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1. Introduction

Rapid urbanisation and economic development have significantly increased municipal solid waste (MSW)
generation in India to about 62 million tonnes (Mt) annually, with a projection of approximately 165 Mt by 2030
(Mandpe et al., 2022). A large portion is disposed of in open dumps and landfills, contributing to substantial
greenhouse gas (GHG) emissions, groundwater, and soil contamination (Sharma and Sinha, 2023). Integrated
waste management systems which incorporate circular economy principles, can mitigate these challenges by
recovering renewable energy and materials (Khandelwal et al., 2019). Technologies such as anaerobic digestion
(AD), composting, incineration, and recycling help recover resources and energy, reducing reliance on virgin
materials and minimizing environmental degradation (Cheela et al., 2021). As India advances toward national
goals such as Swachh Bharat Mission 2.0, robust analytical frameworks are needed to quantify waste flows and
support environment-friendly and climate-compatible planning. Life cycle assessment (LCA) is a widely used
method for quantifying environmental impacts across the MSW management system, supporting evidence-based
comparison of alternative practices. LCA not only quantifies environmental burdens but also identifies
improvements and expands perspective beyond current system boundaries (Sharma and Chandel, 2017). However,
its accuracy is constrained by data gaps and site-specific variations in waste characteristics, climate, and legislation
(Istrate et al., 2020). Material flow analysis (MFA) complements these limitations by quantifying waste inputs,
stocks, and outputs for each treatment pathway (Raj et al., 2024).

Despite extensive research on environmental impacts of MSW management across regions, a notable gap
persists in the comprehensive evaluation of the long-term environmental implications, considering the dynamics
of waste flows, composition changes, and technological transitions. The present study addresses these gaps by
developing an integrated MFA—LCA framework applied to representative Tier-1 Indian cities such as Ahmedabad,
Bengaluru, Chennai, Delhi, Hyderabad, Kolkata, Mumbai, and Pune. These cities are major metropolitan centers
characterized by high population densities, economic status, and significant MSW generation, presenting complex
waste management challenges. The novelty of the work lies in coupling city-specific MFA and LCA to model the
management of distinct MSW fractions, benchmarking alternative management scenarios against regional
priorities and national waste management goals. It quantifies, the environmental trade-offs and resource savings
per tonne of MSW that distinguish competing treatment pathways. Together, the framework provides a robust and
transparent decision-support basis for urban waste planning in India and comparable emerging-economy settings.
2. Methodology
The study employed a combined MFA and LCA to ensure consistency between the physical waste flows and the
environmental impact assessment. MFA was performed using STAN 2.7.101, while LCA followed ISO 14040 and
14044 standards and was implemented in SimaPro 10.2.0.1, an established for modelling complex waste systems
with high accuracy. The methodological framework consists of four steps.

(1) Goal and scope of study: The goal was to quantify the mass balance of MSW using MFA and evaluate and
compare environmental impacts of existing and proposed management systems using LCA for Tier-1 cities. The
system boundary encompasses the entire MSW management supply chain, including waste collection,
transportation, segregation, and treatment. It also accounts for material and energy inputs, by-product use, and
emissions into air and water. The functional unit (FU) was defined as the management of 1 tonne of MSW.
(2) Scenario description: Scenarios were developed based on current MSW management practices, the national
action plan (CPCB, 2015), and short- and long-term targets for Tier-1 cities for 2030 and 2050 (Brown, 2024).
Five scenarios (SC-0 to SC-4) were modelled as presented in Table 1.
(3) Life cycle inventory (LCI): LCI data for MSW treatment technologies were collected through a secondary data.
Background data for electricity, fuel, raw materials, and recovered resources were sourced from Ecoinvent v3.10,
prioritizing India-specific datasets when available.
(4) Life cycle impact assessment: Environmental impacts were calculated using the ReCiPe 2016 Midpoint (H)
method, covering global warming potential (GWP), particulate matter formation, acidification, freshwater and
marine eutrophication, human toxicity, freshwater and marine ecotoxicity, and fossil resource scarcity.
Table 1. Description of scenarios used for MFA and LCA
Scenario Name Description




SC-0 Business as usual scenario  Represents the current MSW management system without
mandatory waste segregation.

SC-1 Policy scenario Introduces mandatory food waste sorting. Landfilling has been
reduced significantly.
SC-2 Energy recovery scenario  Enhance incineration, anaerobic digestion, and sanitary landfill with
gas recovery with mandatory food and combustible waste sorting.
SC-3 Recycling and energy Focuses on improved recycling along with energy recovery options
recovery (incineration, AD, and landfill gas recovery).
SC-4 Bio circular economy Further increases recycling and biological treatment with energy

recovery, supported by mandatory waste segregation.

3. Results and discussion
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ecotoxicity, fossil resource scarcity, and human toxicity categories. As shown in Figure 1 the total GWP impacts
under SC-0 is 16277.11 kg CO,-eq/tonne, primarily due to the predominance of landfilling (16004.34 kg CO»-eq).
It reduces by 35% on average across Tier-1 cities in SC-1. SC-4 shows the net GHG emissions saving of around
437 kg COz-eq/tonne, mainly due to AD and the recycling process of MSW. Furthermore, improved recycling has
shown net benefits across different impact categories, contributing fossil resource savings of around 240 kg oil-eq
in SC-4. While the incineration process reduces dependency on landfills, it is associated with increased human
toxicity impacts.

4. Conclusions

This study presents a robust MFA-LCA framework for evaluating MSW management options in rapidly
urbanizing Indian cities, enabling transparent comparison of current practices and future treatment strategies. The
analysis shows that the existing waste management system remains environmentally intensive in terms of
groundwater contamination and GHG emissions, largely due to uncontrolled landfilling. Increasing source
segregation, expanding recycling, and enhancing biological treatment deliver the largest reductions in climate and
resource-related impacts. The scenario results highlights that bio circular economy scenario emphasizing recycling
and biological treatment over incineration for organic fractions, significantly mitigate environmental impacts.
These benefits were observed mainly due to the avoided fossil-based electricity production and the production of
energy-intensive virgin materials. Overall, the findings from this study provide a scalable, evidence-based
approach for municipalities, government authorities, and policymakers to design circular, low-impact MSW
management systems aligned with India’s long-term climate and resource goals.
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