and enforcement capacity in many
jurisdictions, necessitating self-regulating systems
that minimize environmental impacts regardless of
external monitoring (Zheng et al., 2024). Air pollution
control systems must be designed for reliability and
minimal maintenance while achieving necessary
performance standards, with passive or semi-passive
technologies often proving more suitable than
sophisticated active systems (Xing et al., 2023). Water
treatment and waste minimization become crucial
considerations given water scarcity and limited
wastewater treatment infrastructure in many areas
(Ssemugabo et al., 2020).
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VI. POLICY FRAMEWORK AND
REGULATORY CONSIDERATIONS

The successful implementation of large-scale MSW
upcycling requires comprehensive policy frameworks
that address technical standards, environmental
regulations, incentives, and social
considerations while remaining adaptive to diverse
local conditions (Kemper et al., 2024). Current
regulatory environments across Sub-Saharan Africa
often lack specific provisions for waste-to-resource
technologies, creating uncertainty for investors and
operators while potentially hindering adoption of
2024).
national and

economic

innovative approaches (Awino et al.,
Regulatory harmonization
municipal levels becomes crucial for enabling regional
markets and technology transfer while ensuring
appropriate and public health

protection (Ogunseye et al., 2022).

across

environmental

Extended producer responsibility frameworks offer
pathways for financing upcycling infrastructure while
encouraging design for recyclability and waste
minimization, though require careful implementation
to avoid regressive impacts on low-income consumers
(Ayeleru et al., 2020). Product standards for upcycled
materials including compost, refuse-derived fuels, and
recycled construction materials must balance quality
requirements with market accessibility, avoiding
unnecessarily restrictive standards that limit adoption
(Tang & Li, 2022). Certification and labeling systems
can support market development while ensuring
consumer protection and environmental performance
(Moyen Massa & Archodoulaki, 2024).

Table 5: Policy Recommendations for Supporting
MSW Upcycling Implementation

Policy Current Recommen | Expected
Area Gaps ded Outcomes
Actions
Technic | Lack of | Develop Improved
al upcycling | adaptive market
Standard | product standards confidence
s standards | for biogas, | and product
compost, quality
recycled
materials
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Econom | Limited Establish Increased
ic financing | waste-to- private
Incentiv | support wealth sector
es financing investment
facilities
Regulat | Fragment | Harmonize | Reduced
ory ed regulations | barriers to
Framew | oversight | and implementa
ork across streamline | tion
jurisdictio | permitting
ns
Informal | Lack of | Create Preserved
Sector formalizat | inclusive livelihoods
Integrati | ion business and
on pathways | models and | improved
cooperativ | productivit
es y
Capacity | Limited Establish Enhanced
Building | technical | regional local
training training expertise
programs | centers and
sustainabilit
y

Source: Author analysis based on regional policy
review

Land use planning and zoning regulations must
accommodate distributed upcycling facilities while
managing potential conflicts with residential and
commercial areas, requiring flexible approaches that
recognize the community benefits of properly
designed facilities (Theron et al., 2024). Setback
requirements, buffer zones, and
operational restrictions should be based on actual risk
assessments rather than blanket prohibitions that may
prevent beneficial technologies (Masika et al., 2024).
Integration with urban planning processes ensures
adequate space allocation and infrastructure
coordination while supporting sustainable city
development objectives (Zhang et al., 2024).

environmental

International cooperation and technology transfer
agreements can accelerate adoption of proven
technologies while supporting local adaptation and
manufacturing capabilities, though require appropriate
intellectual property protections and benefit-sharing
arrangements (Munubi et al., 2023). South-South
cooperation mechanisms offer particular opportunities
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for knowledge sharing between countries with similar
conditions and challenges, while North-South
partnerships can provide access to advanced
technologies and financing (Galavote et al., 2024).
Regional economic communities provide platforms
for harmonizing standards and facilitating cross-
border trade in upcycled products and technologies
(Kemper et al., 2024).

VII. CASE STUDIES AND SUCCESS STORIES

7.1 Community Biogas Programs in Kenya and
Uganda

Decentralized biogas programs implemented across
rural Kenya and Uganda demonstrate the potential for
community-scale organic waste processing while
addressing  multiple  development challenges
simultaneously (Gbadeyan et al., 2024). The programs
typically involve clusters of 20-50 households sharing
community digesters processing food waste,
agricultural residues, and human waste, generating
biogas for cooking and lighting while producing liquid
fertilizer for agricultural use (Kabeyi & Olanrewaju,
2022). Technical support from local NGOs and
government extension services ensures proper
operation and maintenance, while microfinance
partnerships provide accessible financing for
participating households (Kinue et al., 2024).

Performance monitoring over 3-5 year periods
demonstrates average biogas production of 2-4 m?® per
household daily, sufficient for 2-3 hours of cooking
while reducing fuelwood consumption by 60-80% and
generating liquid fertilizer that increases crop yields
by 20-35% (Gbadeyan et al., 2024). Economic
analysis indicates household savings of $150-300
annually through reduced fuel and fertilizer purchases,
achieving payback periods of 2-3 years on initial
investments of $400-600 per participating household
(Kabeyi & Olanrewaju, 2022). Social benefits include
reduced indoor air pollution, decreased burden on
women for fuel collection, and strengthened
community cooperation through shared facility
management (Kinue et al., 2024).

7.2 Urban Composting Initiatives in Ghana and
Nigeria

Large-scale composting facilities in Accra, Ghana,
and Lagos, Nigeria, demonstrate approaches for
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processing municipal organic waste while creating
formal employment and supporting urban agriculture
development (Mmereki et al., 2024). The Accra
Compost and Recycling Plant processes 400 tonnes of
sorted organic waste daily using windrow composting
with mechanical turning, producing 120 tonnes of
finished compost sold to wurban farmers and
landscaping operations (Zheng et al.,, 2024).
Integration with source separation programs in
middle-income neighborhoods ensures consistent
feedstock quality while reducing contamination that
affects compost standards (Debele et al., 2024).

Operational performance includes 70% mass
reduction during composting, pathogen elimination
meeting  WHO guidelines, and nutrient content
suitable for soil amendment applications with N-P-K
ratios of 1.2-0.8-1.1% (Mmereki et al., 2024).
Economic sustainability relies on tipping fees from
waste generators ($15-25 per tonne), compost sales
($80-120 per tonne), and carbon credit revenues ($12-
18 per tonne CO2 equivalent), achieving operational
profitability after 18-24 months of operation (Awino
et al., 2024). Employment generation includes 45
direct jobs and approximately 150 indirect positions in
collection, transportation, and marketing activities
(Zhang et al., 2024).

7.3 Plastic-to-Fuel Projects in South Africa
Small-scale plastic pyrolysis facilities in South
African townships demonstrate approaches for
converting plastic waste into useful fuel products
while providing community employment
opportunities (Zhao et al., 2022). The facilities
typically process 1-2 tonnes of mixed plastic waste
daily using batch pyrolysis reactors, generating 600-
800 liters of fuel oil suitable for industrial heating
applications and 150-200 m?® of combustible gas used
for process heating (Hussain et al., 2023). Community
collection programs provide consistent feedstock
supply while supporting informal waste picker
livelihoods  through  formalized  purchasing
arrangements (Ayeleru et al., 2020).

Technical performance indicates fuel oil production
costs of $0.15-0.25 per liter compared to diesel prices
of $0.80-1.00 per liter, creating substantial value
addition despite quality differences that limit
applications (Xing et al., 2023). Environmental
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benefits include diversion of 500-700 tonnes of plastic
waste annually from dumpsites while generating
renewable energy equivalent to 250,000 liters of fossil
fuel displacement (Li et al., 2024). Challenges include
maintaining consistent feedstock quality, meeting fuel
quality standards for commercial sales, and managing
environmental compliance requirements with limited
regulatory oversight (Moyen Massa & Archodoulaki,
2024).

Figure 5: Implementation Framework for
Community-Based MSW Upcycling

Implementation Framework for Community-Based MSW Upcycling

VIII. FUTURE PERSPECTIVES AND
RECOMMENDATIONS

The future of MSW upcycling in Sub-Saharan Africa
depends on systematic approaches that integrate
technological innovation, policy support, financing
mechanisms, and community engagement within
broader sustainable development frameworks
(Kemper et al, 2024). Emerging technologies
including advanced materials recovery, waste-to-
energy systems, and digital waste management
platforms offer new opportunities for value creation,
though require careful evaluation of appropriateness
for local conditions and available infrastructure (Li et
al., 2024). The integration of upcycling technologies
with smart city initiatives and digital governance
systems presents opportunities for efficiency
improvements and enhanced service delivery, while
artificial intelligence and IoT technologies can
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optimize operations and improve resource recovery
rates (Awino et al., 2024).

Climate change adaptation and mitigation
considerations  increasingly  influence  waste
management strategies, with upcycling technologies
offering opportunities for greenhouse gas emission
reductions while building resilience to changing
precipitation patterns and extreme weather events
(Munubi et al., 2023). Carbon finance mechanisms
including voluntary carbon markets and compliance
systems provide additional revenue streams that
improve project viability, though require standardized
methodologies for measuring and verifying emission
reductions (Galavote et al., 2024). Integration with
renewable energy systems including solar and wind
power can improve operational sustainability while
reducing dependence on unreliable grid electricity
(Kinally et al., 2022).

Regional cooperation and technology sharing
mechanisms offer pathways for accelerating adoption
while reducing costs through economies of scale in
equipment  manufacturing, training  program
development, and technical support systems
(Ogunseye et al., 2022). Pan-African initiatives
including the African Continental Free Trade Area
create opportunities for harmonized standards and
cross-border trade in upcycled products, while
continental financing institutions can support
infrastructure  development through specialized
funding facilities (Zhang et al., 2024). Research
partnerships between African universities,
international institutions, and private sector actors can
support technology adaptation and innovation while
building local expertise (Theron et al., 2024).

The circular economy transition requires fundamental
shifts in thinking about waste as a resource rather than
a problem, supported by educational programs,
demonstration projects, and policy frameworks that
incentivize  resource  efficiency and  waste
minimization (Munubi et al., 2023). Consumer
awareness and market development for upcycled
products require sustained marketing efforts and
quality assurance programs that build confidence in
recycled and recovered materials (Tang & Li, 2022).
Integration with broader industrialization strategies
offers opportunities for developing integrated value
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chains that process waste into inputs for
manufacturing and construction sectors (Hussain et
al., 2023).

CONCLUSION

The transformation of municipal solid waste from
environmental burden to economic opportunity
presents one of the most significant development
challenges and opportunities facing Sub-Saharan
Africa in the coming decades. This comprehensive
review demonstrates that engineering pathways for
large-scale MSW upcycling offer viable solutions that
address multiple challenges simultaneously, including
waste management, energy access, employment
generation, and environmental protection. The high
organic content of regional waste streams, growing
energy demand, and substantial infrastructure needs
create favorable conditions for implementing diverse
upcycling technologies ranging from household-scale
biogas systems to municipal composting facilities and
plastic valorization plants.

Technical feasibility studies and economic analyses
presented throughout this review indicate that properly
designed and operated upcycling systems can achieve
financial sustainability while generating substantial
environmental and social benefits. Anaerobic
digestion systems demonstrate particular promise for
organic waste processing, with biogas yields of 200-
400 m? per tonne supporting cooking and electricity
needs while producing organic fertilizer that enhances
agricultural ~ productivity. Plastic ~ pyrolysis
technologies offer pathways for converting increasing
plastic waste streams into valuable fuel products,
though require careful attention to feedstock quality
and environmental controls to ensure safe and
sustainable operation.

The success of upcycling implementation depends
critically on addressing systemic challenges including
inadequate infrastructure, limited technical expertise,
financing constraints, and fragmented regulatory
frameworks. Community-based approaches that build
on existing informal sector capabilities while
improving productivity and safety offer the most
promising pathways for inclusive development that
preserves livelihoods while achieving environmental
objectives. Public-private partnerships, blended
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financing mechanisms, and regional cooperation
initiatives provide tools for mobilizing necessary
resources while sharing risks appropriately between
stakeholders.

Policy recommendations emerging from this analysis
emphasize the need for adaptive regulatory
frameworks that support innovation while ensuring
environmental protection, economic incentive
structures that make upcycling financially attractive,
and capacity building programs that develop local
expertise for sustainable technology operation.
Integration with broader sustainable development
strategies including renewable energy deployment,
urban planning, and industrial development can
amplify benefits while creating synergies that improve
overall program effectiveness.

The economic potential of systematic MSW upcycling
implementation across Sub-Saharan Africa exceeds $7
billion annually, while generating hundreds of
thousands of employment opportunities and
significant  environmental  benefits  including
greenhouse gas emission reductions and ecosystem
protection. Realizing this potential requires
coordinated action across multiple levels including
technology development and adaptation, policy
reform and harmonization, financing mechanism
innovation, and community engagement and capacity
building.

Looking forward, the integration of digital
technologies, climate finance mechanisms, and
regional cooperation frameworks offers opportunities
for accelerating progress while improving efficiency
and effectiveness. The transition from linear waste
management models to circular economy approaches
represents not only an environmental necessity but
also an economic opportunity that can contribute
substantially to sustainable development across the
region. Success will require sustained commitment
from governments, private sector actors, development
partners, and communities working together toward
shared objectives of environmental sustainability,
economic opportunity, and social inclusion.

ICONIC RESEARCH AND ENGINEERING JOURNALS 839



(1]

(2]

(3]

(4]

(3]

(6]

(7]

IRE 1711156

© MAY 2024 | IRE Journals | Volume 7 Issue 11 | ISSN: 2456-8880
DOI: https://doi.org/10.64388/IREV7111-1711156-9459

REFERENCES

Awino, F. B., Apitz, S. E., Kalina, M., & Gabel,
F. (2024). Solid waste management in the
context of the waste hierarchy and circular
economy frameworks: An international critical
review. Integrated Environmental Assessment
and Management, 20(3), 733-752.
https://doi.org/10.1002/ieam.4774

Ayeleru, O. O., Dlova, S., Akinribide, O. J.,
Ntuli, F., Kupolati, W. K., Marina, P. F.,
Blencowe, A., & Olubambi, P. A. (2020).
Challenges of plastic waste generation and
management in sub-Saharan Africa: A review.
Waste Management, 110, 24-42.
https://doi.org/10.1016/j.wasman.2020.04.017

Debele, Y. E., Sime, T., Admasu, S., & Debela,
S. A. (2024). Municipal solid waste challenges in
Ethiopia and valorizing the potential of the
organic waste fraction for composting and
bioenergy. International Journal of Chemical
Engineering, 2024, 7999719.
https://doi.org/10.1155/ijce/7999719

Galavote, T., Chaves, G. D. L. D., Yamane, L.
H., & Siman, R. R. (2024). Municipal solid waste
management instruments that influence the use
of the refuse as fuel in developing countries: A
critical review. Waste Management & Research,
42(8), 642-656.
https://doi.org/10.1177/0734242X241231402

Gbadeyan, O. J., Adali, O. F., Jada, A, &
Salawudeen, T. O. (2024). Biogas production
and techno-economic feasibility studies of
setting up household biogas technology in
Africa: A critical review. Energy Science &
Engineering, 12(9), 3677-3704.
https://doi.org/10.1002/ese3.1887

Hussain, I., Aitani, A., Malaibari, Z., Alasiri, H.,
Akhtar, M. N., Aldosari, O. F., & Ahmed, S.
(2023). Chemical upcycling of waste plastics to
high value-added products via pyrolysis: Current
trends, future perspectives, and techno-feasibility
analysis. The Record, 23(4),
€202200294.
https://doi.org/10.1002/tcr.202200294

Kabeyi, M. J. B., & Olanrewaju, O. A. (2022).
Biogas production and applications in the

Chemical

[9]

[10]

[11]

[12]

[13]

[14]

[15]

ICONIC RESEARCH AND ENGINEERING JOURNALS

sustainable energy transition. Journal of Energy,
2022, 8750221.
https://doi.org/10.1155/2022/8750221

Kemper, S., Kebede, S., & Fuchs-Hanusch, D.
(2024). Towards sustainable municipal solid
management: An SDG-based
sustainability assessment methodology for
innovations in sub-Saharan Africa. Waste, 3(1),
6. https://doi.org/10.3390/waste3010006

Kinally, C., Antonanzas-Torres, F., Podd, F., &
Gallego Schmid, A. (2022). Off-grid solar waste
in sub-Saharan Africa: Market dynamics,
barriers to sustainability, and circular economy
solutions. Energy for Sustainable Development,
70, 244-260.
https://doi.org/10.1016/j.esd.2022.08.005

Kinue, T. M., Matari, E. H., Matos, M. M., &
Beck, C. (2024). Biogas generation from food
waste through anaerobic digestion technology
with emphasis on enhancing circular economy in
Sub-Saharan Africa — A review. Renewable
Energy Focus, 50, 100543.
https://doi.org/10.1016/j.ref.2024.100543

Li, J, Wang, L., & Yang, J. (2024).
Electrocatalytic upcycling of plastic waste:
Progress, challenges, and future. Electron, 3(3),
€63. https://doi.org/10.1002/elt2.63

Luo, Y., Sun, J., Chen, W, Lu, S., & Wang, Z.
(2024). Sustainable upcycling of spent battery

waste

graphite into high-performance PEG anodes via
flash Joule heating. Recycling, 10(5), 171.
https://doi.org/10.3390/recycling10050171

Masika, B., Wetengere, K., & Kirama, S. L.
(2024). Towards sustainable solid waste
management systems: Empirical evidence from
northern Malawi. Waste Management &
Research, 42(5), 423-436.

Mmereki, D., David, V. E., & Brownell, A. H.
W. (2024). The management and prevention of
food losses and waste in low- and middle-income
countries: A mini-review in the Africa region.
Waste Management & Research, 42(1), 39-56.
https://doi.org/10.1177/0734242X231184444

Moyen Massa, G., & Archodoulaki, V. M.
(2024). An imported environmental crisis: plastic
mismanagement in Africa. Sustainability, 16(2),
672. https://doi.org/10.3390/su16020672

840



© MAY 2024 | IRE Journals | Volume 7 Issue 11 | ISSN: 2456-8880
DOI: https://doi.org/10.64388/IREV7111-1711156-9459

[16] Munubi, E. D., Pogrebnoi, A., & Kombe, G. G.
(2023). Toward a preliminary research agenda
for the circular economy adoption in Africa.
Frontiers in Sustainability, 4, 1061563.
https://doi.org/10.3389/frsus.2023.1061563

[17] Odonkor, S. T., Frimpong, C., Kurantin, N.,
Boateng, E. B., Surugu, D. A., & Mahami, T.
(2023). Municipal solid waste collection and
coverage rates in sub-Saharan African countries:
A comprehensive systematic review and meta-
analysis. Waste, 1(2), 389-413.
https://doi.org/10.3390/waste1020024

[18] Ogunseye, A. B., Adekanmbi, A. O. &
Olukanni, D. O. (2022). Barriers and challenges
to waste management hindering the circular
economy in sub-Saharan Africa. Recycling, 6(3),
57. https://doi.org/10.3390/recycling6030057

[19] Ssemugabo, C., Wafula, S. T., Lubega, G. B.,
Ndejjo, R., Osuret, J., Halage, A. A., & Musoke,
D. (2020). E-waste management in sub-Saharan
Africa: A systematic literature review. Cogent
Business & Management, 7(1), 1814503.
https://doi.org/10.1080/23311975.2020.1814503

[20] Tang, K. H. D., & Li, C. (2022). Valorization of
plastic waste through incorporation into
construction materials. Civil and Sustainable
Urban Engineering, 2(2), 16-39.
https://doi.org/10.53623/csue.v2i2.141

[21] Theron, K., Sutherland, C., & Swanepoel, J.
(2024). Analysing the challenges of solid waste
management in low-income communities in
South Africa: a case study of Alexandra,
Johannesburg. South African Geographical
Journal, 106(2), 169-189.
https://doi.org/10.1080/03736245.2024.2356563

[22] Xing, S., Li, H., Yu, S., Liu, Q., Wang, Y., &
Zhang, J. (2023). Photothermal catalysis: An
emerging green approach to upcycling plastic
waste. Advanced Energy and Sustainability
Research, 4(5), 2300015.
https://doi.org/10.1002/aesr

IRE 1711156 ICONIC RESEARCH AND ENGINEERING JOURNALS 841



