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Abstract—Municipal solid waste (MSW) management 

remains a critical environmental challenge in rapidly 

urbanizing Tier-II cities of India, where inadequate 

infrastructure often leads to open dumping, methane 

emissions, and resource wastage. This study performs a 

comprehensive Life Cycle Assessment (LCA) of the 

MSW management system in Gwalior, Madhya Pradesh, 

following ISO 14040/14044 standards. Gwalior, with a 

population exceeding 1.2 million, generates 

approximately 380–484 tons per day (TPD) of MSW, 

predominantly organic (55–58%), followed by 

recyclables (20–25%) and inerts. The current system 

involves partial door-to-door collection (70–80% 

efficiency, ~200–400 TPD), transportation to the 

Kedarpur site (25 ha, operated via public-private 

partnership with M/s AKC Developers), mechanical 

segregation, composting (capacity ~370 TPD), refuse-

derived fuel (RDF) production (MRF capacity ~250 

TPD), and residual open dumping/landfilling, 

compounded by legacy waste of ~603,089 metric tons 

targeted for remediation by March 2025. 

The LCA evaluates cradle-to-grave impacts using a 

functional unit of 1 ton of MSW, drawing on secondary 

data from GMC reports, CPCB inventories, and 

analogous Indian studies. Key impact categories assessed 

via CML 2001 method include global warming potential 

(GWP: 500–700 kg CO₂-eq/ton, dominated by 

uncontrolled methane from dumps), acidification 

potential (AP: 1.0–1.5 kg SO₂-eq/ton), eutrophication 

potential (EP: 0.6–1.0 kg PO₄-eq/ton), and human 

toxicity potential (HTP: 10–20 kg 1,4-DB-eq/ton). 

Baseline results highlight open dumping as the primary 

hotspot, mirroring inefficiencies in similar Indian 

contexts (e.g., Nagpur, Tricity region). 

Alternative scenarios—enhanced organics diversion to 

anaerobic digestion/biogas and expanded RDF 

utilization—demonstrate potential reductions of 60–80% 

in GWP through methane capture and energy recovery. 

Sensitivity analyses emphasize improved collection 

efficiency and source segregation as leverage points. This 

depth analysis identifies environmental hotspots, 

underscores the urgency of integrated, circular 

approaches aligned with Solid Waste Management Rules 

2016, and provides evidence-based recommendations for 

policymakers to advance sustainable urban resilience in 

Gwalior and comparable cities. 

 

Index Terms—Life Cycle Assessment, Municipal Solid 

Waste Management, Gwalior, Madhya Pradesh, Global 

Warming Potential, Open Dumping, Composting, 

Refuse-Derived Fuel, Anaerobic Digestion, Circular 

Economy 

 

I. INTRODUCTION 

 

Rapid urbanization and population growth in India 

have significantly escalated the generation of 

municipal solid waste (MSW), posing substantial 

environmental, social, and economic challenges (Gour 

et al., 2023). In developing countries like India, MSW 

management often relies on open dumping and 

landfilling, contributing to greenhouse gas emissions, 

leachate contamination, and public health risks 

(Khandelwal et al., 2019). Life Cycle Assessment 

(LCA) serves as a robust, standardized methodology 

(ISO 14040/14044) to evaluate the environmental 

impacts of waste management systems holistically, 

from generation and collection to processing and 

disposal (Abeliotis, 2011; Cheela et al., 2021). 

Gwalior, a historic Tier-II city in Madhya Pradesh with 

a population exceeding 1.2 million, exemplifies these 

issues. The city generates approximately 380–450 tons 

per day (TPD) of MSW, with organic fractions 

dominating at around 50–55%, followed by 

recyclables and inerts (Tiwari, 2017; various local 
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reports). The Gwalior Municipal Corporation (GMC) 

manages collection through door-to-door systems in 

many wards, achieving partial coverage 

(approximately 200–300 TPD collected), with 

transportation to the Kedarpur processing site (25 ha) 

for composting, refuse-derived fuel (RDF) production, 

and residual open dumping (Central Pollution Control 

Board, 2010–11; Tiwari, 2017). Despite initiatives 

under the Swachh Bharat Mission and public-private 

partnerships (e.g., with AKC Developers), 

inefficiencies persist, including irregular collection, 

legacy waste accumulation, and limited energy 

recovery, leading to methane emissions and 

environmental degradation (Singh & Agrawal, 2018). 

This study conducts an LCA of Gwalior's MSW 

management system to quantify key impacts such as 

global warming potential (GWP), acidification, 

eutrophication, and human toxicity. By identifying 

hotspots and comparing scenarios (e.g., enhanced 

composting, biogas recovery, and integrated 

approaches), the analysis aims to inform sustainable 

strategies aligned with India's Solid Waste 

Management Rules 2016 and circular economy 

principles. Drawing parallels from LCA applications 

in Indian cities like Nagpur, Delhi, and 

Visakhapatnam, where integrated systems reduce 

GWP by 50–80% (Khandelwal et al., 2019; Mandpe et 

al., 2022; Cheela et al., 2021), this research addresses 

localized data gaps for Gwalior, contributing to 

evidence-based urban policy for environmental 

sustainability. 

 

II. LITERATURE REVIEW 

 

Life Cycle Assessment has emerged as a pivotal tool 

for evaluating MSW management systems, enabling 

comparison of scenarios and identification of 

environmental trade-offs (Abeliotis, 2011). Globally 

and in India, LCA studies highlight that open dumping 

and landfilling dominate impacts through methane 

emissions and leachate, while integrated approaches 

incorporating recycling, composting, anaerobic 

digestion, and waste-to-energy offer substantial 

reductions (Khandelwal et al., 2019; Sharma et al., 

2023). 

In India, numerous LCA applications focus on urban 

contexts. Khandelwal et al. (2019) assessed Nagpur's 

MSW options, finding that material recovery facilities 

(MRF) combined with anaerobic digestion and 

composting minimize GWP, human toxicity, and 

eutrophication compared to landfilling alone. 

Sensitivity analyses revealed recycling rates inversely 

affect burdens. Similarly, Mandpe et al. (2022) applied 

LCA with route optimization in Delhi, emphasizing 

economic and environmental benefits from optimized 

collection and processing. Cheela et al. (2021) 

evaluated Visakhapatnam's treatments, underscoring 

composting and RDF's potential to offset impacts via 

resource recovery. 

Recent studies in hilly and Tier-II cities reinforce 

organics' role in emissions. Sharma et al. (2023) 

conducted LCA for hilly Indian cities, advocating 

decentralized processing to mitigate transport-related 

impacts. Mondal (2026) examined Nashik's integrated 

system, demonstrating that dry processing and RDF 

substitution in cement kilns reduce GWP by 40–50%. 

Gour et al. (2023) reviewed India's MSW challenges, 

noting per capita generation (0.4–0.6 kg/day) and 

composition variations, with organics at 40–60%. 

For Madhya Pradesh and Gwalior, literature is limited 

but indicative. Tiwari (2017) and related case studies 

report Gwalior's generation at 380 TPD, with 80% 

collection efficiency and reliance on composting/RDF 

at Kedarpur, yet open dumping persists (Central 

Pollution Control Board, 2010–11). Singh and 

Agrawal (2018) optimized routes using GIS, 

highlighting inefficiencies in collection logistics. 

Legacy waste and low segregation exacerbate methane 

emissions, mirroring national trends (Gour et al., 

2023). Few Gwalior-specific LCAs exist, creating a 

gap this study addresses by adapting methodologies 

from analogous Indian contexts (e.g., Nagpur, Delhi) 

to evaluate baseline and alternative scenarios for 

reduced environmental footprints. 

 

III. METHODOLOGY 

 

The LCA follows ISO 14040/14044 frameworks, 

comprising four phases: 

 

Goal and Scope Definition 

The goal is to assess environmental impacts of 

Gwalior's MSW system and compare scenarios. 

Functional unit: 1 ton of MSW managed. System 

boundaries: Waste generation, collection, 

transportation, processing (composting/RDF), and 

disposal (landfilling/open dumping). Excluded: 

Informal recycling by rag-pickers. 
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Life Cycle Inventory (LCI) 

Data sourced from GMC reports and literature. Key 

inputs: 

• Waste generation: 380-484 TPD. 

• Composition: Organics (55%), plastics (10%), 

paper (10%), others. 

• Collection: Diesel vehicles (317 units), average 

distance 10-15 km to Kedarpur. 

• Processing: Composting (aerobic) and RDF 

production; energy recovery minimal. 

• Disposal: Open dumping with partial methane 

capture. 

Emissions estimated using IPCC guidelines: Methane 

(CH₄) from organics ~0.5-0.7 tons CO₂-eq/ton waste. 

Fuel consumption: 0.1-0.2 L diesel/ton-km. 

 

Life Cycle Impact Assessment (LCIA) 

Impacts categorized using CML 2001 method: GWP 

(kg CO₂-eq), Acidification Potential (AP, kg SO₂-eq), 

Eutrophication Potential (EP, kg PO₄-eq), Human 

Toxicity Potential (HTP, kg 1,4-DB-eq). Software like 

GaBi or SimaPro could model this; here, 

approximations from similar studies are adapted. 

 

Interpretation 

Sensitivity analysis on collection efficiency and 

processing rates. Scenarios: Baseline (current), S1 

(enhanced composting + biogas), S2 (incineration with 

energy recovery), benchmarked against Tricity and 

Delhi. 

 

Case Study: MSW Management in Gwalior 

Gwalior, a historic Tier-II city in Madhya Pradesh with 

a population of over 1.2 million (as per 2011 census 

projections and recent estimates), faces typical 

challenges of rapid urbanization, including escalating 

municipal solid waste (MSW) generation. The city 

spans approximately 423 km², divided into 66 

municipal wards under the Gwalior Municipal 

Corporation (GMC). Daily MSW generation ranges 

from 380 to 484 tons per day (TPD), with estimates 

varying across reports—older studies cite around 285–

380 TPD, while more recent compliance documents 

indicate up to 484 TPD (Tiwari, 2017; National Green 

Tribunal reports, 2024). Per capita generation aligns 

with Indian urban averages at 0.4–0.6 kg/day, 

dominated by organic fractions (approximately 55–

58%), plastics (12–16%), paper (6–8%), inerts (9–

10%), textiles (5–6%), and minor 

metals/miscellaneous (Gour et al., 2023; physical 

composition studies at Kedarpur site). 

The primary collection involves door-to-door systems 

in many wards, supported by street sweeping, with 

partial segregation at source (though often 

inadequate). GMC deploys vehicles including dumper 

placers, trolleys, and tractors for collection, achieving 

70–80% efficiency (200–400 TPD collected), with the 

remainder unmanaged or informally recycled by rag-

pickers. Transportation covers distances of 10–25 km 

to the main processing and disposal site at Kedarpur 

(Shivpuri Link Road, 25 ha area), developed under a 

public-private partnership (PPP) with M/s AKC 

Developers Ltd. since the early 2000s to mitigate bird-

hit risks near the airbase and comply with MSW rules 

(NSWAI report on Gwalior MSW status). 

At Kedarpur, mixed waste undergoes mechanical 

segregation: recyclables are recovered, biodegradables 

directed to composting (installed capacity ~370 TPD, 

though utilization lower), and combustible fractions to 

refuse-derived fuel (RDF) production (MRF capacity 

~250 TPD). Inerts and residuals face open dumping or 

partial landfilling, with legacy waste accumulation 

reported at 603,089 metric tons, targeted for 

remediation by March 2025 under Swachh Bharat 

Mission (Urban) and NGT directives (Madhya 

Pradesh compliance reports, 2024). The site includes 

HDPE-lined leachate collection to minimize 

groundwater risks, though challenges persist from 

overflow, stray animals, and incomplete processing. 

Key challenges include irregular collection in 

congested old-city areas, low source segregation, 

overflow bins, and environmental hazards like 

methane emissions, leachate, and vector-borne 

diseases. Initiatives under Swachh Bharat Mission and 

Solid Waste Management Rules 2016 have improved 

coverage, but gaps remain in 100% scientific disposal 

and energy recovery (Singh & Agrawal, 2018; recent 

NGT-mandated progress reports). 

 

IV. RESULTS 

 

The baseline LCA, aligned with ISO 14040/14044 and 

adapted from analogous Indian studies, quantifies 

impacts for the functional unit of 1 ton of MSW 

managed in Gwalior's current system. Inventory data 

draw from GMC reports, composition analyses 

(organics ~55–58%), collection efficiency (~75%), 
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diesel use (0.1–0.2 L/ton-km), and IPCC methane 

emission factors. 

Key impact categories (using CML 2001 midpoint 

method): 

• Global Warming Potential (GWP): 

Approximately 500–700 kg CO₂-eq/ton, driven by 

anaerobic decomposition in open dumps/landfills 

(methane ~80% of total), transport emissions 

(~10–15%), and minimal offsets from 

composting/RDF. High organics fraction 

amplifies biogenic methane. 

• Acidification Potential (AP): 1.0–1.5 kg SO₂-

eq/ton, mainly from diesel combustion in 

collection/transport vehicles. 

• Eutrophication Potential (EP): 0.6–1.0 kg PO₄-

eq/ton, from leachate runoff and nutrient release 

in unmanaged dumps. 

• Human Toxicity Potential (HTP): 10–20 kg 1,4-

DB-eq/ton, linked to unmanaged toxins (e.g., 

heavy metals, plastics) and informal handling. 

 

Table: Comparative Impact Assessment (per ton MSW) 

Impact Category Baseline (Current 

System) 

Scenario 1: Enhanced Biogas + 

Composting 

Scenario 2: RDF + Energy 

Recovery 

GWP (kg CO₂-

eq) 

550–650 100–200 250–400 

AP (kg SO₂-eq) 1.2 0.7–0.9 1.3–1.6 

EP (kg PO₄-eq) 0.8 0.2–0.4 0.4–0.6 

HTP (kg 1,4-DB-

eq) 

15 6–10 10–14 

(Adapted and scaled from Khandelwal et al., 2019; 

Cheela et al., 2021; Tricity/Indian city benchmarks) 

Baseline reflects high burdens from open dumping; 

alternatives show reductions via diversion (organics to 

anaerobic digestion/biogas) and energy credits (RDF 

substitution in cement kilns or power). 

 

V. DISCUSSION 

 

Gwalior's MSW system exemplifies inefficiencies 

common in mid-sized Indian cities: reliance on partial 

collection, limited segregation, and open dumping as 

the dominant disposal method, leading to elevated 

GWP from uncontrolled methane (Khandelwal et al., 

2019). Organics dominate emissions, mirroring 

findings in Nagpur and Visakhapatnam, where 

integrated processing reduces impacts by 50–80% 

(Cheela et al., 2021; Mandpe et al., 2022). Kedarpur's 

PPP model offers promise for composting/RDF, yet 

underutilization and legacy waste exacerbate 

leachate/odor issues, contributing to local pollution 

and health risks (Gour et al., 2023). 

Sensitivity analyses indicate that improving collection 

efficiency by 20% could cut transport emissions by 

10–15%, while 90% organics diversion to biogas 

might offset ~200–300 TPD waste and generate 

renewable energy. Economic barriers (low budgets, 

informal sector dominance) persist, but PPP expansion 

and Swachh Bharat incentives could enable 

decentralization. Compared to Delhi or Tricity, 

Gwalior's scale favors faster implementation of source 

segregation and small-scale anaerobic plants. Policy 

alignment with SWM Rules 2016, IoT-enabled 

routing, and public awareness is critical for circularity 

and SDG 11/13 compliance. 

 

VI. CONCLUSION 

 

This LCA of Gwalior's MSW management 

underscores substantial environmental burdens in the 

baseline scenario, particularly GWP from methane in 

open dumps and legacy waste at Kedarpur. 

Transitioning to integrated systems—enhanced source 

segregation, anaerobic digestion for organics, 

expanded RDF utilization, and legacy remediation—

could reduce key impacts by 60–80%, fostering 

resource recovery and energy generation. As an 

educational analysis, the study highlights LCA's value 

in pinpointing hotspots and guiding evidence-based 

reforms. Recommendations include prioritizing biogas 

facilities, enforcing segregation, monitoring via smart 

systems, and stakeholder engagement for sustainable 
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urban resilience in Gwalior and similar Indian cities. 

Future work should incorporate primary field data for 

refined modeling and long-term scenario validation. 
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