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The present study highlights the dual benefits of landfill gas utilization: mitigating greenhouse gas emissions and generating renewable energy. Municipal waste, containing a large proportion of organic matter, is dumped into Solid Waste Disposal Sites (SWDS), which, after anaerobic decomposition, releases methane (CH4). This study aims to assess the methane emissions from the SWDS of Chandigarh, India, and evaluate the potential for electricity generation from captured landfill gas. Waste samples were obtained using the quartile method and examined for proximate and ultimate analysis. The inventory and estimation of CH4 generation were done using the International Panel on Climate Change (IPCC) methodology, including the potential of electricity generation from the CH4 generated. It has been observed that Chandigarh generates around 350 tons per day (TPD) of waste, with organic material constituting over 50% on average. The estimated amount of municipal waste with observed composition led to the generation of 0.34 Gg/yr of CH4. Depending on the efficiency of the gas energy system, 0.27 MW to 0.77 MW of electric power can be produced in Chandigarh. The study also provides a broader context for solid waste management in India. Analysis of national data revealed that India generates about 160,038.9 TPD of solid waste, with only about half (79,956.3 TPD) being treated. The country has 3,184 existing dumpsites, with significant variations across states. As per the present analysis, when extrapolated to a national scale, India could potentially generate 5,167 MW to 14,355 MW of power from all its SWDS, resulting in annual financial gains of 4.7 to 13 billion USD. These findings underscore the importance of implementing integrated waste management strategies that prioritize waste reduction, efficient treatment, and energy recovery from landfill gas.
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Highlights

• 350 TPD of MSW is dumped into Chandigarh landfill, having 44.6% of organic matter.

• Estimation shows that Chandigarh municipal landfill emits 0.34 Gg/yr of methane.

• 0.27–0.77 MW of electric power can be generated from the Chandigarh landfill.

• The city can attain $ 0.15 million of financial gains from the decomposition of waste.

• India could have $ 13 billion of economic gain by utilizing CH4 for energy generation.



1 Introduction

Several anthropogenic activities have contributed to the increasing atmospheric concentration of greenhouse gases (GHGs), exacerbating global warming concerns (Powell et al., 2016). Gases like methane (CH4) and carbon dioxide (CO2), emitted during the anaerobic degradation of Municipal Solid Waste (MSW) in landfills, have also been reported to play a significant contribution to global warming (Ravindra et al., 2015). Nationwide, India's landfill methane emissions are estimated at 1.25–1.68 Tg/year (Mor et al., 2006). Municipal solid waste landfills are a major source of greenhouse gas emissions, particularly methane. Heavy metal concentrations in groundwater near landfills can also pose health risks from long-term exposure (Kaur et al., 2022). A study of the Gazipur landfill in Delhi estimated methane emissions of 15.3 Gg/year, which accounts for about 1%−3% of India's landfill methane emissions (Mor et al., 2006). Various gases released during the decomposition of the municipal waste, which may deteriorate the environmental conditions, are described in Table 1. As shown in Table 1, landfill fuel gas (LFG) comprises mainly CH4 and CO2 followed by N2, O2, sulfides, and [image: image]-N, in the same order. Furthermore, Leachate from landfills can significantly impact groundwater quality in surrounding areas and the Leachate Pollution Index (LPI) has been used to quantify pollution levels from landfill leachate in India (Mor et al., 2018). A study of three landfill sites in northern India found elevated levels of ammoniacal nitrogen, chemical oxygen demand, and chloride in groundwater samples within 1 km of the landfills (Negi et al., 2020). LFG contains trace amounts of other gases such as hydrogen (H2), carbon monoxide (CO), and disulfides (Mor et al., 2006; Lee et al., 2017). Municipal solid waste landfills harbor distinct microbiomes, which play a critical role in decomposing waste materials (Stamps et al., 2016). The United States Environmental Protection Agency (USEPA, 2001) has reported that methane emissions from Solid Waste Disposal Sites (SWDS), ranging from 19–40 Tg/year, contribute to 3–19% of the net global annual CH4 emissions.


TABLE 1 Composition of municipal landfill gases*.

[image: Table 1]

The decomposition of waste in SWDS follows four major phases: initial, transition, acidification, and methanogenesis, as illustrated in Figure 1. As described in the figure, methane is generally produced during the anaerobic decomposition occurring in the last three phases of municipal waste decomposition. LFG emitted from SWDS can be influenced by the duration of the anaerobic transition phase. Moreover, the composition of the municipal waste, i.e., the amount of organic matter, largely influences the quantity of CH4 released from the SWDS. The CH4 emitted from SWDS can be collected and used as fuel. However, in developing nations, it is generally released into the atmosphere and contributes to regional warming. With a global warming potential 21 times higher than carbon dioxide (CO2), Methane gas is capable of increasing the regional atmospheric temperature significantly and hence leading to variations in local climate (IPCC, 2011; Du et al., 2017; Breitenmoser et al., 2019). Activated carbon derived from MSW shows significant potential for CO2 uptake, offering a sustainable solution for waste management and carbon capture (Dissanayake et al., 2020). Effective solid waste management is crucial for maintaining environmental quality and public health in urban areas (Arti et al., 2013; Al-Sabbagh et al., 2023).


[image: Figure 1]
FIGURE 1
 Description of methane generation process in SWDS (Source: Tchobanoglous et al., 1993).


In developing countries, LFG release is a persistent environmental issue (Krause et al., 2016; Powell et al., 2016; Nabavi-Pelesaraei et al., 2017). Limited resources necessitate environmentally sound waste management techniques. Sustainable waste management, incorporating the 3Rs (reduce, recycle, reuse), is crucial for improving urban living standards (Wang and Geng, 2015; Ngwabie et al., 2019). LFG can be utilized for electricity production, mitigating global warming impacts. However, delays in implementing sustainable MSW practices in countries like India result in large-scale waste accumulation and economic losses from electricity imports (Mohan and Bindhu, 2008).

Leachate from landfills can significantly impact groundwater quality in surrounding areas. A study of three landfill sites in northern India found elevated levels of ammoniacal nitrogen (up to 9.8 mg/L), chemical oxygen demand (up to 128 mg/L), and chloride (up to 115 mg/L) in groundwater samples within 1 km of the landfills (Negi et al., 2020). Recently, authorities in India have established stringent policies to implement the waste-to-energy concept. For instance, authorities have increased their investment in energy sectors such as hydro and solar projects to 350 million USD (Ebinger and Potvin, 2016; MOSPI, 2017). Under the new National Energy Policy of 2017, authorities have provided access to free energy to the marginalized community, and for this purpose, authorities are seeking other resources for electricity generation (MoP, 2017). Furthermore, in line with the 2030 Agenda for Sustainable Development (United Nations, 2015), the Indian government has invested in developing alternative energy sources, such as solar, wind, and LFG. These efforts aim to ensure the availability of renewable, sustainable, and environmentally friendly energy for all (MoEFCC, 2015). SWDS, located in India, contributes to 6% of the global methane emissions, which is twice the average contribution from a single country.

Incineration of municipal waste in New Delhi, India, generates approximately 16 MT of CO2 per annum, and it is expected to touch 20 MT per annum by 2020 (Annepu, 2012; Ghosh et al., 2019). Compost derived from municipal solid wastes can be a valuable source of biochar for CO2 capture, contributing to both waste management and climate change mitigation (Basso et al., 2020). However, the lack of data on the generation and collection of MSW in the SWDS of developing countries makes it difficult to ascertain the number of methane emissions (Mor et al., 2006). Therefore, to predict the emissions of GHGs from the SWDS of developing nations, it is crucial to ascertain the characterization and quantity of municipal waste dumped into the SWDS. There are several municipal landfill sites in India, and their composition depends on the consumption behavior of the regional community (Shashidhar and Kumar, 2011; Gollapalli and Kota, 2018).

Several approaches have been developed to address the issue of LFG emissions, such as “LFG capture and utilization,” which involves collecting LFG and using it as a fuel source for electricity generation. The benefits of this method are that it Reduces GHG emissions and generates renewable energy. However, it requires significant infrastructure investment and may not capture all emissions (Themelis and Ulloa, 2007; Rasi et al., 2011). Another method is “Waste reduction and recycling,” minimizing organic waste in landfills through composting and recycling programs (Bogner et al., 2008; Manfredi et al., 2009). It Reduces overall emissions and conserves resources. However, it requires behavioral changes and may be challenging to implement widely. The “Landfill cover systems” methods include implementing engineered covers to oxidize methane (Scheutz et al., 2009; Abichou et al., 2015). “Biofiltration” Using microbial processes to convert methane to CO2 is highly effective. However, it requires careful design and management and may not be suitable for all climates (Gebert and Groengroeft, 2006; Huber-Humer et al., 2008).

While the abive approaches have shown promise, challenges remain in developing countries due to limited resources, lack of data, and implementation difficulties. This study proposes a comprehensive approach that combines waste characterization, methane emission estimation, and potential energy recovery assessment, specifically tailored for developing nations like India. The method proposed in this study differs from previous approaches by focusing on regional waste composition analysis to improve emission estimates, utilizing a first-order decay (FOD) model adapted to local conditions, and assessing the economic potential of methane-based electricity generation in the context of developing nations.

Given the importance of estimating methane generation from national SWDS, evaluating the composition of regional SWDS is crucial. Hence, this study aims to assess the methane (CH4) emissions from the SWDS of Chandigarh, India. To achieve this objective, MSW was characterized at the dumpsite, and a first-order decay model (FOD) was employed to estimate the CH4 production potential of Chandigarh's SWDS. Furthermore, this study will highlight the significance of the waste-to-energy concept in developing nations by illustrating the potential financial gains realized from methane gas-based electricity generation. Ultimately, the findings will contribute to sustainable waste management practices and support India's efforts toward achieving its renewable energy targets. By 2030 and 2050, global GHG emissions from uncontrolled waste disposal systems are predicted to rise to 64% and 76% respectively (Mor and Ravindra, 2023).

By combining site-specific waste characterization, methane emission estimation using the IPCC first-order decay model, and assessment of electricity generation potential, this study provides a holistic framework that is both scientifically robust and practically applicable. The importance of this design lies in its ability to; (a) Accurately estimate methane emissions based on local waste composition and conditions, improving upon generic models. (b) Quantify the environmental impact of SWDS in terms of greenhouse gas emissions. (c) Evaluate the economic potential of landfill gas utilization for electricity generation. (d) Provide actionable insights for policymakers and waste management practitioners to implement sustainable waste management practices and mitigate climate change impacts. This procedure will not only mitigate the global warming impacts of the methane gas released from landfills but also provide an opportunity for implying the waste-to-energy concept.

Therefore, in this study, efforts were also made to determine the amount of electric energy that can be produced by combusting the LFG in different types of energy systems available. The findings will contribute to sustainable waste management practices and support India's efforts toward achieving its renewable energy targets, aligning with the 2030 Agenda for Sustainable Development, India's National Energy Policy of 2017 (MoP, 2017). This approach bridges the gap between environmental assessment and economic feasibility, offering a valuable tool for decision-making in waste management and renewable energy planning, particularly in the context of developing nations like India.



2 Materials and methods


2.1 City profile

Chandigarh, a union territory and planned city in northern India, encompasses an area of 114 km2. According to the 2011 census, the city's population stood at 1.05 million, exhibiting a 17.10% growth over the preceding decade. The solid waste disposal site (SWDS) serving Chandigarh is situated in Dadumajra, a locality on the city's periphery. This facility, which has been operational for 29 years, is now considered outdated and inadequate for the city's current needs.

A critical deficiency of the Dadumajra SWDS is its lack of landfill gas (LFG) collection infrastructure. Consequently, methane, a potent greenhouse gas with a global warming potential 28–36 times that of carbon dioxide over a 100-year period, is continuously emitted into the atmosphere. This not only contributes to climate change but also poses significant environmental and health risks to the surrounding areas.

The site's suboptimal management has led to frequent fire incidents, likely due to the buildup of methane and other combustible gases within the waste mass. These fires exacerbate air pollution and pose potential health hazards to nearby communities. Furthermore, the pervasive malodorous emissions from the landfill have severely compromised the quality of life for residents in the vicinity, raising concerns about long-term health implications and environmental justice issues.



2.2 Characterization of municipal solid waste

MSW samples were collected from Dadumajra's, SWDS, Chandigarh. The sampling was done systematically using the quartile method to ensure representativeness. This method involved dividing the collected waste into parts and selecting samples from each part. After collection, the samples were segregated to determine their physical composition. The collected samples were transferred to the laboratory for preparation and subsequent analysis; the preparation involved drying the samples at 75°C to remove moisture content. Once dried, the samples were cut into smaller pieces and sieved through a 2 mm sieve to ensure uniform particle size for chemical analysis. Proximate analysis was performed to determine the volatile matter and ash content using furnace ignition, adhering to ASTM 02947 standards. Ultimate analysis, which included determining the elemental composition such as Carbon (C), Hydrogen (H), and Nitrogen (N), was conducted using an Organic Elemental Analyzer Flash 2000 following ASTM methods. The data obtained from proximate and ultimate analysis were further statistically analyzed using the Statistical Package for Social Sciences (SPSS, IBM, version 20). The analysis facilitated the understanding of the waste composition and its potential for methane generation, allowing for a comprehensive assessment of the environmental impact of the MSW.



2.3 Methodology for inventory estimation

Inventory assessment of the MSW samples collected from SWDS of Chandigarh was done using the revised IPCC (International Panel on Climate Change) guidelines for national GHG inventories. The IPCC provides two primary methods for estimating methane emissions from MSW: the First Order Decay (FOD) method and the Default (Tier 1) method. The FOD method estimates methane emissions based on the concept that organic waste decays over time in a first-order decay process. This method accounts for the varying decay rates of different waste components and the long-term generation of methane. This method was chosen due to its accuracy in accounting for the varying decay rates of different waste fractions over time, providing a more detailed estimation of methane emissions. The key parameters for this assessment included the waste composition, the rate of decay of different waste fractions, and the methane generation potential. The procedure followed in the FOD method-based estimation of methane emissions from SWDS of Chandigarh is described in Equation 1

[image: image]

Where MSWT depicts the total MSW generated (Gg/yr); MSWF describes the fraction of MSW disposed of at the disposal sites; MCF stands for methane correction factor (fraction); DOC is degradable organic carbon (fraction); DOCF- defines the fraction of dissimilated DOC; F stands for amount of methane in the LFG generated, and R is the methane gas recovered from the SWDS. DOC is equal to the sum of 0:4A, 0:17B, 0:15C, and 0:3D. Here, A, B, C, and D present the amount of different types of waste in the MSW samples.



2.4 Electricity generation

The amount of electricity generated by combusting the LFG in different types of energy systems depends on the efficiency and load of operation. Bove and Lunghi (2006) mentioned five types of energy systems with different electrical efficiency that can be used to recover energy from municipal landfill gas. These gas energy systems, along with their efficiency (η), are enlisted in Table 2. The methane gas produced from landfills can be collected and pumped into the above-mentioned gas energy systems that can further be used to produce electricity as per Equation 2.

[image: image]


TABLE 2 The efficiency of different gas energy systems*.

[image: Table 2]

Where E stands for the amount of electricity generated (GWh y−1), LHV depicts the lower heating value of methane gas (kWh m−3), which was derived using a model described in https://www.unitrove.com/engineering/tools/gas/natural-gas-calorific-value. The value of LHV for methane was observed to be 9.9 kWh m−3; GCH4 depicts the quantity of methane gas generated in the SWDS (M m3 y−1). This calculation will further be used to calculate the potential of electricity generation in India based on 780 Gg y−1 CH4 emissions from SWDS of India (Singh et al., 2018).

The flow chart shown in Figure 2 outlines the process for analyzing MSW samples from a facility in Chandigarh, India. It describes steps for sample preparation, physical and chemical analysis, and assessment of methane emissions and electricity generation potential. The process involves various laboratory techniques and analytical methods to characterize the waste composition and evaluate its energy recovery possibilities.


[image: Figure 2]
FIGURE 2
 The flowchart outlines a process and methodology for analyzing MSW samples from a facility in Chandigarh, India.





3 Results and discussion


3.1 The physical composition of MSW

It has been observed that the total waste generated in Chandigarh is 380 TPD, and approximately 350 TPD waste reaches the dump site. The observations are derived from comprehensive physical and elemental analysis of the MSW samples, as shown in Tables 3, 4. The waste management situation presents a significant challenge, with detailed observations revealing crucial insights into the composition and characteristics of MSW. Table 3 reveals that organic material constitutes a significant fraction of the MSW, accounting for over 50% on average. Following organic waste, inerts make up approximately 21% of the waste composition. Organic fraction includes all those materials that are putrescible and, hence, aid more generation of GHGs during decomposition. Table 4 provides further insights, indicating that the MSW samples analyzed exhibit a high moisture content, averaging around 50%. This high moisture content primarily originates from the disposal of organic waste, such as vegetables, in the SWDS of Chandigarh. High moisture levels can accelerate the decomposition process in landfills, potentially leading to increased methane generation rates. This observation highlights the importance of considering local waste characteristics, including moisture content, when estimating and modeling landfill gas emissions. These results from Tables 3, 4 serve as initial data for estimating various input parameters crucial for waste management strategies. Observations made from Tables 3, 4 were further used to estimate the values of the various input parameters, as described in Equation 1. The detailed analysis of MSW composition and moisture content provided valuable data for estimating the various input parameters required in the IPCC methodology used for methane emission calculations. The high organic fraction and moisture content observed in Chandigarh's MSW highlight the need for improved waste segregation practices at households and commercial establishments, as well as efficient collection and transportation systems. Separating organic waste from other types of waste allows for specialized treatments like composting or anaerobic digestion, which helps minimize methane emissions from landfills.


TABLE 3 The physical composition of municipal solid waste generated in Chandigarh, India.

[image: Table 3]


TABLE 4 Chemical analysis of municipal solid waste generated in Chandigarh, India.

[image: Table 4]



3.2 Methane emission estimation

Equation 1 integrates the key parameters such as organic waste content, moisture levels, and temperature variations observed in waste samples (shown in Tables 3, 4). These factors are essential in predicting methane generation rates. The final calculations for Equation 1 are described as follows:

Methane emission (GCH4) (Gg/yr) = (0.38 × 0.35) × 0.4 × 12.83 × 0.77 × 0.5 × (16/12 – 0) × (1 – 0); 0.262,1.3

where 1 Gg/yr = 1,000 tons/yr

MSWT = 0.38 Gg/yr

MSWF= 0.35 Gg/yr

MCF = The IPCC document indicated the value of 0.4 for open dumps <5 m depth.

DOC = ±12.83

DOCF depicts the proportion of DOC that is converted to LFG.

As LFG is produced mainly during the anaerobic phase of methanogenesis, the value of DOCF was estimated using a theoretical model, which is 0.014T+0.28, where T = temperature in °C. Hence, the model is dependent on the temperature of the anaerobic zone (Tabasaran, IPCC document 1996), which was assumed to be 35°C. In this way, the value of DOCF was derived as 0.77.

F is the amount of methane in LFG, and it is equal to 0.5 by default.

R is the amount of methane gas recovered from the SWDS (in Gg/yr). Since landfill gas has not been recovered at the municipal landfill site of Chandigarh, the value of R was considered nil.

The calculation results are 0.262 Gg/yr and 1.3 Gg/yr, respectively, indicating the range of potential methane emissions from the site. These emissions are significant as methane is a potent greenhouse gas, and understanding these emissions helps in planning mitigation strategies for climate change impacts.

OX in Equation 1 stands for oxidation factor, and it defines the amount of methane gas that comes in contact with atmospheric oxygen to oxidize itself. In the present study, OX was assumed to be zero. From these calculations, the value for CH4 emissions from Chandigarh's landfill site comes out to be 0.34 Gg/yr, indicating the regional and overall impacts of the massive methane generation into the atmosphere. Similar observations were reported in landfill sites in other parts of India. Mor et al. (2006) reported that 15.3 Gg/yr of methane is emitted from the Gazipur landfill in Delhi, India. Solid waste disposal sites, which are the main spot for waste collection in Delhi, India, contribute to about 80% of the GHG emissions in the region. Moreover, the composition of the waste dumped in the landfills depends on the local culture and habits and regional diversity in the population. Similarly, in India, the composition of MSW is significantly distinct from that of other developed and developing countries. MSW of developing countries such as Europe and the United States of America (USA), a more significant proportion of slowly degradable waste, was reported. On the other hand, in India, the concentration of wet waste is comparatively higher; hence, landfill gases are produced at the earliest stage.

Therefore, to estimate the contribution of SWDS in the emission of methane gas into the atmosphere, it is crucial to have an extensive understanding of the detailed emission factors system. A clear picture of regional and global impacts of methane emissions from SWDS may prioritize it as a hot issue among the authoritarians and direct them to initiate necessary controlling measures. LFG released from SWDS can be decreased by enhancing the composting of MSW, capturing the LFG, and further utilizing it as fuel. The latter step will not only provide environmental benefits but also assist India in earning carbon credits. The efficient incorporation of such techniques is only possible if its establishment is based on regional needs and demands. Therefore, in this study, the recovery of methane gas from landfills and further utilization in electricity generation has also been shown as an opportunity to mitigate greenhouse impacts and electricity production.



3.3 Potential of electricity generation from landfill-generated methane gas

The decomposition of municipal waste dumped into landfill sites continuously produces methane gas that can cause global warming if not stored and used for electricity generation. However, this methane can be captured and used for electricity generation, turning a potential environmental hazard into a valuable energy resource. This section presents the potential of electricity generation from methane gas produced under Chandigarh's SWDS. The possibility of generating electricity by utilizing different types of gas energy systems is described in Table 5.


TABLE 5 Potential of electricity generation of Chandigarh and Indian landfill site.

[image: Table 5]

As depicted in Table 5, the amount of power produced by Chandigarh's SWDS ranges from 0.27 MW to 0.77 MW, depending on the type of gas energy system used. The current electricity price in India (65 rupees per watt) translates to potential annual financial gains of 0.23 to 0.68 million USD for Chandigarh. The implications are even more significant when scaled up to a national level. India could potentially generate 5,167 MW to 14,355 MW of power from all its SWDS, resulting in annual financial gains of 4.7 to 13 billion USD.

This analysis underscores the dual benefits of landfill gas utilization: mitigating greenhouse gas emissions and generating renewable energy. It also highlights the economic incentives for implementing such systems. The wide range in potential power generation and financial gains reflects the variability in energy conversion efficiencies of different gas energy systems and the scale of implementation. Moreover, harnessing landfill gas for energy production aligns with sustainable waste management practices and circular economy principles. It not only addresses the environmental concerns associated with methane emissions but also provides a local source of renewable energy, potentially reducing reliance on fossil fuels.

This study's approach, utilizing waste characterization and the IPCC first-order decay model for methane emission estimation, offers a balance between accuracy and practicality. Compared to other methods, such as the US EPA's LandGEM, our approach emphasizes site-specific data, potentially improving estimation accuracy. While direct measurement techniques like a closed chamber or atmospheric tracer methods provide actual emission data, they are more resource-intensive and limited in spatial or temporal coverage. Our method allows for long-term projections and is less resource-intensive, though it may not capture short-term fluctuations as accurately. Unlike mass balance approaches, which offer comprehensive carbon flow analysis, our study focuses specifically on methane emissions and energy recovery potential, providing targeted insights for waste management practitioners. Table 6 summarizes these comparisons.


TABLE 6 Comparison of methane estimation and management approaches.

[image: Table 6]



3.4 Overview of total solid waste generation in India

Table 7 highlights the amount of solid waste generation, treatment, and landfilling across different states and union territories in India for the year 2020–21 (CPCB, 2021). The total solid waste generation of 160,038.9 tons per day (TPD) is a substantial figure, and it is essential to manage this waste effectively to mitigate its adverse impacts. From Table 7, it has been noticed that the top five states generating the highest amounts of solid waste are Maharashtra (22,632.71 TPD), Tamil Nadu (13,422 TPD), Gujarat (10,373.79 TPD), Uttar Pradesh (14,710 TPD), and Karnataka (11,085 TPD). The union territories of Delhi (10,990 TPD) and Chandigarh (513 TPD) also generate significant amounts of solid waste.


TABLE 7 Overall solid waste management status in India*.

[image: Table 7]

While the data from Table 7 indicates that 79,956.3 TPD of waste is treated. The states with the highest reported quantities of treated waste are Maharashtra (15,056.1 TPD), Gujarat (6,946 TPD), Karnataka (6,817 TPD), and Madhya Pradesh (6,472 TPD). For some states, such as Arunachal Pradesh and Bihar, data on the quantity of treated waste is not available. Proper treatment methods, such as composting, recycling, and waste-to-energy processes, can significantly reduce the amount of waste destined for landfills and mitigate greenhouse gas emissions (Guerrero et al., 2013). Landfilling remains a prevalent practice in many states, with Delhi, Rajasthan, Punjab, Haryana, and Tamil Nadu reporting significant quantities of landfilled waste. The total amount of solid waste landfilled in India, as per Table 7, is 29,427.2 TPD. The states and union territories with the highest reported quantities of landfilled waste are Delhi (5,533 TPD), Rajasthan (5,082.16 TPD), Punjab (2,384.82 TPD), Haryana (2,167.51 TPD), and Tamil Nadu (2,301.04 TPD). Some of the states, such as Chhattisgarh, Assam, Mizoram, and Uttar Pradesh, have reported minimal landfilling of solid waste. Landfills are known to be major sources of methane emissions, which contribute to global warming (Themelis and Ulloa, 2007; Bogner et al., 2008).

In the context of dumping solid waste in India, Figure 3 illustrates the state-wise distribution of existing dumpsites across India. A total of 3,184 dumpsites were identified across different states and union territories. The number of dumpsites varied significantly among states, ranging from Nil to 609. Uttar Pradesh reported the highest number of dumpsites (609), followed by Madhya Pradesh (326), Maharashtra (237), Tamil Nadu (210), and Rajasthan (197). Conversely, Lakshadweep reported no dumpsites, while Andaman and Nicobar Islands, Chandigarh, and Sikkim reported only 1, 1, and 2 dumpsites, respectively.


[image: Figure 3]
FIGURE 3
 Number of dumpsites in each state of India (no data is available for Ladakh).


The state-wise distribution of dumpsites in India reveals significant disparities in solid waste management infrastructure across the country. The high number of dumpsites, totaling 3,184, suggests a widespread reliance on this waste disposal method, which may have serious environmental and public health implications (Kumar et al., 2004). The high waste generation rates in different states and substantial variation in dumpsite numbers among states likely reflect differences in factors such as population size, urbanization rates, industrial activity, and local waste management policies (Sharholy et al., 2008; Srivastava et al., 2020). States with larger populations and higher levels of urbanization, such as Uttar Pradesh and Maharashtra, unsurprisingly report higher numbers of dumpsites. This correlation aligns with previous studies that have linked rapid urbanization and population growth to increased solid waste generation and management challenges in developing countries (Kaza et al., 2018).

The absence of dumpsites in Lakshadweep and the low numbers in some union territories and smaller states could indicate more efficient waste management practices, limited waste generation due to smaller populations, or potentially, a lack of formal waste disposal infrastructure. Figure 4 presents the year-wise trend of solid waste generation in India from 2010 to 2023. The graph shows a clear and consistent upward trend in waste generation over this 14-year period. In 2010, the solid waste generated was approximately 39 million metric tons. By 2023, this figure had nearly doubled to about 78 million metric tons. The consistent upward trend in solid waste generation is a cause for significant concern. The increasing trend can be attributed to several factors, such as population growth, rapid urbanization, economic growth, and changing consumption patterns.
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FIGURE 4
 Year-wise trend of Solid Waste Generation in India from 2010–2023.





4 Conclusions

This comprehensive study highlights the complex landscape of India's solid waste management sector, focusing on methane emissions from municipal solid waste disposal sites (SWDS) and the potential for energy recovery. The concept of this study offers a comprehensive and practical approach to address this critical issue in developing countries. By analyzing Chandigarh's waste generation, composition, and methane emissions, the research reveals significant environmental impacts and opportunities for improvement. The study reveals that Chandigarh generates approximately 350 tons per day (TPD) of municipal solid waste, with over 50% being organic material. Using IPCC-based methodology, the study estimates methane emissions of 0.34 Gg/year from Chandigarh's landfill alone, highlighting the substantial environmental and health risks posed by SWDS. The high organic content of the waste, determined through physical and elemental analysis, indicates rapid landfill gas (LFG) generation potential. Importantly, the study identifies a promising avenue for mitigation through landfill gas utilization, with Chandigarh's SWDS capable of generating 0.27–0.77 MW of electricity. When extrapolated nationally, India's SWDS could potentially produce 5,167–14,355 MW of power, offering a dual opportunity to reduce greenhouse gas emissions and generate renewable energy. These findings underscore the importance of implementing integrated waste management strategies that prioritize waste reduction, efficient treatment, and energy recovery from landfill gas. The research not only contributes to the scientific understanding of landfill gas dynamics but also provides practical insights for policymakers and waste management professionals. By quantifying the methane emission scenario and energy recovery potential, the study presents a compelling case for adopting sustainable waste management practices and landfill gas utilization technologies.
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