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ABSTRACT
Rapid urbanization has intensified pressure on waste management systems globally, exacerbating environmental 
degradation and resource inefficiency. This study evaluates the efficacy of smart waste management (SWM) sy-
stems in three megacities—Lisbon (Portugal), New Delhi (India), and Beijing (China)—representing diverse urban, 
economic, and regulatory contexts. Through a mixed-methods approach integrating life cycle assessment (LCA), 
cost-benefit analysis (CBA), and social survey data, we assess SWM technologies (IoT-enabled bin monitoring, AI-
driven route optimization, and decentralized recycling hubs) across environmental, economic, and social dimen-
sions. Results indicate that SWM reduces greenhouse gas emissions by 28–42% and operational costs by 15–30% 
compared to conventional systems. However, adoption barriers include high initial investment, digital literacy 
gaps, and fragmented governance. The study proposes a context-adaptive framework to scale SWM in urbanizing 
regions, emphasizing policy integration, community engagement, and technology co-design. These findings contri-
bute to advancing circular economy goals and sustainable urban development in the Global North and South.

Keywords: smart waste management; urbanization; circular economy; IoT; life cycle assessment; socio-economic impacts; 
megacities

1. Introduction

1.1 Urbanization and Waste Challenges
The global urban population is projected to reach 6.7 billion by 2050, with 90% of this growth 

occurring in Asia and Africa (UN-Habitat, 2022). This rapid urban expansion has led to a 70% increase in 
municipal solid waste (MSW) generation since 2000, with cities now producing over 2.0 billion tons annually
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—a figure expected to surge to 3.4 billion tons by 2050 (World Bank, 2020). Conventional waste management 
systems, reliant on centralized collection, landfilling, and incineration, struggle to cope with this volume, 
resulting in environmental degradation (e.g., 1.6 billion tons of CO₂eq emissions from MSW in 2016), public 
health risks (e.g., air and water pollution), and lost resource value (estimated at $80–120 billion annually in 
recoverable materials; Ellen MacArthur Foundation, 2021).

In megacities (urban agglomerations with ≥10 million inhabitants), these challenges are amplified. 
For example, New Delhi generates 11,000 tons of MSW daily, but only 60% is collected, with 30% dumped 
in informal sites (CPCB, 2021). Beijing, despite advanced infrastructure, faces rising e-waste volumes (1.2 
million tons in 2022) and limited recycling capacity (NDRC, 2023). Lisbon, a European leader in waste 
management, still grapples with contamination in recycling streams (35% of sorted waste is impure; APA, 
2022), highlighting that even “developed” systems have inefficiencies.

1.2 The Promise of Smart Waste Management
Smart waste management (SWM) emerged in the 2010s as a solution to these challenges, leveraging 

digital technologies to optimize collection, processing, and resource recovery (Gavriilidis et al., 2020). SWM 
integrates Internet of Things (IoT) sensors for real-time waste level monitoring, artificial intelligence (AI) 
for route optimization, blockchain for material traceability, and decentralized hubs for on-site recycling 
(Table 1). Proponents argue that SWM can reduce collection distances by 30–50%, lower fuel consumption 
by 20–40%, and increase recycling rates by 15–25% (Munafò et al., 2021).

Table 1: Key Components of Smart Waste Management Systems

Component Technology Function E n v i r o n m e n t a l 
Benefit

IoT - enabled bin 
monitoring

Ultrasonic sensors, 
GSM modules

Real - time waste level 
tracking; alerts for 
full bins

R e d u c e s  1 5 – 2 0 % 
o f  u n n e c e s s a r y 
collection trips

AI -  driven route 
optimization

M a c h i n e  l e a r n i n g 
a l g o r i t h m s 
( e . g . ,  D i j k s t ra’ s 
algorithm)

Optimizes collection 
routes based on 
t r a f f i c ,  b i n  f i l l 
levels

Lowers fuel  use by 
30–40%

Decentralized recy-
cling hubs

Sorting equipment , 
compactors

On - site separation 
o f  r e c y c l a b l e s ; 
r e d u c e s 
transportation to 
central facilities

Cuts emissions from 
l o n g  -  d i s t a n c e 
transport by 25–
30%

Blockchain trace-
ability

D i s t r i b u te d  l e d g e r 
technology

Tracks material flow 
from collection to 
recycling

Increases recycling 
transparency; re-
duces contamina-
tion by 10–15%
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However, SWM adoption remains uneven globally. While cities like Seoul and Singapore have 
achieved 70–80% recycling rates using SWM, many urbanizing regions face barriers such as limited digital 
infrastructure, funding constraints, and low community participation (Kollikkathara et al., 2022). This 
disparity raises critical questions: How do SWM systems perform across diverse urban contexts? What 
are the trade-offs between environmental gains, economic costs, and social acceptance? How can SWM be 
tailored to local needs in both high- and middle-income cities?

1.3 Research Objectives and Scope
This study addresses these gaps by analyzing SWM implementation in three megacities: Lisbon 

(Portugal), New Delhi (India), and Beijing (China). These cities were selected for their contrasting 
urbanization trajectories, governance models, and technological readiness (Table 2). Lisbon represents a 
European city with high regulatory stringency and moderate growth; New Delhi, a South Asian megacity 
with rapid expansion and informal waste sectors; and Beijing, an East Asian hub balancing economic growth 
with environmental targets.

Table 2: Characteristics of Study Sites

Characteristic Lisbon
 (Alvalade)

New Delhi 
(South Delhi)

Beijing
 (Haidian)

Population 78,000 1.1 million 3.4 million

Urban density 
(inhabitants/km²)

15,000 29,000 7,500

GDP per capita 
(2022 USD)

32,000 4,200 21,000

MSW generation 
(kg/capita/day)

1.2 0.6 1.8

Recycling rate
 (%)

45 18 38

Informal waste sector Negligible 20% of recyclables 5% of recyclables

SWM implementation 
year

2019 (IoT); 2021 (AI) 2021 (pilot IoT) 2020 (AI); 
2022 (e - waste hubs)

The research objectives are:
（1） To assess the environmental performance of SWM technologies (emissions, resource recovery) 

compared to conventional systems.
（2） To evaluate the economic viability of SWM, including costs, returns, and payback periods.
（3） To identify social factors influencing SWM adoption, such as public perception, digital literacy, 

and stakeholder collaboration.
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（4） To propose a context-adaptive framework for scaling SWM in urbanizing regions.
The study focuses on MSW (excluding hazardous waste) and analyzes three core SWM components: 

(1) IoT-enabled bin monitoring, (2) AI-driven collection routing, and (3) decentralized recycling hubs. This 
scope ensures a holistic assessment of SWM’s potential to advance circular economy goals (EC, 2020) and 
support Sustainable Development Goal 11 (sustainable cities and communities).

2. Materials and Methods

2.1 Study Sites
Fieldwork was conducted between March 2022 and February 2023 in three urban districts, each with 

a population of 500,000–1 million:
Lisbon (Alvalade District): A densely populated area (15,000 inhabitants/km²) with 95% waste 

collection coverage. The district piloted IoT bins (2019) and AI routing (2021) as part of Portugal’s “Smart 
Cities” initiative. Recycling rates average 45% (APA, 2022).

New Delhi (South Delhi Municipal Corporation): A mixed residential-commercial area with 60% 
collection coverage. Informal waste pickers (“ragpickers”) handle 20% of recyclables. A pilot SWM project 
(2021) introduced 50 IoT bins in middle-income neighborhoods.

Beijing (Haidian District): A tech hub with 100% collection coverage and 38% recycling rates. SWM 
includes AI routing (2020) and decentralized e-waste hubs (2022) under China’s “Zero-Waste City” 
program.

2.2 Data Collection
A mixed-methods approach was used, combining quantitative and qualitative data:

2.2.1 Environmental Data
Life Cycle Assessment (LCA): Conducted per ISO 14040-44 standards to compare SWM and 

conventional systems. Functional unit: “management of 1 ton of MSW from collection to final disposal.” 
Impact categories: global warming potential (GWP, kg CO₂eq), acidification (kg SO₂eq), and resource 
depletion (kg Cu eq).

Primary data: Waste composition (collected via 1,000 household surveys), energy use (from fleet 
telematics), and emissions (on-site measurements using portable gas analyzers).

Secondary data: Ecoinvent 3.8 database for background processes (e.g., electricity mix, transportation).

2.2.2 Economic Data
Cost-Benefit Analysis (CBA): Evaluated capital and operational costs (2022 USD) over a 10-year period.
Costs: IoT sensors (\(300–500/bin), AI software licenses (\)15,000–30,000/year), hub construction 

($100,000–500,000), labor, and maintenance.
Benefits: Fuel savings, reduced landfill fees, revenue from recycled materials, and avoided health costs 

(based on WHO air pollution valuation).

2.2.3 Social Data
Surveys: 3,000 households (1,000 per city) surveyed on SWM awareness, willingness to pay (WTP), 

and satisfaction.
Interviews: 50 stakeholders (municipal officials, waste operators, NGOs, and informal workers) to 

assess governance and implementation barriers.
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2.3 Data Analysis
Environmental: LCA results were analyzed using SimaPro 9.3. Statistical significance was tested via 

ANOVA (p < 0.05).
Economic: Net present value (NPV), internal rate of return (IRR), and payback period calculated at a 5% 

discount rate.
Social: Survey data analyzed via descriptive statistics (SPSS 28). Thematic analysis applied to interview 

transcripts (NVivo 12).

3. Results

3.1 Environmental Performance of SWM

3.1.1 Greenhouse Gas Emissions
SWM reduced GWP by 28–42% compared to conventional systems. Lisbon achieved the highest 

reduction (42%), driven by AI-optimized routes (30% fewer km traveled) and high recycling rates (45%). 
New Delhi’s 28% reduction was limited by lower collection efficiency of IoT bins (60% vs. 95% in Lisbon) 
and reliance on diesel trucks. Beijing’s 35% reduction stemmed from e-waste hubs diverting 1,200 tons/
year from landfills, avoiding methane emissions.

Key emission sources in conventional systems: landfills (45–55% of GWP), diesel collection trucks 
(25–30%), and incineration (15–20%). SWM mitigated these via:

30–40% lower fuel use (AI routing).
15–25% higher recycling (reducing incineration/landfilling).
5–10% lower energy for processing (decentralized hubs).

3.1.2 Resource Recovery
SWM increased material recovery by 18–32% (Table 3). Lisbon’s decentralized hubs achieved 32% 

higher plastic recycling due to real-time contamination alerts (IoT sensors). New Delhi’s SWM integrated 
informal pickers, improving paper/cardboard recovery from 12% to 28%. Beijing’s e-waste hubs recovered 
90% of precious metals (gold, silver) vs. 40% in conventional systems.

Table 3: Resource Recovery Rates (by Material) Under Conventional vs. SWM Systems

Material Lisbon New Delhi Beijing

Paper/Cardboard Conventional: 55%; 
SWM: 72%

Conventional: 12%; 
SWM: 28%

Conventional: 40%; 
SWM: 55%

Plastics Conventional: 30%; 
SWM: 45%

Conventional :  8%; 
SWM: 18%

Conventional: 25%; 
SWM: 38%

Glass Conventional: 60%; 
SWM: 75%

Conventional :  5%; 
SWM: 12%

Conventional: 35%; 
SWM: 48%

Metals Conventional: 45%; 
SWM: 60%

Conventional: 10%; 
SWM: 22%

Conventional: 40%; 
SWM: 90% 

(e - waste)
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3.1.3 Other Environmental Impacts
Acidification potential decreased by 22–35% (SWM reduced sulfur dioxide from diesel and 

incineration). Resource depletion (minerals, fossil fuels) fell by 15–28%, with Beijing showing the largest 
drop due to e-waste metal recovery.

3.2 Economic Viability

3.2.1 Costs and Savings
SWM had higher upfront costs but lower operational expenses. Lisbon’s SWM required \(2.1 million 

initial investment (IoT bins, AI software) but saved \)450,000/year (fuel, labor). New Delhi’s lower-cost 
SWM (\(800,000 initial) saved \)220,000/year by integrating informal labor. Beijing’s e-waste hubs had the 
highest NPV ($3.2 million over 10 years) due to revenue from precious metals.

Payback periods: Lisbon (4.2 years), Beijing (5.8 years), New Delhi (6.5 years). Conventional systems 
had negative NPVs in all cities due to rising landfill fees and fuel costs.

3.2.2 Stakeholder Costs
Municipalities: SWM reduced long-term liabilities (e.g., landfill closure costs) by $1.2–2.5 million/

decade.
Households: WTP for SWM averaged \(1.5–3.0/month (3–5% of monthly income), with higher values 

in Lisbon (\)3.0) vs. New Delhi ($1.5).

3.3 Social Dimensions

3.3.1 Public Acceptance
Lisbon had the highest SWM satisfaction (82%), driven by transparent data (public dashboards 

showing emissions saved). New Delhi’s satisfaction (58%) was limited by uneven service (IoT bins 
concentrated in middle-income areas). Beijing’s residents (75% satisfaction) valued e-waste hubs but 
expressed privacy concerns over IoT data.

3.3.2 Stakeholder Collaboration
Formal-informal integration: New Delhi’s SWM trained 200 ragpickers in sorting, increasing their daily 

income by 35% ($4–6/day).
Governance: Lisbon’s centralized authority (municipal waste department) enabled faster SWM rollout. 

Beijing’s “Zero-Waste” policy mandated inter-agency collaboration, reducing delays. New Delhi’s fragmented 
governance (3 municipal corporations) caused implementation gaps.

3.3.3 Barriers to Adoption
Digital literacy: 40% of New Delhi respondents struggled with IoT bin interfaces.
Cultural norms: 25% of Beijing households opposed e-waste hubs near residences (perceived 

“pollution”).
Funding: 60% of municipal officials cited “high upfront costs” as the top barrier.

4. Discussion

4.1 Environmental Trade-offs and Synergies
SWM’s 28–42% emission reduction aligns with global climate targets (IPCC, 2022) and exceeds 

previous estimates (e.g., 15–30% in European cities; Cucchiella et al., 2017). The higher reduction in Lisbon 
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reflects synergies between AI routing and high recycling rates—suggesting that SWM works best when 
technologies are integrated, not implemented in isolation.

Notably, New Delhi’s lower emission reduction (28%) highlights that SWM cannot fully offset structural 
challenges (e.g., poor collection infrastructure, diesel reliance). This aligns with Kollikkathara et al. (2022), 
who argue that SWM in low-income cities requires parallel investments in basic services.

Resource recovery gains (18–32%) demonstrate SWM’s role in circular economies. Lisbon’s plastic 
recycling success supports the “pollution prevention” hypothesis (Zorpas et al., 2020)—real-time data 
reduces contamination, making recycling economically viable.

4.2 Economic Contextualization
SWM’s positive NPV in all cities challenges the myth that “smart” technologies are unaffordable for 

developing cities. New Delhi’s 6.5-year payback period is comparable to Lisbon’s, thanks to low labor costs 
and informal sector integration. This contrasts with Munafò et al. (2021), who reported 8–10-year paybacks 
in Africa, suggesting that policy support (e.g., India’s 2022 SWM subsidies) accelerates returns.

Beijing’s e-waste hubs show that SWM can create new revenue streams (precious metals), not just 
reduce costs. This aligns with the “circular economy business model” (Ghisellini et al., 2016), where waste 
becomes a resource rather than a liability.

4.3 Social Equity Considerations
SWM’s impact on informal workers is a double-edged sword. New Delhi’s integration model increased 

incomes, but 30% of ragpickers feared automation (e.g., AI sorting) would replace their jobs. This echoes 
studies in Brazil (Gutberlet, 2020), emphasizing the need for “just transition” policies (e.g., reskilling 
programs).

Public acceptance varies with trust in institutions. Lisbon’s transparent data sharing (via apps) built 
trust, while New Delhi’s uneven service eroded it. This suggests that SWM must be paired with inclusive 
governance to avoid exacerbating urban inequalities (Aklin et al., 2021).

4.4 Policy Implications
The study identifies three policy levers for scaling SWM:
Financial incentives: Subsidies for initial investment (e.g., Beijing’s 30% grant for e-waste hubs) reduce 

payback periods.
Regulatory integration: Lisbon’s “polluter-pays” tax (€50/ton for non-recycled waste) drove industry 

adoption.
Social inclusion: New Delhi’s training programs for informal workers ensured SWM did not displace 

vulnerable groups.

5. Limitations and Future Research

5.1 Limitations
Temporal scope: 1-year data may not capture seasonal variations (e.g., festive waste peaks in Delhi).
Technological bias: Focus on IoT/AI may overlook low-tech innovations (e.g., community sorting).
Generalizability: Results from three cities may not apply to smaller urban centers or conflict zones.
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5.2 Future Research
Longitudinal studies: Assess SWM durability over 5–10 years (e.g., sensor maintenance costs).
Cross-sector analysis: Integrate SWM with energy systems (e.g., waste - to - energy) to maximize 

resource efficiency.
Equity-focused studies: Explore SWM’s impact on marginalized groups (e.g., slum dwellers in Delhi) 

using participatory action research.

6. A Context - Adaptive Framework for SWM Scaling
Based on the findings, we propose a three - tier framework to guide SWM implementation in diverse 

urban contexts. This framework emphasizes flexibility, stakeholder collaboration, and alignment with local 
capacities.

6.1 Tier 1: Foundation Building (Low - Resource Cities)
Cities with limited digital infrastructure and high informality (e.g., New Delhi) should prioritize:
Basic service upgrades: Improve collection coverage to ≥80% using low - cost GPS tracking (not full 

IoT) for trucks.
Informal sector integration: Formalize ragpicker networks via cooperatives, providing training in 

sorting and safety.
Policy incentives: Introduce small subsidies for household segregation (e.g., 50% reduction in waste 

fees for sorted waste).

6.2 Tier 2: Technological Integration (Transitional Cities)
Cities with moderate infrastructure (e.g., Beijing’s suburban districts) can adopt:
Targeted IoT deployment: Install sensors in high - waste areas (markets, malls) rather than universal 

coverage.
Public - private partnerships (PPPs): Engage tech firms to fund AI routing in exchange for data access 

(with privacy safeguards).
Decentralized hubs: Focus on high - value streams (e - waste, plastics) to ensure economic viability.

6.3 Tier 3: System Optimization (High - Resource Cities)
Cities with robust governance and digital readiness (e.g., Lisbon) can implement:
Full SWM integration: Connect IoT, AI, and blockchain for end - to - end traceability (e.g., Lisbon’s “Waste 

Passport” system).
Circular economy linkages: Partner with manufacturers to use recycled materials (e.g., Lisbon’s 

agreement with Coca - Cola for recycled plastic bottles).
Citizen science: Engage residents via apps to report contamination, rewarding participation with tax 

rebates.

7. Conclusion
This study provides the first comparative analysis of SWM systems across three megacities with 

divergent urbanization pathways. The results demonstrate that SWM consistently delivers environmental 
benefits (28–42% emission reductions, 18–32% higher resource recovery) and economic returns (positive 
NPV in all cities), but its success depends on context - specific implementation.
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Lisbon’s integrated approach (AI + IoT + high recycling) showcases SWM’s potential in high - resource 
settings, while New Delhi’s experience highlights the importance of informal sector inclusion in low - 
income cities. Beijing’s e - waste hubs illustrate how SWM can create new revenue streams, aligning with 
circular economy goals.

The proposed context - adaptive framework addresses the one - size - fits - all gap in current SWM 
literature, offering actionable steps for cities at different development stages. By prioritizing environmental 
sustainability, economic viability, and social equity, SWM can transform waste from a burden into a resource, 
supporting resilient urban development in the 21st century.

References
[1] Aklin, M., Bayer, P., & Harish, S. P. (2021). Trust and compliance: Experimental evidence from urban 

India. Journal of Development Economics, 150, 102558.
[2] Asian Development Bank (ADB). (2020). Waste management in Asia and the Pacific. Manila: ADB.
[3] Agência Portuguesa do Ambiente (APA). (2022). Relatório Anual de Resíduos Sólidos Municipais. 

Lisbon: APA.
[4] Central Pollution Control Board (CPCB). (2021). National inventory of municipal solid waste. New 

Delhi: Ministry of Environment, Forests and Climate Change.
[5] Cucchiella, F., D’Adamo, I., & Rosa, P. (2017). A systematic review of Life Cycle Assessment (LCA) on 

waste management. Waste Management, 60, 567–581.
[6] Ellen MacArthur Foundation. (2021). The new plastics economy: Rethinking the future of plastics. 

Cowes: Ellen MacArthur Foundation.
[7] European Commission (EC). (2020). Circular economy action plan. Brussels: EC.
[8] Gavriilidis, A., Tsagarakis, K. P., & Papadopoulos, A. I. (2020). A review of smart waste management 

systems: Technology, monitoring, and optimization. Waste Management, 117, 23–34.
[9] Ghisellini, P., Cialani, C., & Ulgiati, S. (2016). A review on circular economy: The expected transition to a 

balanced interplay of environmental and economic systems. Journal of Cleaner Production, 114, 11–32.
[10] Gutberlet, J. (2020). Informal waste pickers and the circular economy: Inclusion, exclusion, and 

empowerment in Brazil. Geoforum, 110, 101–109.
[11] Intergovernmental Panel on Climate Change (IPCC). (2022). Sixth assessment report. Geneva: IPCC.
[12] Kollikkathara, N. K., Brown, M. T., & Lam, S. S. (2022). Barriers to sustainable waste management in 

developing countries: A systematic review. Waste Management, 139, 190–204.
[13] Ministry of Ecology and Environment (MEE). (2023). Zero - Waste City pilot project evaluation 

report. Beijing: MEE.
[14] National Development and Reform Commission (NDRC). (2023). China’s e - waste management 

white paper. Beijing: NDRC.
[15] Munafò, M., Ioppolo, G., & Genovese, A. (2021). Smart waste collection systems: A review of 

technological solutions for sustainable urban development. Journal of Environmental Management, 
286, 112134.

[16] Organization for Economic Co - operation and Development (OECD). (2022). Urban waste 
management: Trends and policies. Paris: OECD.

[17] Singh, R., & Singh, S. (2020). Municipal solid waste management in India: Challenges and 
opportunities. Journal of Cleaner Production, 262, 121388.

[18] United Nations Human Settlements Programme (UN - Habitat). (2022). World cities report 2022: 



Smart Waste and Sustainable Systems | Volume 1 | Issue 1 | November 2025

10

Envisaging the future of cities. Nairobi: UN - Habitat.
[19] United Nations Environment Programme (UNEP). (2021). Waste management and the circular 

economy: A global assessment. Nairobi: UNEP.
[20] World Bank. (2020). What a waste 2.0: A global snapshot of solid waste management to 2050. 

Washington, DC: World Bank.
[21] World Health Organization (WHO). (2021). Air pollution and health. Geneva: WHO.
[22] Zorpas, A. A., Loch, C., & Voukkali, I. (2020). Circular economy and waste management: A review of 

EU policies. Journal of Environmental Management, 277, 111460.
[23] Addis, A., Cucchiella, F., & Rosa, P. (2018). Life cycle assessment of waste management strategies: A 

review. Waste Management, 76, 618–633.
[24] Bai, X., & Imura, H. (2020). Smart city policies and practices in Japan: A comparative case study of 

Tokyo and Yokohama. Cities, 98, 102612.
[25] Booth, A., & Skelton, T. (2019). The role of blockchain in waste management: A case study of plastic 

recycling. Resources, Conservation and Recycling, 149, 587–595.
[26] Chen, W., & Chen, G. Q. (2021). Material flow analysis of municipal solid waste in Beijing, China: 

2000–2020. Journal of Industrial Ecology, 25(3), 687–699.
[27] D’Adamo, I., & Rosa, P. (2020). Circular economy and smart cities: A systematic literature review. 

Sustainability, 12(11), 4487.
[28] De Feo, G., & De Gisi, S. (2014). A review of municipal solid waste composition and quantities in 

European cities. Waste Management, 34(11), 2210–2220.
[29] Ferreira, J., & Ferreiro, P. (2022). Smart waste management in Lisbon: A case study of the Alvalade 

district. Journal of Urban Technology, 29(3), 89–108.
[30] Gielen, D., Boshell, F., Saygin, D., et al. (2019). The role of renewable energy in the global energy 

transformation. Energy Strategy Reviews, 24, 38–50.
[31] Hao, X., & Liu, J. (2022). Public acceptance of smart waste management in China: A case study of 

Beijing. Journal of Cleaner Production, 362, 132365.
[32] Jain, S., & Sharma, A. (2021). Informal waste pickers in New Delhi: Challenges and opportunities. 

Habitat International, 115, 102394.
[33] Khan, S. A., & Ali, S. (2019). A review of IoT applications in waste management. Wireless Personal 

Communications, 108(4), 2439–2468.
[34] Lieder, M., & Rashid, A. (2016). Towards circular economy implementation: A comprehensive review 

in context of manufacturing industry. Journal of Cleaner Production, 115, 36–51.
[35] Liu, Y., & Li, J. (2020). AI - driven route optimization for waste collection: A case study in Beijing. 

Journal of Cleaner Production, 275, 122992.
[36] Mair, H., & Marti, I. (2006). Entrepreneurship in and around institutional voids: A case study from 

Bangladesh. Journal of Business Venturing, 21(5), 709–729.
[37] Nagar, A., & Gupta, S. (2022). Policy frameworks for smart waste management in India: A critical 

analysis. Policy Studies, 43(2), 189–208.
[38] Pires, A., & Martinho, G. (2019). Life cycle assessment of municipal solid waste management 

systems: A review of methodological choices and practical recommendations. Waste Management, 90, 
187–203.

[39] Rizwan, M., Ali, S., & Saleem, H. M. (2021). Blockchain technology for solid waste management: A 
review. Environmental Science and Pollution Research, 28(23), 30012–30028.



Smart Waste and Sustainable Systems | Volume 1 | Issue 1 | November 2025

11

[40] Sala, S., Ciuffo, B., & Nijkamp, P. (2015). A review of urban metabolism studies to policy and 
planning. Environmental Science & Policy, 54, 234–245.

[41] Schaffrin, A., & Scherer, L. (2019). Smart cities and the circular economy: A systematic literature 
review. Journal of Cleaner Production, 237, 117729.

[42] Silva, B., & Carvalho, M. (2020). Public participation in smart waste management: A case study of 
Lisbon. Technology in Society, 62, 101330.

[43] Tong, D., Zhang, Q., Zheng, Y., et al. (2019). Committed emissions from existing energy infrastructure 
jeopardize 1.5 °C climate target. Nature, 572(7769), 373–377.

[44] Wang, L., & Chen, W. (2022). Decentralized recycling hubs in Beijing: Economic and environmental 
performance. Resources, Conservation and Recycling, 184, 106328.

[45] Yenneti, K., Day, R., & Golubchikov, O. (2016). The ‘smart city’as a strategy for sustainable urban 
development: A case study of Delhi. Cities, 56, 23–31.

[46] Zhang, L., & Xu, X. (2021). Cost - benefit analysis of smart waste management systems in China: A 
case study of Beijing. Waste Management Research, 39(5), 507–517.


