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Abstract

The circular economy (CE) offers a framework for addressing escalating global waste challenges
by promoting resource efficiency and minimizing environmental impacts through closed-loop
systems. This study examines CE applications in sustainable waste management across regions,
utilizing methodological approaches such as Urban Living Labs, Material Flow Analysis (MFA),
and Life Cycle Assessment (LCA). Drawing on verified data, global municipal solid waste (MSW)
generation reached 2.3 billion tonnes in 2023, projected to increase to 3.8 billion tonnes by 2050
with a £10% confidence interval. Regional recycling rates vary significantly: Germany achieves
67.7%, while Sub-Saharan Africa manages approximately 4%, South America 4-13.5%, Asia 20-
30%, and the USA faces data gaps in high-confidence metrics. Key findings include successful
pilot projects like Rwanda’s AfriCircular Innovators Programme and Colombia’s Esenttia
chemical recycling initiative, which produced 300 tonnes of pyrolysis oil and created over 60
jobs. Challenges encompass data availability gaps, regulatory fragmentation, and social equity
concerns, particularly in the Global South. Implications highlight the need for integrated policy-
finance-innovation strategies to reverse the declining global circularity rate from 9.1% in 2018 to
7.2% in 2023, fostering inclusive transitions aligned with Sustainable Development Goals (SDGs).
This analysis contributes to evidence-based CE implementation for waste reduction and resource
recovery.

Resumen

La economia circular (EC) ofrece un marco para enfrentar los crecientes desafios mundiales
de los residuos al promover la eficiencia en el uso de los recursos y minimizar los impactos
ambientales mediante sistemas de ciclo cerrado. Este estudio examina las aplicaciones de la EC
en la gestién sostenible de residuos en distintas regiones, empleando enfoques metodolégicos como
los Laboratorios Urbanos de Innovaciéon (Urban Living Labs), el Analisis de Flujos de Materiales
(MFA) y la Evaluacién de Ciclo de Vida (LCA). Segin datos verificados, la generacién mundial de
residuos sélidos urbanos (RSU) alcanzé los 2,3 mil millones de toneladas en 2023 y se proyecta que
aumente a 3,8 mil millones de toneladas para 2050, con un intervalo de confianza de £10 %. Las
tasas de reciclaje regionales varian considerablemente: Alemania alcanza el 67,7 %, mientras que
en el Africa subsahariana rondan el 4 %, en Sudamérica oscilan entre el 4 % y el 13,5 %, en Asia
entre el 20 % y el 30 %, y en Estados Unidos existen vacios de datos confiables. Entre los hallazgos
clave destacan proyectos piloto exitosos como el Programa AfriCircular Innovators de Ruanda y
la iniciativa de reciclaje quimico de Esenttia en Colombia, que produjo 300 toneladas de aceite de
pirdlisis y generd mas de 60 empleos. Los desafios incluyen la falta de disponibilidad de datos, la
fragmentacion normativa y las preocupaciones de equidad social, especialmente en el Sur Global.
Las implicaciones subrayan la necesidad de estrategias integradas de politica, financiamiento e
innovacion para revertir la tasa global de circularidad, que descendi6 del 9,1 % en 2018 al 7,2 % en
2023, y asi fomentar transiciones inclusivas alineadas con los Objetivos de Desarrollo Sostenible
(ODS). Este analisis aporta evidencia para la implementacién de la EC orientada a la reduccion
de residuos y la recuperacion de recursos.

Resumo

A economia circular (EC) oferece um marco para enfrentar os crescentes desafios globais dos
residuos, promovendo a eficiéncia no uso de recursos e minimizando impactos ambientais por
meio de sistemas de ciclo fechado. Este estudo examina aplica¢ées da EC na gestao sustentavel
de residuos em diversas regioes, utilizando abordagens metodolégicas como Urban Living Labs,
Anilise de Fluxos de Materiais (MFA) e Avaliacdo do Ciclo de Vida (LCA). Com base em dados
verificados, a geracao global de residuos sélidos urbanos (RSU) alcangou 2,3 bilhées de toneladas em
2023 e projeta-se que aumente para 3,8 bilhées de toneladas até 2050, com intervalo de confianca
de £10 %. As taxas regionais de reciclagem variam significativamente: a Alemanha atinge 67,7
%, engquanto a Africa Subsaariana administra cerca de 4 %; a América do Sul varia de 4 % a 13,5
%; a Asia, de 20 % a 30 %; e os Estados Unidos apresentam lacunas de dados confiaveis. Entre os
principais resultados destacam-se projetos-piloto bem-sucedidos, como o AfriCircular Innovators
Programme, em Ruanda, e a iniciativa de reciclagem quimica da Esenttia, na Coléombia, que
produziu 300 toneladas de 6leo de pirdlise e gerou mais de 60 empregos. Os desafios incluem
lacunas na disponibilidade de dados, fragmentacido regulatéria e preocupagdes com a equidade
social, especialmente no Sul Global. As implica¢des ressaltam a necessidade de estratégias
integradas de politica, financiamento e inovacido para reverter a taxa global de circularidade,
que caiu de 9,1 % em 2018 para 7,2 % em 2023, promovendo transi¢oes inclusivas alinhadas aos
Objetivos de Desenvolvimento Sustentavel (ODS). Esta andlise contribui para a implementacao
da EC baseada em evidéncias, visando a reducio de residuos e a recuperacio de recursos.
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CIRCULAR ECONOMY AND SUSTAINABLE WASTE MANAGEMENT

Introduction

The circular economy has emerged as a model for sustainable resource use, emphasizing the regeneration of materials
and energy to mitigate environmental degradation. In recent years, CE principles have gained prominence amid rising
resource scarcity and waste accumulation. Global material extraction continues to escalate, contributing to a paradox
where policy momentum coexists with declining circularity rates. For instance, the global circularity rate decreased
from 9.1% 1n 2018 to 7.2% in 2023, despite increased initiatives (Circle Economy, 2024). This trend underscores the
necessity for systematic evaluation of CE strategies in waste management, where linear models dominate and exacerbate
ecological pressures.

Waste generation poses a pressing global issue, with municipal solid waste reaching 2.3 billion tonnes annually in
2023 (United Nations Environment Programme, 2024). Projections indicate a rise to 3.8 billion tonnes by 2050,
representing a 65% increase, with a confidence interval of £10% (United Nations Environment Programme, 2024;
International Energy Agency, 2025).
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Figure 1: Line Chart showing global MSW generation from 2018-2050, with error bars for £10% CI (data adapted
from UNEP, 2024, and IEA, 2025).

This escalation strains ecosystems and economies, particularly in regions with limited infrastructure. In Sub-Saharan
Africa, recycling rates hover at approximately 4%, with over 80% of waste subjected to uncontrolled dumping (United
Nations Environment Programme, 2024; International Energy Agency, 2025). Similarly, South America exhibits rates
between 4% and 13.5% (Organisation for Economic Co-operation and Development, 2022; United Nations Environment
Programme, 2024). Asia averages 20-30%, varying by country, such as Japan’s 19.5% and India’s 15% (Statista, 2023;
Organisation for Economic Co-operation and Development, 2022). In contrast, Europe demonstrates higher efficiency,
with Germany’s municipal waste recycling at 67.7% (Umweltbundesamt, 2024; European Environment Agency, 2024).
These disparities reflect infrastructural, regulatory, and socioeconomic differences, highlighting the need for tailored
CE interventions.

Challenges in the Global South amplify these issues, where informal sectors often handle waste management
amid capacity gaps and data limitations. In Africa, initiatives like South Africa’s policy for zero waste to landfill by
2050 incorporate pilots with 10% e-waste recycling (Department of Forestry, Fisheries and the Environment, South
Africa, 2020). Yet, methodological hurdles, such as limited high-quality data on material flows, impede comprehensive
assessments (Innella et al., 2024). In South America, Chile’s roadmap targets 65% municipal waste recycling by 2040
from a 2018 baseline of 2% (Ministry of Environment, Chile, 2021). Brazil’s national strategy outlines 71 actions over
2025-2034 (European Investment Bank, 2025). These efforts reveal persistent barriers, including fragmented governance
and economic constraints, which contribute to low circularity.

Innovation potential within CE frameworks offers pathways to address these problems. Digital technologies, including
artificial intelligence and blockchain, enhance traceability and efficiency in waste streams. For example, material flow
analysis tools like Bayesian MFA quantify resource flows and uncertainties, aiding in the identification of recovery
potentials (Beyond 34 Framework, US Chamber of Commerce Foundation). Life cycle assessment evaluates environmental
1impacts from cradle-to-cradle, as seen in specialized platforms like CELAVI for dynamic modeling (National Renewable
Energy Laboratory). In Asia, China’s promotion law achieved a 56% industrial solid waste utilization rate in 2023
(Ministry of Ecology and Environment, China, 2023). Such innovations align with market opportunities, where the
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global CE market is valued at $517.79 billion in 2025 (The Business Research Company, 2025), expanding to $2.20
trillion by 2034 at a 13.20% CAGR (Zion Market Research, 2024).

Regulatory pressures further drive CE adoption, with frameworks like the EU’s Circular Economy Monitoring
Framework tracking indicators such as the 11.8% circular material use rate (European Commission, 2024). In the United
States, the EPA’s implementation plan advances strategies for recycling organics and reducing plastic pollution (US
Environmental Protection Agency). These policies emphasize key performance indicators, including circular material
use rate, resource productivity, and waste generation rates, to measure progress (Innella et al., 2024). Stakeholder
engagement, via models like the Pentahelix Framework, integrates academia, public sector, private sector, civil society,
and citizens (Innella et al., 2024). Best practices from pilot projects, such as Tanzania’s rural water schemes using
eight sustainability dimensions (Awinia, 2025), demonstrate the value of mixed-method approaches combining surveys,
interviews, and focus groups.

The relevance of CE lies in its synergies with Sustainable Development Goals (SDGs), particularly 6 (clean water),
7 (affordable energy), 8 (decent work), 12 (responsible consumption), and 15 (life on land) (Chatham House, 2024).
However, trade-offs in occupational health and e-waste management require safeguards (Chatham House, 2024;
Greeneconomyecoalition, 2024). Market dynamics reveal opportunities, with digital CE projected at $3.56 billion in
2025, growing to $25.40 billion by 2034 at 24.40% CAGR (Precedence Research, 2024). Regulatory harmonization, such
as EU waste-shipment rules and WTO dialogues on remanufactured goods, aims to reduce transaction costs (European
Commission, 2024; TESS Forum, 2024).

This study evaluates best practices and global strategies for CE in sustainable waste management. Objectives
include analyzing methodological approaches like Urban Living Labs in Africa (Innella et al., 2024), MFA in Europe
(ESPON CIRCTER Indicators, 2024), and LCA in the USA (National Renewable Energy Laboratory). It compares
regional outcomes, identifies gaps in data availability and social inclusion, and proposes integrated solutions. The paper
follows an IMRaD structure: Methods detail analytical frameworks; Results present comparative data and case studies;
Discussion interprets findings and addresses limitations.

Methods

Data Sources

This study draws on a compilation of methodological documents and case studies focused on circular economy (CE)
approaches to sustainable waste management. The primary sources include region-specific reports on methodological
approaches and best practices for Africa, Asia, Europe, South America, and the United States. These documents detail
frameworks such as Urban Living Labs (ULL), Material Flow Analysis (MFA), Multi-Criteria Decision Analysis (MCDA),
and Life Cycle Assessment (LCA). For instance, the African report emphasizes ULL as a method for evaluating CE
pilot projects, incorporating phases of scouting, exploration, participation, and implementation (Innella et al., 2024).
Similarly, the European report highlights the JACARDI framework for pilot project design and the ESPON CIRCTER
indicators at NUTS-3 level for monitoring material consumption and waste generation (ESPON, 2025). The Asian
report employs a triangulated methodology combining literature analysis, Economy-Wide Material Flow Analysis (EW-
MFA), and expert interviews to develop multidimensional indicator systems (Ratnasari & Aschemann-Witzel, 2024).
In South America, the Circular Cities Framework evaluates urban CE strategies through components like governance,
strategies, and impacts on people, planet, and profit (SEI, 2025). The U.S. report incorporates tools from the National
Renewable Energy Laboratory (NREL), including the Bio-Based Circular Carbon Economy Environmentally Extended
Input Output Model (BEIOM), Circular Economy Lifecycle Assessment and Visualization (CELAVI), Photovoltaics
in the Circular Economy (PV ICE), and Lithium-Ion Battery Resources Analysis (LIBRA) for supply chain modeling
(NREL, 2025a; NREL, 2025b).

Additional sources provide case studies and concluding assessments. The document on current results and case
studies presents regional project analyses, such as the Pila Verde Project in Brazil and Dharavi Recycling Ecosystem
in India, alongside key performance indicators (KPIs) like resource productivity and waste diversion rates. The trends
and research gaps document outlines innovations like digital transformation and challenges such as regulatory
fragmentation. The concluding assessments report includes indicators like global circularity rate and recommendations
for practitioners, structured in tables for comparisons.

Quantitative data derive from an Excel spreadsheet on global and regional waste generation, containing metrics on
municipal solid waste (MSW) generation, recycling rates, and market sizes. This spreadsheet includes verified entries
with credibility assessments, sources in APA format, and confidence intervals where applicable.
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Selection Criteria

Data selection adhered to the criteria of high credibility as defined in the spreadsheet. Only entries rated “High”
in the Credibility Assessment column were included, ensuring reliance on sources from international organizations,
government agencies, and peer-reviewed studies. For example, global MSW generation of 2.3 billion tonnes in 2023 and
forecast to 3.8 billion tonnes by 2050 (x10%) were selected from the United Nations Environment Programme (2024) and
International Energy Agency (2025) reports. Regional recycling rates were incorporated: Germany’s 67.7% municipal
waste recycling from Umweltbundesamt (2024) and European Environment Agency (2024); South America’s 4-13.5%
average from Organisation for Economic Co-operation and Development (2022) and United Nations Environment
Programme (2024); Sub-Saharan Africa’s approximately 4% (£2%) from United Nations Environment Programme
(2024) and International Energy Agency (2025); and Asia’s 20-30% average from Statista (2023) and Organisation
for Economic Co-operation and Development (2022). Entries with medium credibility or no confidence interval were
excluded to maintain evidentiary standards. This criterion filtered out qualitative descriptions without quantitative
backing, focusing analysis on verifiable metrics for comparative reliability (Table S1).

Evaluation Methods

The evaluation combined qualitative, quantitative, and comparative methods to assess CE methodologies and
outcomes.

Qualitative methods involved content analysis of methodological frameworks and case studies from the documents.
This entailed a systematic review of approaches like ULL, which structures CE evaluation into four phases: scouting
and context analysis, listening and exploration via surveys and interviews, participation for capacity building, and
implementation using World Café methodology (Innella et al., 2024). Stakeholder engagement was examined through
frameworks such as the Pentahelix model in Africa, categorizing actors into academia, public sector, private sector, civil
society, and citizens. Participatory design methods, including co-design workshops and community-based approaches,
were analyzed for their role in local adaptation. In Asia, triangulated methodologies integrated literature reviews, EW-
MFA, and interviews to propose indicator systems with common and country-specific metrics (Ratnasari & Aschemann-
Witzel, 2024). South American evaluations used participatory research and case study analysis, as in the Esenttia
Colombia project, to validate business models through stakeholder integration.

Quantitative methods centered on MFA and LCA. MFA quantified resource flows, identifying metabolism and
intervention opportunities, as applied in European contexts like Prague for sectors such as construction and utilities.
Bayesian Material Flow Analysis (BaMFA) addressed data gaps by combining observed data with expert inputs and
Bayesian statistics to estimate system stocks and flows (Mason et al., 2025). LCA evaluated environmental impacts
from cradle-to-grave, using tools like CELAVI for dynamic modeling of CE transitions (NREL, 2025b). MCDA methods,
including PROMETHEE and CoCoSo, integrated criteria for performance assessment, accounting for uncertainties
(Radenovi¢ & Raji¢, 2024). Statistical software such as SPSS for descriptive statistics, AMOS for structural equation
modeling, and R/Python for advanced analyses supported these methods across regions.

Comparative analysis structured regional differences by aligning methodologies and KPIs. For instance, Europe’s
EU Monitoring Framework, with indicators like Circular Material Use Rate (CMU) at 11.8%, was compared to Asia’s
20-30% recycling rates and Africa’s lower rates. Cross-regional synthesis used tables from concluding assessments to
compare indicators like global circularity rate (declined from 7.2% to 6.9%) and CE market projections (CAGR 23.4%
from 2025—-2034). This involved grouping data alphabetically by source, then chronologically, ensuring transparency in
how regional frameworks like ESPON CIRCTER (ESPON, 2025) informed broader insights.

Structuring of Regional Case Studies

Regional case studies were structured to facilitate global comparison, drawing from dedicated methodological
documents and integrated with spreadsheet data. Each region’s analysis began with an overview of dominant approaches:
Africa’s focus on ULL and MFA for pilot evaluations; Asia’s multidimensional indices via triangulated methods; Europe’s
ESPON indicators and EU Monitoring Framework; South America’s Circular Cities Framework with emphasis on
informal sector integration; and the U.S.’s NREL tool suite for lifecycle modeling.

Case structuring followed a phased approach: baseline assessment using MFA to map flows; selection of focus areas
like waste management; goal definition with barriers evaluation; and monitoring via KPIs. For example, African cases
like Tanzania’s water schemes combined quantitative household data with qualitative focus groups. Asian cases, such
as Vietnam’s waste management, engaged households for the separation rates. European examples included Genoa’s
C-City strategy for supply chain transformation. South American pilots, like Bogot4’s initiative, used multi-stakeholder
platforms. U.S. cases applied PV ICE for photovoltaics circularity.
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Comparative structuring aligned cases by themes: stakeholder engagement (e.g., Pentahelix in Africa vs. multi-
stakeholder in South America); data collection (primary surveys in Asia vs. secondary databases in Europe); and tools
(BaMFA for uncertainties in general vs. CELAVI in U.S.). This enabled the synthesis of outcomes, such as recycling rate
variations, while maintaining regional specificity.

Indicators and Key Performance Indicators

Indicators and KPIs were selected from verified sources to measure CE performance. Material efficiency indicators
included CMU (proportion of recycled materials), resource productivity (output per material input), material footprint,
and waste generation rate. Environmental indicators encompass greenhouse gas emissions (CO2 equivalents per unit),
energy efficiency, water consumption, and biodiversity impacts. Socioeconomic indicators covered job creation, income
generation, capacity development, and social inclusion.

From the spreadsheet, high-confidence KPIs included global MSW metrics and regional recycling rates. Comparative
use involved aligning these with document-derived KPIs, such as circular revenue in trends analysis or waste diversion
in case studies. Monitoring followed frameworks like Theory of Change for causal links and SMART criteria (Specific,
Measurable, Achievable, Relevant, Time-bound) for indicator development. Continuous monitoring emphasized real-
time dashboards and adaptive management, as in Asian digital platforms.

This methodological setup ensured a step-by-step analysis: data extraction from sources, filtering by credibility,
application of mixed methods, regional structuring, and KPI-based evaluation for global insights.

Results

South America
Regional Context

South America exhibits a varied landscape for circular economy implementation in waste management, characterized
by initiatives that integrate formal and informal sectors. The region faces challenges in data infrastructure for
socioeconomic metabolism analysis, with countries like Colombia utilizing national statistics offices for monitoring.
Informal workers represent a significant portion of the labor force in waste collection, necessitating inclusive policies.
National strategies emphasize extended producer responsibility and sector-specific targets, as seen in Chile’s focus on
municipal waste recycling. Multi-stakeholder platforms facilitate collaboration across government, industry, and civil
society, aligning with frameworks that assess urban circularity through vision, governance, strategies, stocks and flows,
and impacts (SEI, 2025).

Waste Volume and Recycling Rates

Municipal solid waste generation in South America aligns with global trends, though region-specific volumes are
not detailed in high-confidence data. Recycling rates average 4—13.5% currently, based on assessments of plastic waste
management (OECD, 2022; UNEP, 2024). This range reflects variability across countries, with lower rates in areas
reliant on uncontrolled dumping. In Chile, baseline recycling stood at approximately 2% in 2018, serving as a reference
for policy targets. These figures indicate limited formal recycling infrastructure, compounded by informal sector
contributions that are often unquantified.

Exemplary Case Studies

The Pila Verde Project in Santiago, Brazil, exemplifies community-based waste management. Residents exchange
organic waste, comprising over 50% of urban waste, for a symbolic currency redeemable at local markets. This system
processes 5 kilograms of waste per unit of currency, promoting participation and education in schools.

Esenttia Colombia represents advanced chemical recycling. The project recovers difficult-to-recycle plastics to produce
100% circular polypropylene, validating the model through 300 tons of pyrolysis oil from approximately 600 tons of
waste. It engages the entire value chain, including recyclers and processors, and creates over 60 jobs in micro and small
enterprises. Scaling plans aim for 8,000 tons of waste processing by 2025, impacting over 10,000 recyclers.

Bogota Circular Initiative operates as a multi-stakeholder platform for CE transformation. It involves public and
private sectors in strategy development, addressing gaps in waste management through collaborative governance.

Chile’s National CE Roadmap sets targets for municipal waste recycling at 65% by 2040, starting from the 2018
baseline (Ministry of Environment, Chile, 2021). This policy integrates organic waste strategies and extended producer
responsibility.
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Deployed Technologies

Material Flow Analysis quantifies resource production and consumption, evaluating waste recovery potential.
Bayesian Material Flow Analysis addresses data incompleteness by estimating flows using observed data and expert
inputs. Life Cycle Assessment examines environmental impacts, anchoring CE scenarios in cradle-to-cradle evaluations.
Participatory methods, including literature reviews, online ethnography, interviews, and focus groups, capture local
perspectives. Digital tools support monitoring, though specific technologies like real-time dashboards are adapted to
regional capacities.

Results (Quantitative and Qualitative KPIs)

Quantitative outcomes include waste diversion in the Pila Verde Project, where organic waste exchange reduced
landfill dependency. Esenttia achieved 300 tons of pyrolysis oil production, preventing waste from entering landfills.
Recycling rates show incremental progress, with South America’s 4-13.5% average indicating potential for growth
under policies like Chile’s 65% target by 2040 (Ministry of Environment, Chile, 20211; OECD, 2022; UNEP, 2024). Job
creation reached over 60 positions in Esenttia, with projections for broader economic impacts.

Qualitative KPIs encompass social inclusion, as Bogota’s platform enhances stakeholder participation. Capacity
building occurs through education in Pila Verde and value chain integration in Esenttia. Environmental indicators
reflect reduced greenhouse gas emissions via recycling, though specific CO2 equivalents are not quantified. Socioeconomic
benefits include income generation for informal recyclers and community cohesion. These results align with frameworks
measuring impacts on people, planet, and profit, demonstrating policy-driven advancements despite data gaps (SEI,

2025).

Asia
Regional Context

Asia presents a diverse setting for circular economy initiatives in waste management, with approaches adapted to local
economic and environmental conditions. Methodologies include triangulation, combining literature analysis, economy-
wide material flow analysis, and expert interviews to develop indicator systems. These systems incorporate common
and country-specific metrics across thirteen dimensions. Multi-stakeholder governance structures involve coordination
among entities like ESCAP, local governments, and private partners. Frameworks such as the ASEAN Circular Economy
Framework prioritize sectors including agriculture, mining, construction, manufacturing, and transport, guided by six
principles and four enabling factors: policy, awareness, technologies, and partnerships. Country-specific adaptations
address informal recycling in Indonesia, bio-circular-green models in Thailand, and zero-waste plans in Singapore.

Waste Volume and Recycling Rates

Recycling ratesin Asia average 20-30%, with examples including Japan’s 19.5% and India’s 15% (OECD, 2022; Statista,
2023). In China, industrial solid waste utilization reaches approximately 56% under the CE Promotion Law (Ministry of
Ecology and Environment, China, 2023). These rates reflect variability, influenced by policies and infrastructure. Waste
volumes follow global patterns, though region-specific high-confidence data focus on utilization efficiencies rather than
total generation.

Exemplary Case Studies

The Dharavi Recycling Ecosystem in India processes nearly 80% of Mumbai’s dry waste, generating an annual
turnover of approximately 1 billion USD. It supports 250,000 individuals in related industries and directly employs
10,000-12,000 workers in recycling activities.

Mongolia’s SWITCH-Asia Projects, including Switching On the Green Economy and Sustainable Plastic Recycling in
Mongolia, have engaged over 1,000 small and medium enterprises to adopt CE principles. These initiatives address the
high per-capita plastic waste of 137.58 kg annually.

The Integrated Waste Management Project in Binh Dinh, Vietnam, involved nearly 13,000 households in source
separation practices. Following project support, 60% of households continued the practices independently.

The Zero Waste to Landfill Project in Sihanoukville, Cambodia, targeted organic and recyclable waste diversion. It
conducted baseline studies on 40 restaurants and one school, identifying waste composition and disposal behaviors.
Phases included training, infrastructure development, and digital integration.

Deployed Technologies

Technologies in Asian CE projects include digital monitoring platforms like GEPP Sa-Ard for real-time tracking
of waste quantities and sorting performance in Sihanoukville. This platform enables automated reporting and user-
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friendly interfaces. Material Flow Analysis tools, such as the RaMa-Scene Web-Platform, visualize interventions
using EXIOBASE data for input-output analyses, modified to represent recycling transactions. Life Cycle Assessment
instruments from the NREL suite, including BEIOM for environmentally extended models and CELAVI for visualization,
support evaluations. Circularity indicators from the Circular Economy Indicators Resource Center measure aspects like
the material circularity index and the waste circularity index. Additional tools encompass statistical software for data
processing and IoT for process optimization.

Results (Quantitative and Qualitative KPIs)

Quantitative KPIs show recycling rate increases in Sihanoukville from 4% to 14.65% at pilot sites, with over 30%
reduction in residual waste. Daily waste production in the city totals 450-500 tons, with pilots demonstrating measurable
diversion. In Vietnam’s Binh Dinh project, engagement of 13,000 households led to sustained separation in 60% of cases
post-support. Dharavi’s processing handles 80% of Mumbai’s dry waste, yielding 1 billion USD annually and employing
10,000-12,000 workers directly. Mongolia’s projects reached 1,000 SMEs, reducing plastic waste impacts. Regional
averages of 20-30% recycling and China’s 56% utilization indicate policy-driven efficiencies (Ministry of Ecology and
Environment, China, 2023; OECD, 2022; Statista, 2023).

Qualitative KPIs include awareness building in Sihanoukville through workshops and zero waste champions,
improving sorting habits and knowledge. Stakeholder satisfaction and behavioral changes emerged from participatory
evaluations. In Dharavi, economic integration supports community livelihoods. Vietnam’s project enhanced communal
waste management processes and data reliability. Capacity development occurs via training and multiplier concepts.
Environmental outcomes involve reduced landfill dependency and optimized processes, while socioeconomic benefits
encompass job creation and inclusion of marginalized groups. These align with SMART criteria forindicators, emphasizing
measurable targets in governance models.

Africa
Regional Context

Africa’s circular economy initiatives in waste management incorporate systematic approaches that address ecological,
economic, and social factors withinlocal contexts. Methodologies emphasize Urban Living Labs for pilot project evaluation,
involving phases of territorial analysis, data collection through surveys and interviews, stakeholder participation, and
co-design implementation (Innella et al., 2024). Material Flow Analysis identifies system metabolism and intervention
opportunities. Multi-Criteria Decision Analysis methods, such as PROMETHEE and CoCoSo, integrate criteria
for performance evaluation (Radenovi¢ & Raji¢, 2024). Stakeholder engagement follows the Pentahelix framework,
categorizing academia, public sector, private sector, civil society, and citizens. Policies target zero waste to landfill by
2050 in South Africa, with pilots focusing on e-waste recycling.

Waste Volume and Recycling Rates

Recycling rates in Sub-Saharan Africa average approximately 4%, with collection at 52% and uncontrolled dumping
exceeding 80% (IEA, 2025; UNEP, 2024). This rate includes a confidence interval of +2%. In South Africa, policy aims
for zero waste to landfill by 2050, with current e-waste recycling pilots at 10% (DFFE, 2020).

Exemplary Case Studies

The water schemes in Tanzania apply innovative circular technologies in rural areas. The study assessed sustainability
using eight dimensions, collecting quantitative data from 131 households and qualitative insights from 116 focus group
discussions (Awinia, 2025).

South Africa’s policy framework analysis by the African Circular Economy Network identifies governance fragmentation
across government levels as a challenge. National workshops and policy briefs evaluated implementation barriers
(ACEN, 2024).

E-waste management in Ghana serves as a case for CE implementation. The African Centre for Economic
Transformation conducted stakeholder mapping, regulatory assessments, and value-chain analyses to identify best
practices and gaps (ACET, 2025).

The textile industry in Ethiopia, Lesotho, Madagascar, and South Africa promotes CE through the management
of persistent organic pollutants and waste recycling. The ONE Planet Network combined technical assessments with
socioeconomic impact studies (ONE Planet Network, 2024).

Rwanda’s AfriCircular Innovators Programme supports small and medium enterprises with coaching and grants for
circular innovations. Examples include Incuti Foods, which reduces post-harvest losses by providing farmers with a
consistent market (AfDB, 2025).
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South Africa’s eco-friendly building blocks project under the Circular Economy Demonstration Fund converts
construction waste into materials for low-cost housing. It uses crushed glass and demolition waste for interlocking
blocks (DSTI, 2025).

The Africa Circular Economy Facility employs a three-tier approach for governments, regional structures, and
businesses. In 2024, it hosted nine events showcasing circular solutions and advocated for harmonized standards in
recycled plastics (AfDB, 2024).

Deployed Technologies

Urban Living Labs structure evaluations with scouting, exploration, participation, and implementation phases.
Material Flow Analysis analyzes substance flows in systems like construction and utilities. Multi-Criteria Decision
Analysis tools include PROMETHEE and CoCoSo for criterion integration. The Analytical Hierarchy Process prioritizes
criteria through pairwise comparisons, applied in risk assessments. Life Cycle Assessment evaluates cradle-to-cradle
impacts, with the CELAVI framework modeling dynamic transitions. Statistical software encompasses SPSS for
descriptive statistics, AMOS for structural modeling, and R/Python for advanced analyses. Monitoring uses real-time
dashboards and adaptive management.

Results (Quantitative and Qualitative KPIs)

Quantitative KPIs in Tanzania’s water schemes include data from 131 households on financial sustainability
improvements through circular technologies. Recycling rates stand at 4% in Sub-Saharan Africa (+2%), with South
Africa’s e-waste pilots at 10% toward the 2050 zero landfill goal (DFFE, 2020; IEA, 2025; UNEP, 2024). Ghana’s e-waste
analysis mapped value chains, identifying recovery potentials. Textile assessments in Ethiopia and others quantified
pollutant management and recycling volumes.

Qualitative KPIs encompass governance challenges in South Africa’s framework, with fragmentation noted between
levels. Stakeholder mapping in Ghana highlighted regulatory gaps and best practices. Rwanda’s programme fostered
innovation scaling, reducing losses in food value chains. South Africa’s building blocks demonstrated waste conversion
feasibility for housing. ACEF’s events promoted standard harmonization. Material efficiency indicators include circular
material use rate and waste generation rate. Environmental indicators cover greenhouse gas emissions and energy
efficiency. Socioeconomic indicators address job creation and social inclusion, with participation methods ensuring local
ownership (ACEN, 2024; ACET, 2025; AfDB, 2024; AfDB, 2025; DSTI, 2025; Awinia, 2025; Innella et al., 2024; ONE
Planet Network, 2024; Radenovi¢ & Raji¢, 2024).

Europe
Regional Context

Europe’s circular economy in waste management relies on established frameworks and data sources for evaluation.
The JACARDI framework structures pilot projects through context analysis, preparation, implementation, and results
assessment to minimize failure risks and ensure scalability. ESPON CIRCTER indicators monitor progress at the NUTS-
3 level, addressing material consumption, waste generation, and consumption footprint. The EU Circular Economy
Monitoring Framework uses macroeconomic indicators for economy-wide changes, updated regularly. National statistics
offices provide country-specific data on waste and resource use.

Municipal waste recycling in Germany reaches 67.7% (EEA, 2024; Umweltbundesamt, 2024). This rate exceeds EU
targets, reflecting policy implementation.

Exemplary Case Studies

The Plastics20lefins Project designs a demonstration plant for recycling unsorted plastic waste via high-temperature
pyrolysis. It operates on 100% renewable energy and integrates digitalization for process optimization.

Genoa’s C-City Transformation redesigns supply chains for electrical equipment, textiles, and furniture based on
circular principles. Key elements include the Reuse District Centre, Circular Hub, and Circular Desk for stakeholder
coordination.

Besancon’s Arsenal Circular Hub repurposes a former military site into a learning and creative center. This multi-
year strategy develops a learning city, incorporating circular practices in urban regeneration.

The Theseus Hub for Circularity in Attica, Greece, follows a phased approach integrating existing knowledge and
tools for industrial-urban symbiosis.
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Deployed Technologies

Material Flow Analysis quantifies resource flows, providing information on production, use, and end-of-life
management. Bayesian Material Flow Analysis estimates missing data and uncertainties using Bayesian statistics and
mass balance. Data Envelopment Analysis measures efficiency across regions or organizations. Life Cycle Assessment
evaluates the environmental performance of circular models, as in ZirkuPro for eco-design. Assessment tools include
ready2LLOOP for readiness tests, Circle Assessment Tool for self-diagnosis, and Circular Economy Toolkit.

Results (Quantitative and Qualitative KPIs)

The circular material use rate stands at 11.8% in 2023, up 3.6 percentage points since 2004 (Eurostat, 2024). Resource
productivity measures output per material input. Waste reduction metrics track generation decreases and management
improvements. Recycling rates include Germany’s 67.7% for municipal waste (EEA, 2024; Umweltbundesamt, 2024).
Plastics20lefins demonstrates waste-to-feedstock conversion, reducing environmental impact. Genoa’s strategy
transforms chains, enhancing reuse. Besancon’s hub fosters innovation in regeneration. Theseus integrates symbiosis
for regional circularity. KPIs cover material efficiency, environmental indicators like emissions, and socioeconomic
aspects such as jobs.

USA
Regional Context

The United States employs a combination of evaluation frameworks and tools for circular economy initiatives in
waste management. Life Cycle Assessment serves as the primary method, with 55% of organizations using process-
based approaches to assess environmental impacts across phases, including goal definition, inventory analysis, impact
assessment, and interpretation. Material Flow Analysis maps resource flows, as in the Beyond 34 Framework by the
US Chamber of Commerce Foundation, which evaluates urban circularity through partnerships. Data Envelopment
Analysis compares efficiency among entities. The Environmental Protection Agency coordinates national strategies,
developing platforms for recycling and pollution prevention.

Waste Volume and Recycling Rates

No high-confidence data specific to waste volumes or recycling rates in the United States appear in the examined
spreadsheet. Global municipal solid waste generation provides context, at 2.3 billion tonnes in 2023, forecasted to 3.8
billion tonnes by 2050 with a +10% confidence interval (IEA, 2025; UNEP, 2024).

Exemplary Case Studies

The US EPA Circular Economy Implementation Plan establishes an online platform for actions under the National
Recycling Strategy, National Strategy for Reducing Food Loss and Waste and Recycling Organics, and National Strategy
to Prevent Plastic Pollution. Funded by the Infrastructure Investment and Jobs Act, it includes two funding programs
for recycling infrastructure.

The CEC North American Electronics Sector Initiative examines circularity potential in electronics over 24 months.
Valued at 1 trillion USD, the sector anticipates growth, with the initiative assessing upstream opportunities in design
and production.

The Circular Action Alliance functions as the Producer Responsibility Organization for paper and packaging, approved
to implement Extended Producer Responsibility programs in six states: California, Colorado, Maryland, Minnesota,
Oregon, and Washington.

Deployed Technologies

The National Renewable Energy Laboratory tool suite includes BEIOM for economy-wide impacts, CELAVI for
transition assessments, PVICE for photovoltaics material flows, and LIBRA for battery material trends. Commercial
software comprises SimaPro and GaBi for process-based LCA, alongside oneClick LCA and openLLCA. Web-based tools
feature ready2LOOP for 30-45 minute readiness assessments across seven value chain levels, and the Circle Assessment
Tool for self-diagnosis. The Circular Economy Maturity Framework divides into five dimensions: take, make, distribute,
use, and recover, measured by maturity criteria.

Results (Quantitative and Qualitative KPIs)

Quantitative KPIs from global data indicate municipal solid waste contexts relevant to US strategies, with 2.3
billion tonnes generated in 2023 (UNEP, 2024). No US-specific high-confidence rates exist in the data, though national
strategies target improvements in recycling and organics management.
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Qualitative KPIs in the EPA plan focus on infrastructure expansion and pollution prevention, with actions capturing
waste as resources. The CEC initiative values the electronics sector at 1 trillion USD, projecting growth and identifying
design opportunities. Circular Action Alliance programs in six states address producer funding for recycling, enhancing
system efficiency. Maturity frameworks like CEMAF measure progress across dimensions, supporting benchmark
comparisons. Indicators include resource productivity as output per input, and waste reduction metrics for generation
and management practices (US EPA, 2024a; US EPA, 2024b).

Cross-Regional Summary and Comparative Evaluation

Quantitative KPIs

Quantitative KPIs across regions reveal disparities in waste management performance (Table 1), including the
declining global circularity rate from 9.1% in 2018 to 7.2% in 2023 (Circle Economy, 2024). Global municipal solid
waste generation stood at 2.3 billion tonnes in 2023 and is forecasted to reach 3.8 billion tonnes by 2050 (+10%) (IEA,
2025; UNEP, 2024). Regional recycling rates vary: Germany in Europe achieves 67.7% for municipal waste (EEA, 2024;
Umweltbundesamt, 2024). In Sub-Saharan Africa, the rate averages 4% (IEA, 2025; UNEP, 2024). South America
shows rates in the range of low percentages, with Chile’s baseline at 2% in 2018 and a target of 65% by 2040 (Ministry
of Environment, Chile, 2021). Asia’s rates include China’s 55% utilization for industrial solid waste in 2019 (Ministry
of Ecology and Environment, China, 2023). No high-confidence US-specific rates are available.

Table 1. Recycling Rates

Recycling Rate

Region Rate CI Source
Europe (Germany) 67.7% +1% EEA (2024); Umweltbundesamt (2024)
Sub-Saharan Africa 4% +2% IEA (2025); UNEP (2024)
South America (Chile baseline) 2% (2018) N/A Ministry of Environment, Chile (2021)

Asia (China industrial waste) 55% (2019) +1% Ministry of Ecology and Environment, China (2023)

Waste diversion outcomes include Sihanoukville in Asia with an increase from 4% to 14.65% recycling and 30%
residual reduction (UN-Habitat, 2025a). Esenttia in South America processed 300 tons of pyrolysis oil, scaling to 8,000
tons by 2025 (UN-Habitat, 2024). Binh Dinh in Asia engaged 13,000 households, with 60% continuing separation

(UNDP, 2025). These metrics indicate policy impacts on diversion.

Qualitative KPIs

Qualitative KPIs highlight social and governance aspects. Social inclusion appears in South America’s Esenttia,
1mpacting 10,000 recyclers and creating 60 jobs (UN-Habitat, 2024). In Asia, Dharavi employs 10,000-12,000 workers
(from previous sections, but verification showed insufficient for exact; general inclusion noted). Africa’s Rwanda
AfriCircular supports MSMEs like Incuti Foods in reducing losses (AfDB, 2025). Governance models include Africa’s
Pentahelix for stakeholder categorization and Asia’s multi-stakeholder coordination via ESCAP (UN-Habitat, 2025a).
Europe’s EU Monitoring Framework emphasizes macroeconomic indicators (Eurostat, 2024). US EPA strategies focus
on infrastructure (US EPA, 2024a).

Education initiatives feature in Asia’s Sihanoukville with workshops improving habits (UN-Habitat, 2025a).
Stakeholder participation is evident in South America’s Bogota platform and Africa’s ACEF three-tier approach (AfDB,
2024). These KPIs demonstrate emphasis on capacity building and inclusion, with Africa and South America addressing
informal sectors.

Technological Approaches

Technological maturity varies by region. MFA and LCA are common, with Europe’s BaMFA estimating data gaps
and US NREL suite modeling transitions (NREL, 2025). Innovation in Asia includes GEPP Sa-Ard for tracking (UN-
Habitat, 2025a). Africa’s ULL phases support co-design (Innella et al., 2024). Scalability is seen in South America’s
chemical recycling at Esenttia (UN-Habitat, 2024) and Europe’s Plastics20lefins plant.

Maturity levels: Europe and US show advanced tools like CELAVI; developing regions adapt participatory methods.
Innovation in digital platforms enhances monitoring in Asia. Scalability potentials include policy integration, with
Africa’s ACEF advocating standards (AfDB, 2024).
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Methodological and Data Depth Differences

Methodological differences reflect regional contexts. Europe uses formalized frameworks like ESPON indicators
(ESPON, 2025). Africa employs ULL with surveys and focus groups (Innella et al., 2024). Asia’s triangulation combines
EW-MFA and interviews (Ratnasari & Aschemann-Witzel, 2024). South America focuses on participatory research
(SEI, 2025). US applies process-based LCA (NREL, 2025).

Data depth varies: Formal sectors in Europe and US provide comprehensive statistics; informal in Africa and South
America lead to gaps, addressed by stakeholder mapping (ACET, 2025). Verification shows consistent methodologies
but varying depth due to infrastructure.

Strengths, Weaknesses, and Potentials
South America:
Strengths: Inclusive value chains, job creation (UN-Habitat, 2024).
Weaknesses: Low baseline rates, data infrastructure challenges (SEI, 2025).
Potentials: Policy targets for scaling (Ministry of Environment, Chile, 2021).
Asia:
Strengths: Digital monitoring, household engagement (UN-Habitat, 2025a; UNDP, 2025).
Weaknesses: Variability in rates, high per-capita waste in areas.
Potentials: Utilization efficiencies in industrial sectors (Ministry of Ecology and Environment, China, 2023).
Africa:
Strengths: Participatory methods, innovation in rural schemes (AfDB, 2025).
Weaknesses: Low collection, dumping prevalence (IEA, 2025; UNEP, 2024).
Potentials: Standard harmonization via facilities (AfDB, 2024).
Europe:
Strengths: High rates, monitoring frameworks (EEA, 2024; Eurostat, 2024; Umweltbundesamt, 2024).
Weaknesses: Data quality issues in some metrics.
Potentials: Scalable demonstration plants.
USA:
Strengths: National strategies, tool suites (US EPA, 2024a).
Weaknesses: Lack of specific rate data.
Potentials: EPR expansion (Circular Action Alliance, 2024).

These comparisons indicate formal systems in Europe and US contrast informal in Africa and South America, with
Asia bridging through policies. This underscores economic potentials, as the global CE market is valued at $517.79
billion in 2025, projected to reach $2.20 trillion by 2034 at a 13.20% CAGR (The Business Research Company, 2025;
Zion Market Research, 2024).

Discussion

Short-term Action Spaces

The results indicate immediate opportunities for enhancing circular economy practices in waste management
through targeted interventions. Recycling rates differ across regions, with Europe’s Germany at 67.7% (EEA, 2024;
Umweltbundesamt, 2024), Asia’s average at 20-30% (OECD, 2022; Statista, 2023), South America’s 4-13.5% (OECD,
2022; UNEP, 2024), and Sub-Saharan Africa’s 4% (IEA, 2025; UNEP, 2024). These disparities highlight the need for
short-term actions to improve data collection and baseline establishment, addressing gaps in availability that hinder
evaluations in the Global South (SEI, 2025). For instance, South America’s Esenttia project processed 300 tons of
pyrolysis oil, creating 60 jobs (UN-Habitat, 2024), while Africa’s Tanzania schemes surveyed 131 households (Awinia,
2025). Such initiatives demonstrate potential for rapid scaling of waste diversion, aligning with SDG 12 on sustainable
consumption.

Gaps 1n social dimensions require immediate attention, as CE models often overlook inclusion in informal sectors
prevalent in Africa and South America (ACET, 2025; SEI, 2025). Short-term actions could involve stakeholder mapping,
as in Ghana’s e-waste case (ACET, 2025), to integrate informal workers, reducing trade-offs like occupational health
risks in e-waste handling (AfDB, 2025). Asia’s Sihanoukville pilot increased recycling from 4% to 14.65% (UN-Habitat,
2025a), showing education via workshops improves habits. Global companies should adjust strategies by partnering
with local entities to incorporate informal chains, mitigating barriers like high initial costs cited by 65% of businesses
(Bain, 2025).
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Digital tools offer short-term solutions for monitoring. Asia’s GEPP Sa-Ard platform enabled 30% residual waste
reduction (UN-Habitat, 2025a), while the US NREL suite models transitions (NREL, 2025). However, gaps in dynamic
Al systems for certification persist, particularly in developing regions (Precedence, 2025). Companies can deploy IoT for
traceability, adapting to low-data environments in Africa where uncontrolled dumping exceeds 80% (IEA, 2025; UNEP,
2024). This supports SDG 9 on industry innovation.

Regulatory fragmentation under the Basel Convention impedes short-term trade in recyclables (ICC, 2024). Europe’s
formal models, with 11.8% circular material use (Eurostat, 2024), can inform Africa’s harmonization efforts via ACEF
(AfDB, 2024). Cross-learning from Europe’s Plastics20lefins (Plastics20lefins, 2024) could accelerate Asia’s value-chain
optimizations. Adjustments for companies include investing in local compliance to navigate import/export procedures.

Medium-term System Transformations

Medium-term transformations necessitate system shifts toward integrated CE models, building on results like
Asia’s Dharavi ecosystem employing 10,000 workers (from results, verified as consistent with informal sector data).
Recycling targets, such as Chile’s 65% by 2040 (Ministry of Environment, Chile, 2021), indicate potential for regional
convergence. However, gaps in behavior change strategies limit adoption. Medium-term actions should focus on
behavioral interventions, as in Vietnam’s Binh Dinh where 60% of 13,000 households continued separation (UNDP,
2025), linking to SDG 4 on education.

Technological maturity varies, with Europe’s BaMFA addressing uncertainties (from results) and US CELAVI for
assessments (NREL, 2025). Gaps in blockchain for transparency (Precedence, 2025) suggest medium-term development
of digital passports, scalable from Asia’s platforms. Cross-learning: Africa’s ULL (Innella et al., 2024) can inform South
America’s participatory methods (SEI, 2025), enhancing innovation in informal sectors. Companies should adjust by
investing in hybrid technologies, combining Al sorting at 95% accuracy (Kesari, 2024) with local adaptations to reduce
infrastructure gaps.

Governance models show contrasts: Europe’s EU framework (Eurostat, 2024) versus Africa’s fragmentation (ACEN,
2024). Medium-term transformations could harmonize standards, as in recycled plastics (AfDB, 2024), supporting SDG
17 on partnerships. Trade-offs in e-waste, evident in Ghana (ACET, 2025), require balanced approaches to SDG 8 on
decent work. Global firms can facilitate by adopting PaaS models yielding 15-20% growth (BCG, 2025), tailoring to
Global South contexts.

Data depth differences, with formal sectors in Europe providing metrics (EEA, 2024) and informal in Africa leading
to gaps (IEA, 2025), call for medium-term MFA enhancements. Potentials include Europe’s 11.8% CMU informing
Asia’s 56% utilization (Ministry of Ecology and Environment, China, 2023). Adjustments involve companies supporting
data platforms to bridge gaps.

Long-term Strategies to 2050

Long-term strategies aim for systemic closure of the global circularity gap, declined from 9.1% in 2018 to 7.2% in 2023
(Circle Economy, 2024). By 2050, MSW forecast at 3.8 billion tonnes (IEA, 2025; UNEP, 2024) necessitates reductions,
aligning with SDG 11 on sustainable cities. Europe’s demonstration plants (Plastics20lefins, 2024) offer learning for
Africa’s zero landfill goals (DFFE, 2020), potentially halving consumption as in Germany’s strategy from 15 to 8 tons by
2045 (Clean Energy Wire, 2024).

Gaps in Global South perspectives require long-term inclusive models, integrating social justice to avoid inequalities
(Ashton, 2022). Cross-learning: US EPR in six states (Circular Action Alliance, 2024) can guide South America’s informal
integration (UN-Habitat, 2024), supporting SDG 10 on reduced inequalities. Companies should adjust strategies by
embedding just-transition clauses, as in Africa’s AfriCircular (AfDB, 2025).

Technological potentials include Al and robotics for sorting (Kesari, 2024), with market growth from 2.86 billion USD
in 2024 to 25.4 billion by 2034 at 24.4% CAGR (Precedence, 2025). Long-term, dynamic Al addresses certification gaps,
scalable from US NREL tools (NREL, 2025) to Asia’s IoT (UN-Habitat, 2025a). SDG 9 benefits from innovations like
Genoa’s supply chains (URBACT, 2024).

Regulatory evolution, including the EU Act 2025 (European Commission, 2025), can mitigate Basel fragmentation
(ICC, 2024). Long-term harmonization supports trade, with potential for SDG 13 on climate action via emission
reductions. Companies adjust by advocating mutual recognition of standards.

Synergies with SDGs 6, 7, 8, 12, 15 emerge, but e-waste trade-offs require safeguards (Schroeder et al., 2019). Long-
term, regions like Africa learn from Europe’s rates (Eurostat, 2024), while US infrastructure (US EPA, 2024a) informs
the Global South. Potentials include job creation in Esenttia (UN-Habitat, 2024) and Dharavi, fostering SDG 8.

Comparative results reveal significant regional differences in circular economy practices for waste management.
Global municipal solid waste generation reached 2.3 billion tonnes in 2023 and 1s projected to increase to 3.8 billion
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tonnes by 2050 (IEA, 2025; UNEP, 2024). Recycling performance varies widely, with Germany reaching 67.7% (EEA,
2024; Umweltbundesamt, 2024), while Sub-Saharan Africa averages 4% and South America ranges between 4—13.5%
(IEA, 2025; OECD, 2022; UNEP, 2024). Asia reports recycling rates of 20-30%, including Japan’s 19.5% (OECD, 2022;
Statista, 2023), while Europe’s circular material use rate reached 11.8% in 2023 (KEurostat, 2024).

Case studies illustrate the environmental and socioeconomic potential of circular initiatives. Examples include the
Esenttia chemical recycling initiative in Colombia, which produced 300 tons of pyrolysis oil and generated employment
(UN-Habitat, 2024); community-based circular systems in Tanzania (Awinia, 2025); Rwanda’s AfriCircular program
supporting SMEs (AfDB, 2025a); and the Dharavi recycling ecosystem in Asia employing thousands of workers.
Technological approaches supporting these initiatives include Material Flow Analysis (MFA), Life Cycle Assessment
(LCA), Bayesian MFA, and digital monitoring platforms such as CELAVI and GEPP Sa-Ard (Innella et al., 2024; NREL,
2025; UN-Habitat, 2025a). Governance and social inclusion mechanisms, such as the Pentahelix model and multi-
stakeholder platforms, play a key role in strengthening circular transitions (AfDB, 2024; UN-Habitat, 2025a).

The findings highlight the need for coordinated strategies to address regional disparities and accelerate waste
diversion, particularly given projected waste growth by 2050 (IEA, 2025; UNEP, 2024). Policy frameworks such as
Chile’s circular economy roadmap and South Africa’s zero-landfill strategy illustrate long-term planning efforts (DFFE,
2020; Ministry of Environment, Chile, 2021), while cross-regional learning and harmonized indicators, such as Europe’s
circular material use rate benchmark, can support global policy alignment (Eurostat, 2024; AfDB, 2024).

Stakeholder engagement is essential to scaling circular solutions. Corporations can integrate informal sectors and
deploy scalable analytical tools (NREL, 2025; UN-Habitat, 2025a), policymakers should strengthen extended producer
responsibility schemes and infrastructure investment (Circular Action Alliance, 2024; Eurostat, 2024), and the research
community should prioritize improved circularity metrics and hybrid assessment frameworks for the Global South
(ESPON, 2025; SEI, 2025).

Remaining challenges include limited data availability, particularly in Africa and South America, and insufficient
integration of informal sectors into monitoring systems (IEA, 2025; SEI, 2025; UNEP, 2024). Future research should
therefore focus on developing harmonized indicators, digital monitoring tools, and integrated assessment frameworks
capable of supporting circular economy transitions toward 2050 targets (Awinia, 2025; ESPON, 2025; DFFE, 2020;
Ministry of Environment, Chile, 2021).

Conclusions

This study highlights significant regional disparities in the implementation of circular economy (CE) strategies for
sustainable waste management. While Europe demonstrates high recycling performance and advanced monitoring
frameworks, regions such as South America and Sub-Saharan Africa still face low recycling rates, limited infrastructure,
and fragmented governance systems. At the global level, municipal solid waste generation reached 2.3 billion tonnes
in 2023 and 1s projected to increase to 3.8 billion tonnes by 2050, underscoring the urgency of accelerating circular
transitions.

The analysis shows that successful CE initiatives, such as chemical recycling systems, community-based waste
exchange programs, and digital monitoring platforms, can increase resource recovery, create employment opportunities,
and strengthen stakeholder collaboration when supported by integrated policies and technological innovation. However,
persistent barriers remain, including limited data availability, weak monitoring systems, and insufficient integration
of informal waste sectors, particularly in developing regions. Advancing circular waste management will require
coordinated policy frameworks, improved data systems, technological innovation, and inclusive governance models that
integrate social, environmental, and economic dimensions of sustainability.
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Footnotes

ACEF = Africa Circular Economy Facility; ACEN = African Circular Economy Network; ACET = African Centre
for Economic Transformation; AfDB = African Development Bank; AHP = Analytical Hierarchy Process; Al =
Artificial Intelligence; ASEAN = Association of Southeast Asian Nations; BaMFA = Bayesian Material Flow Analysis;
BEIOM = Bio-Based Circular Carbon Economy Environmentally Extended Input Output Model; CEC = Commaission
for Environmental Cooperation; CE = Circular Economy; CELAVI = Circular Economy Lifecycle Assessment and
Visualization; CEMAF = Circular Economy Maturity Framework; CMU = Circular Material Use Rate; DEA = Data
Envelopment Analysis; DFFE = Department of Forestry, Fisheries and the Environment; DSTI = Department of Science,
Technology and Innovation; EEA = European Environment Agency; EPA = Environmental Protection Agency; EPR =
Extended Producer Responsibility; ESCAP = Economic and Social Commission for Asia and the Pacific; EW-MFA =
Economy-Wide Material Flow Analysis; EXIOBASE = Environmentally Extended Input-Output Database; GEPP =
Green Economy Promotion Platform; IoT = Internet of Things; KPIs = Key Performance Indicators; LCA = Life Cycle
Assessment; LIBRA = Lithium-Ion Battery Resources Analysis; MCDA = Multi-Criteria Decision Analysis; MFA =
Material Flow Analysis; MSMEs = Micro, Small, and Medium-Sized Enterprises; MSW = Municipal Solid Waste; NREL
= National Renewable Energy Laboratory; NUTS = Nomenclature of Territorial Units for Statistics; PaaS = Product
as a Service; PV ICE = Photovoltaics in the Circular Economy; PVICE = Photovoltaics in the Circular Economy; SDG =
Sustainable Development Goal; SMART = Specific, Measurable, Achievable, Relevant, Time-bound; SMEs = Small and
Medium Enterprises; ULL = Urban Living Labs.

Supplementary material

Table S1. Overview of Variables and Sources

Value / Project Region / Credibilit Confidence
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Current United Nations Environment High (international N/A (point
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. Generation 2.3 billion tonnes Global Programme. (2024). Global waste organization, peer-  estimate; no CI
Generation 2025 . .
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