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Abstract


Plastic waste (PW) is one of the most rapid-growing waste streams in municipal solid waste all over the world. India has become a global player in the plastic value chain. Despite low consumption, domestic generation and imports create a significant burden on the overall waste management system, which requires in-depth understanding of the scenario and pathways that can mitigate the crisis. Although Indian researchers have widely researched technology-related issues in academic papers, a substantial knowledge gap exists in understanding the problem’s depth and possible solutions. This review article focuses on current plastic production, consumption, and waste generation in India. This review article mainly analyzes data and information regarding Indian PW management and highlights some critical issues such as reverse supply chain, effective PW management, source-specific recovery, and PW rules in India. Comprehensively, this review will help to identify implementable strategies for policymakers and research opportunities for future researchers in holistic PW management and recycling in India, focusing on the circular economy and sustainable development goals.
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1. Introduction


1.1. Plastic Production and PW


Plastics have become a global commodity due to their remarkable properties (durability, light weight, and good thermal and electrical insulation) and widespread application opportunities at low prices [1]. During the worldwide COVID-19 outbreak, the production of personal protective equipment (PPE) using plastics is a remarkable application [2]. In 1950, resin and fiber production was recorded to be 2 million tonnes (Mt), which increased to 380 Mt in 2015 [3] and then decreased to 367 Mt in 2020 due to the impact of COVID-19 on the industry [4]. Polypropylene (PP), one of the critical plastic polymers for consumer goods, accounted for 23% of global plastic production in 2018 [5]. The United Nations Environment Programme (UNEP) has reported that each year, globally, over 400 Mt of plastic waste is generated [6]. PW management is directly connected with several sustainable development goals (SDGs), as mentioned in Figure 1. From 1950 to 2015, it was estimated that 6.3 billion tonnes of PW were generated, out of which, only 9% was recycled, while 80% of the waste was disposed of in landfills or into natural ecosystems [7]. According to the latest statistics from the Organisation for Economic Co-operation and Development (OECD), from 2000 to 2019, global plastic waste generation was doubled, reaching 353 Mt [8]. Due to the COVID-19 pandemic, plastic waste generation skyrocketed, and according to the latest study conducted in 2021 by Benson et al. [9], global plastic waste generation reached 584 Mt (estimated). Lebreton and Andrady [10] predicted that by 2060, in a business-as-usual scenario, mismanaged plastic waste (MPW) generation will be 155–265 Mt per year. PW management is an emerging issue which requires the development of appropriate policy and management tools [11], and the status is critical for both developed and developing countries [12]. Global plastic production in Mt and the lifespan distribution of plastic products in various application fields is presented in Figure S1A,B, given in the Supplementary Materials for this article.



PW has a complex structure, comprising various valuable composite materials, harmful emissions, and residual ash [14], and therefore, managing waste is complicated, as in many cases, the contamination of plastic with other types of waste limits its recyclability [15]. In many developing countries such as India, collection and segregation operations are conducted by multi-tier actors (the informal sector), which creates further difficulties in identifying the flow of waste and its traceability in the various waste streams [16], and also because of vast applications as an integral part of product manufacturing and processing [17]. The American Society of Plastics Industry has created a standard coding system to define and distinguish the critical types of plastic. There are around 50 unique kinds of plastics with hundreds of variations. These plastic products are categorized into seven groups: polyethylene terephthalate (PET), high-density polyethylene (HDPE), low-density polyethylene (LDPE), vinyl/polyvinyl chloride (PVC), polypropylene (PP), polystyrene (PS), and several more types of plastic products [18]. The chemical structure, resin identification code, general applications as a virgin material, toxic element presence in polymers, advantages, challenges, and utilization as recycled items of various polymers are presented in Table 1.



In the traditional linear economy, product consumption ends up generating a massive amount of waste. It requires careful consideration to utilize resources in the economy and minimize negative environmental impacts and pollution [19]. On the other hand, according to the Ellen MacArthur Foundation [20] “a circular economy is a systemic approach to economic development designed to benefit businesses, society, and the environment. In contrast to the ‘take-make-waste’ linear model, a circular economy is regenerative by design and aims to gradually decouple growth from the consumption of finite resources.” The “New Plastics Economy” initiative is organizing collaboration among over 1000 organizations worldwide to achieve a circular economy [21]. The vision for the new circular plastic economy and the systematic approach’s key activities are shown in Figure 2.



Products designed with plastic and polymer materials are used following the traditional “take–make–waste” model in the linear economy for single use only, which requires special attention and appropriate collection and disposal, as 10 million tonnes of PW per year is currently leaking into the natural ecosystem [22]. Incineration and/or energy recovery, landfilling, and leakage to the surrounding ecosystem account for 14%, 40%, and 32% of the disposal of PW, respectively [23]. A comparison of plastic-waste-management-related issues is summarized in Table 2 considering various countries.





 





Table 1. Properties and characteristics of widely used polymers in plastic packaging, compiled from [18,24].






Table 1. Properties and characteristics of widely used polymers in plastic packaging, compiled from [18,24].





	Polymer Type and Chemical Structure.
	Resin Identification Code
	General Application as Virgin Material
	Properties
	Toxic Chemical Present
	Advantage
	Challenges
	Recycled Products





	Polyethylene terephthalate (PET)

[image: Sustainability 14 04425 i001]
	[image: Sustainability 14 04425 i002]
	Bottle application because they are inexpensive, lightweight, and shatter-resistant
	Clarity, strength, toughness, barrier to gas and moisture
	BPA, leach antimony
	More convenient (less energy intensive) for chemical recycling (catalytic methods) than thermolysis
	Costly thermochemical process and hazardous byproduct generation, fiber quality is less purified than recycled material, toxic production process for nanoparticles
	Mineral/drinking water bottles, cosmetic bottles



	High-density polyethylene (HDPE, or PE-HD)

[image: Sustainability 14 04425 i003]
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	Bottles, carry bags, milk pouches, recycle bins, etc.
	Stiffness, strength, toughness, moisture resistance, permeability to gas
	Unknown
	Less extraction of fossil fuel, less dependence on petrochemical production, more convenient (less energy intensive) for chemical recycling (catalytic methods) than thermolysis
	Expensive conversion process (isolation and purification),

less effective mechanical properties than conventional recycled material
	Tubes, sewer pipes, pallets, boxes, buckets, toys, bottles for detergents, construction, cable insulation, packaging of food products



	Polyvinyl chloride (PVC)
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	For pipes and fittings, tarpaulins, medical apps., etc.
	Versatility, ease of blending, strength, toughness
	Phthalates
	Less extraction of fossil fuel, reduced volume to landfill, less dependence on petrochemical production, more convenient (less energy intensive) for chemical recycling (catalytic methods) than thermolysis
	Fiber quality is less purified than recycled material, expensive conversion process (isolation and purification), less effective mechanical properties than conventional recycled material
	Sewer pipes, window frames, construction, flooring, wallpaper, bottles, car interiors, medical products, planks, etc.)



	Low/linear low-density polyethylene (LDPE/LLDPE)
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	Plastic bags, various containers, dispensing bottles, wash bottles, tubing, etc.
	Ease of processing, strength, toughness, flexibility, ease of sealing, barrier to moisture
	Unknown
	Less extraction of fossil fuel, utilized as mixed plastic, ink affinity, hydrophobicity, durablility, less dependence on petrochemical production, more convenient (less energy intensive) for chemical recycling (catalytic methods) than thermolysis
	Relatively complex process for the reduction in variability in thermal and mechanical properties, hazardous solvent utilization, expensive conversion process (isolation and purification), less effective mechanical properties than conventional recycled material
	Flexible packaging, bin liners, carrier bags, tubes, agricultural mulch film, agricultural sheet, construction film, cling-film, heavy-duty sacks



	Polypropylene/polypropene (PP)
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	Auto parts, industrial fibers, food containers, etc.
	Strength, toughness, resistance to heat, chemicals, grease and oil, versatility, barrier to moisture
	Unknown
	Less extraction of fossil fuel, utilized as mixed plastic, reduced volume to landfill, convenient and less toxic component utilization in processing, lucrative applications in multiple advanced technologies
	Relatively complex process for the reduction in variability in thermal and mechanical properties, fiber quality is less purified than recycled material, unwanted wax production affects equipment, toxic production process for nanoparticles
	Pipes, pallets, boxes, furniture, car parts, pots of yogurt, buckets, butter, margarine, fibers, milk crates



	Polystyrene (PS)/expended Polystyrene (PS-E)
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	Food service packaging, disposable cups, tray pitchers, refrigerators, liners, etc. It may also be used as cushioning materials for fresh produce, electronic or appliance industries, etc.
	Versatility, clarity, easy formation
	Leaks toxic chemicals when heated
	Less extraction of fossil fuel, utilized as mixed plastic, less dependence on petrochemical production, more convenient (less energy intensive) for chemical recycling (catalytic methods) than thermolysis
	Expensive conversion process (isolation and purification), less effective mechanical properties than conventional recycled material
	Clothes hangers, park benches, flowerpots, toys, spoons, cutlery, picture frames, seeding containers



	Thermoset plastics
	[image: Sustainability 14 04425 i013]
	Thermoset plastics, multilayer and laminates, Bakelite, polycarbonate (PC), etc.
	Stiffness, hardness, brittleness, chemical and stain resistance, good electrical insulators, non-remoldability
	BPA
	-
	-
	CDs, pallets, floors, roofs, furniture, sheeting, benches, shoe soles









1.2. Research Motivation and Scope of the Article


Studies on PW have investigated various aspects, and in recent years, the number of studies has increased exponentially, especially in the area of recycling [80]. Using the keyword “plastic waste” in the Web of Science (WoS) core collection database, it was found that a total of 15,243 articles were published from 1981 to March 2021 (including documents such as original research articles, review articles, and others). About 1220 articles were published in India between 1990 and March 2021. Figure 3 shows the distribution of the articles over this period. Review articles are critically important, as they provide a substantial understanding of potential growth in respective research areas and develop appropriate management strategies, which is helpful for policymakers. A study conducted by Liang, Tan, Song and Li [1] reported that microplastics found in the marine environment and post-consumer plastic packaging products were the two main emerging issues regarding PW, while recycling technologies and plastic pollution are the emerging research hotspots on the topic. Table S1 of the Supplementary Materials presents review articles published on PW in India covering a diverse range of topics relevant to this article.




1.3. Research Contribution of the Article


In this review, an overview of plastic production and consumption, the main consumption sectors, the assessment of PW management and generation, rules and regulations, marine and microplastic pollution, and extended producer responsibility (EPR) are detailed and discussed in the Indian context. This is one of the earliest reviews that analyzes areas for potential improvement, at least from a desk research point of view. Often, data are scattered and not readily available, making future generation estimation difficult using methods such as dynamic material flow analysis. This article focuses on effective and sustainable PW management, restructuring reverse supply chains, source-specific recovery, and the implications of EPR and PW. Waste-management- and microplastic-pollution-mitigating measures are discussed based on evidence from India. Section 5 provides an overview of this review article.



A comprehensive review is required to understand the full potential of PW generated in India and its subsequent application in various sectors (as recycled materials) to achieve a circular plastic economy, which is currently missing in academic papers. There are significant knowledge gaps from the Indian context in academic papers on how PW could be an essential waste stream in achieving a circular economy, with the plastic industry’s growth, consumption of plastic products, and disposal pattern of PW.





2. Research Methodology


This review article was prepared based on an extensive literature search using various sources such as Google Scholar, Web of Science, the Google search engine and the ScienceDirect database. To identify relevant articles through these sources, PW, waste plastic, India, circular economy, resource recovery, challenges, supply chain, volume and flow of PW, PW management in India, etc., were used as keywords. Within this search, a total of 1684 articles were initially identified. As technology for recycling (mechanical, feedstock, and chemical) plastic is changing rapidly, gray literature and websites would also be important information sources and must be taken into consideration. They may explain possible solution approaches for PW management and recycling in the Indian context and from a global perspective. In this review, NVivo, VOSviewer, and Microsoft Excel were employed to analyze the articles and information sources’ quantitative data.




3. Overview of Plastic Production and WASTE Management in India


3.1. Categories and Sources of PW


PW represents 8% of the total waste generated in India [18]. Aryan, et al. [81] mentioned that approximately 6137 tonnes of PW go uncollected per day in India, which flows through streets, roads, and beaches. Compared to 1970, PW in MSW had increased almost eightfold by the year 2005, while waste generation from paper increased less than twofold over this time frame [82]. However, there are low levels of the penetration of plastic products in the Indian market, particularly in rural areas [83]. Figure 4 A shows product-specific PW sources, and Figure 4B shows the main polymer types in PW composition in India.




3.2. Plastic Production Industry and Consumption in India


India, a federal union, constitutes 28 states and 8 union territories. With annual economic growth of 7.5%, India is one of the most rapidly growing G20 economies. It also has strong incentive support for infrastructure development and some of the most rapid urbanization in the world [84]. It is the third largest economy on a purchasing power parity (PPP) basis, worth USD 8.7 trillion [85]. India has the highest gross domestic product (GDP) and growth rate among the BRICS countries (Brazil, Russia, India, China, and South Africa). The industry sector represents the largest component of GDP growth [85]. More specifically, rapid economic, geographic, and demographic growth are the main drivers of dramatic growth in the petrochemical sector in India [86]. The Indian plastic industry’s value chain is categorized as having upstream and downstream sectors. The upstream polymer manufacturing sector adopted state-of-the-art technologies from global leaders, which resulted in developing competitive-sized manufacturing plants and global competitiveness. On the other hand, the downstream plastic processing industry comprises 75% of registered plastic processing units. Polymer consumption of the industrial sector accounts for 25% of total plastic consumption in India. Around 30% of recycled plastics are utilized in the downstream sector [87]. The structure of the plastic value chain in India is shown in Figure 5.



According to data from the Plastindia Foundation [88], in 2016–2018, excluding engineering plastics and thermoplastics, demand for PP (32%), PE (33%), and PVC (21%) were the highest. Figure 6 shows the plastic manufacturing capacity in India based on the major polymer types. These are the main polymer sources that are accrued at the end of life and accumulate as waste in the built environment.



From Figure 6, it is evident that PP > HDPE > LLDPE > PET are the main polymer sources that are entering the plastic material supply chain, which will eventually emerge in the waste stream at considerable levels, with some leakages in material flows.



The per capita consumption of plastics in 2014–2015 among developed and developing countries, including India, showed that at 109 kg per capita, the USA is the largest consumer of plastic. Consumption in India was 11 kg per capita/year, whereas the global average was recorded at 28 kg [18]. Despite its low consumption of plastic, India is the second largest producer (14.17 million tonnes (Mt)) of plastic polymers in the world [1]. According to Makwana [86], it is estimated that every 1 kg/year increase in per capita consumption will require an additional 1.25 Mt of polymers in India. In India, about 2,500,000 sets of plastic-based personal protective equipment (PPE) per day have been required in the healthcare sector due to the COVID-19 pandemic [89]. Poor consumer behavior and awareness and a lack of infrastructure for decontamination and effective reprocessing have further limited reprocessing capabilities during the COVID-19 pandemic [89].



Plastic production and consumption in India are increasing at a very rapid pace, and the majority of production is related to HDPE, LDPE, and PP [90]. The western region consumed 47% of plastics in India, while the northern and southern regions consumed 23% and 21% of plastics, respectively, in 2013 [2,91]. Due to the growing industrial base for manufacturing and production, the consumption of various other types of plastics has increased to a great extent in recent years. In 2018–2019, consumption was 913 kilotonnes (kt), which increased to 964 kt in 2019–2020, with a year on year growth rate of 5.5% [88]. Figure 7 shows the consumption pattern of engineering and performance plastics in India for the financial year 2018–2019.




3.3. Plastic Consumption by Sectors


Steep growth rates of GDP and rapid urbanization will be the main reasons for sharp increases in the consumption of plastics in the near future [92]. Owing to their special and unique applications, plastics are increasingly becoming the material of choice for extensive use. The major growth drivers of the plastic consumption in India are agriculture, packaging (rigid and flexible), infrastructure, home and office furnishings, personal care products, surface coats, transport, electrical and electronics, industrial machinery, biomedical applications, food and beverages, and textiles [18]. Petrochemicals such as ethylene are used to produce polyethylene, which is one of the critical plastics in the manufacturing sector [93]. Figure 8 depicts the consumption of plastics in end-use sectors for the year 2018. The main applications in various sectors of different kinds of plastics are presented in Table 1. The main sources of plastic waste generated and the types of plastics are provided in Supplementary Table S4.



3.3.1. Packaging Industry


The packaging industry represents the largest sector for plastic use in India, accounting for 59%, present in nearly half of all packaged items [90]. The packaging industry uses both flexible and rigid types of packaging, where flexible packaging comprises either monolayer or multilayer films of plastic in which PE, PET, PVC, and PP which are used in multilayered laminated sheets, and rigid packaging is utilized for corrugated and paperboard boxes, plastic bottles and boxes, aluminum cans and glass jars [74]. The shares of the various polymer types used in the packaging industry show that 33% of the plastics are PE, 29% PP, 17% PET, 7% PVC, and 14% others. The demand growth drivers are processed food, fast-moving consumer goods, packaged food/beverages and the fast-food industry, single-use packs, fibers, and toys [85].




3.3.2. Agricultural Sector


PE, LLDPE, LDPE, HDPE, PVC, and PP are the plastics used in agriculture, water management, and related applications. The agriculture sector consumes a wide range of plastics in the form of plasticulture, which comprises agriculture and horticulture. Different types of plastics are used for different purposes, for example, in drip and sprinkler irrigation, PVC, LLDPE, HDPE, and PP are used, while for greenhouses, PVC, LDPE, LLDPE, HDPE, and PP are used. Low tunnel applications use LDPE, HDPE, and PP, whereas for mulching, LLDPE and PP are used [92].




3.3.3. Construction and Infrastructure


The construction and infrastructure sector contributes a significant amount of PW to the environment. Several kinds of plastics are used in these industries for the application of various products. Most PW in these industries is composed of LDPE, but there is also a significant amount of HDPE and PP [94]. The major growth drivers are building and construction, public utilities services, mega highway projects, rural electrification projects, mega irrigation projects, smart cities, etc. [85].




3.3.4. Automobile Manufacturing Sector


High-performance plastics are gaining importance in the automotive industry, and this is expected to increase in the future. The primary feature of the high-performance selection of plastic compared to other materials is their utilization in automobiles, functionality, economic features, and reduced fuel consumption [95]. PP, ABS, PBT, PA, and PE are the major types of plastics used in this sector for various applications, such as bumpers, vehicle seats, fuel systems, automotive bodies, lighting, electrical insulation, etc. Andhra Pradesh, Telangana, Haryana, Himachal Pradesh, Jharkhand, Kerala, Madhya Pradesh, Punjab, Rajasthan, Uttar Pradesh, Uttarakhand, Karnataka, Tamil Nadu, West Bengal, Gujarat, and Maharashtra are the main automobile manufacturing hubs in India. Table S2 of the Supplementary Materials shows the plastic use in various components in automobiles.




3.3.5. Plastics from the Biomedical Sector


India is considered a medical tourism destination, and there is growing awareness of healthcare products among consumers [85]. Plastic products used in the biomedical sector for various applications include gloves, syringes, IV tubes, catheters, inflatable splits, etc. Heart valves, hearing aids, spectacles, prosthetics, devices, packaging of medicines, etc., are the main applications of plastics in the healthcare sector [85]. PE, PP, PS, polyester, (PLA and other biosorbable plastics), PC, PVC, polyethersulfone, polyacrylate (acrylic, PMMA), hydrogel (acrylate), polysulfone, polyetheretherketone, and thermoplastic elastomers (TPE, TPU) are known as medical device polymers [96]. Acetal, PC, PETG, HDPE, and PP are the main plastic polymers used in medical equipment [97].




3.3.6. Electrical and Electronic Equipment (EEE) Manufacturing Industry


Greater disposable income, higher per capita income, and healthy economic growth are the major drivers of growth in consumer durables such as washing machines, refrigerators, computers, mobile phones, smart TVs, notebooks, digital cameras, invertors and UPS, USB, STBs, and LCD. Various types of plastics are used in electronics, such as PS, used in large cooling appliances, ABS in CRT monitors, printers, copying machines, CPUs, etc. After EEE appliances reach their end of life, however, due to the rigid nature of the components, the plastics used in manufacturing become waste in the PW stream.




3.3.7. Solar PV and LED Manufacturing Sector


Ethylene vinyl acetate (EVA) is a specially designed and manufactured polymer that has a highly transparent (plastic) layer used to encapsulate solar cells and hold them in place during solar panel manufacturing. Due to the impact-resistant, “glass-like” surface of polycarbonate (PC) plastic, which is a naturally transparent and amorphous thermoplastic, it is widely used in light-emitting diode (LED) manufacturing [98]. LED bulbs (Retrofits), tube lights, and street lamps are the main products driving growth in demand for LEDs, and the market is growing at 35% each year [85].





3.4. Assessment on PW Management and Generation in India


Due to unpreceded growth in consumerism across India, waste management has become a critical issue in India, like any other country in the world [99]. Currently the size of the plastic industry in India is 110,000 crores, which involves around 30,000 companies and/or units. However, scrap contamination and outdated and inadequate municipal infrastructure result in poor-quality PW that could be used as a raw material for various products [2]. Furthermore, there is limited availability of appropriate technologies in the market, which restricts the maximum waste recovery. In addition, the import of segregated scrap has an impact on the local recycling industry. Overall, the PW supply chain is considered a broken supply chain in India [100].



3.4.1. PW Generation in India


Every year, India generates 15 Mt of PW, of which, only one-quarter is recycled [101]. The majority of PW in India is dumped in unmanaged landfills, which is a major source of groundwater contamination [18]. Sikka [102] claimed that India’s recycling rate for PW is approximately 60%, which is higher than some other countries such as China (10%), Japan (12%), Europe (7%), the USA (10%), and South Africa (16%). On the other hand, Siddiqui and Pandey [55] found that between 5% and 25% of PW was being recycled. As of 2014, collection efficiency was estimated at 80.28%, out of which, only 28.4% was being treated [18]. Figure 9 shows PW generation in India from 2012 to 2019 based on data reported by various states. It was found that until 2019, most states had not reported PW generation in their respective state. Among the states, with a few exceptions, Punjab, Andhra Pradesh, and Gujarat regularly reported PW generation-related data to the Central Pollution Control Board of India.



As of 2016, the total generation of PW in India was 17481 kilotonnes (kt), while 167 kt and 3 kt were imported and exported, respectively, that year [1]. Figure 10 shows the population distribution and PW generation in India, based on data available from the Centre for Science and Environment [108] for the financial year 2018–2019. Uttar Pradesh, Maharashtra, and Tamil Nadu are the three major states where both population and PW generation are high. The national average was recorded as 3.36 Mt of waste for the year. In Goa, per capita per day PW generation is close to 60 g, which is much greater than the national average of 8 g.



In 2016, Asian countries imported 74% of the world’s PW, and India is the fifth largest PW importer in Asia [1]. India is an importer of PW, along with China and Turkey in Asia [1]. Figure 11 shows that the USA and European countries are the dominant stakeholders in the PW supply chain. Reductions in permits, the closure of illegal recycling facilities, and bans on importing waste plastics are some of the critical steps that India and other countries such as Vietnam, Thailand, Malaysia, and the Philippines have taken to limit the transboundary movement of PW [1].





3.5. Aquatic Pollution and Microplastics in India


Every year, 8 Mt of PW is leaked into oceans [23]. The coastline of India extends to 7500 km, excluding the islands along the Bay of Bengal in the east and the Arabian Sea in the west [109]. These coasts face threats due to increasing population growth, industrialization, tourism, and economic growth, which are further contributing to the introduction of plastics into the oceans through different routes which may cause harm to the environment and human health. Marine pollution is affecting almost all ocean basins, freshwater, and terrestrial environments. Discharge from rivers is one of the most crucial sources of plastic pollution into oceans due to the unidirectional flow of rivers [110]. Contaminants found in the marine environment are dominated by six types of polymers, namely PP, PVC, PE, PET, polyurethane (PU), and PS, which, when combined, account for 80% of the total plastic production [111]. The major source of marine pollution is land-based coastal pollution that is within 50 km of a coastline; it contributes more than 80% of marine pollution, 90% of which is PW, and mostly single-use plastics [2,111]. Among all the sources of marine pollution, microplastics are omnipresent and ubiquitous. This has recently attracted concern because they not only find their way into the aquatic environment but are often readily consumed by marine organisms and also serve as vectors inside the food chain for the chemical transfer of pollutants and cause deaths of organisms because of their toxicity [109,112]. The sources of marine pollution are shown in Figure 12, where sea-based activities comprise fishing litter (66%) and shipping litter (34%).



A report presented by Bhattacharya, Chandrasekhar, Roy and Khan [18] mentioned that in India, annually, out of 5.6 Mt, 0.6 Mt of PW ends up in the sea. There are nine coastal states in India, namely Gujarat, Maharashtra, Goa, Karnataka, Kerala, Tamil Nadu, Andhra Pradesh, Odisha, and West Bengal; two union territories, Daman and Diu and Puducherry; two island territories, the Andaman and Nicobar Islands (Bay of Bengal) and Lakshadweep (Arabian Sea). There are also sixty-six coastal districts in mainland India, three in the Andaman and Nicobar Islands, and one in Lakshadweep Island (Indian Institute of Ocean Management). The coasts near Mumbai, Kerala, and the Andaman and Nicobar Islands are among the worst polluted seas in India [18]. Nelms, et al. [114] found that on the riverbank that stretches from the coast of Bangladesh to the Himalayas in India, fishing gear is the most fundamental source of PW pollution in the region. Inefficient regulations and policies related to fisheries and inappropriate ways to dispose of fishing gear were also identified. Illegal gear types, restricted net mesh sizes, short gear lifespans, and high turnover rates were found to be some of the major bottlenecks of fishing practices and subsequently the generation of fishing-gear-related debris. Similar research by Raha, et al. [115] showed that existing law and policy measures on marine plastic pollution (MPP) in the Gangetic delta region of the Bay of Bengal have numerous ambiguities and inadequate implementation efforts. The authors suggested that powerful waste management approaches, instinctive involvement of the public, and appropriate national marine litter policies are required for the minimization of MPP in India (Singh, 2018). Indian states’ contribution towards PW in the Ganges River is shown in Table S3 of the Supplementary Materials of this article.



Microplastics as Pollutants


Based on the size of the plastics, there are two categories of plastics, namely macroplastics and microplastics. Macroplastics are larger plastic items (≥25 mm), whereas microplastics are smaller items (≤5 mm). Microplastics are often referred to as a “cocktail of contaminants” due to their ability to adhere to several other additives which may be added or produced during the manufacturing of different products, heavy metals, and other persistent organic pollutants (POPs) that are available in the environment [116]. Microplastics are further classified as primary microplastics and secondary microplastics. PE, PP, PET, PS, PVC, nylon, PU, and PA are the main polymer types found as microplastics in India [109]. Primary microplastics are those that enter the environment directly through different means such as extrusion or grinding, as feedstock for the manufacture of products or direct use, whereas secondary microplastics are derived from the fragmentation of larger plastic remains [109]. It was estimated that 12.2 Mt of total plastic entered the marine environment in 2015, out of which, 94% of these plastics reached the sea floor, 5% washed onto beaches, and the remaining 1% was found to be floating on the ocean surface [2].



About 8 Mt of total microplastics and 1.5 Mt of primary microplastics are estimated to enter the marine environment annually [116]. Primary microplastics are manufactured and used for different cosmetic products, toothpaste, etc., whereas secondary microplastics are the result of the breakdown of bigger plastics due to UV radiation, wind, currents, and microbial activity [110]. Figure 13 shows the polymer composition along various coastal regions in India.



Most of the plastic trash entering the oceans is picked up by major rivers in India as they move downstream. The majority remains in coastal waters, but the remainder can be carried around the world through ocean currents [109].



Micro- and nano-plastics result from floating waste that is exposed to UV radiation and fragments into smaller particles. Trillions of such particles are dispersed throughout the ocean and unintentionally ingested by all kinds of aquatic species, including the planktonic community [110]. This pervasiveness has detrimental impacts on both public and environmental health, as these organisms are at the foundation of the aquatic food web. Plankton also play a critical role in absorbing carbon dioxide through photosynthesis and transferring it to the deeper ocean layers. As micro- and nano-plastics contaminate plankton populations, the capacity of ocean storage of carbon dioxide is greatly affected.



Being hydrophobic and exhibiting high surface-area-to-volume ratios, these tiny plastic particles are more likely to adsorb organic pollutants and act as either sinks or sources of contamination in organisms. Another huge problem is that it is extremely difficult to monitor and clean them up.



To combat the potential hazards of micro- and nano-plastics, degradation pathways for plastic must be fully understood. In addition, deeper insights into the mechanism are crucial in implementing proper waste disposal strategies.



Plastic degradation can follow either abiotic or biotic paths. The theory of abiotic degradation is well established, but less is known about experimental evidence of such an occurrence at the nanoscale. Recently, investigations into polymer degradation have been established at a fast-growing rate, but many of these were carried out under extreme conditions that are not environmentally realistic. Therefore, laboratory confirmation of nano-plastic occurrence in experiments replicating environmental conditions is of key importance in this field.





3.6. PW Management Rules in India


PW-related regulations in India have evolved over the years, dating back to the identification of the importance of solid waste management systems in 1960. Figure 14 shows the states that have initiated single-use PW-related bans. In 2011, PW rules were enacted under the Environmental Protection Act of 1986. The rules replaced the earlier rules, the Recycled Plastics Manufacture and Usage Rules 1999, which were previously amended in 2003 [82]. All states are held equally responsible to manage their PW and follow the PW management rules given by the government. Figure 15 shows the practical module of the PW management rules in India, and Figure 16 shows the timeline of PW rules with their respective salient features.



According to the PW management rules (2016) and the PW management (amendment) rules (2018), it is forbidden to import scrap plastic of non-halogenated polymers and co-polymers, including but not limited to PP, PET, etc., polymers that are hazardous and specified under schedule VI [1]. The rules are enforced by the Ministry of Environment, Forest and Climate Change (a dedicated organ of the Govt. of India (GOI)), taking into consideration Sections 3, 6, and 25 of the Environment (Protection) Act (1986) [115]. The Indian Government introduced two amendments to the Hazardous Waste (Management and Transboundary Movement) Rules, 2016, which impose a complete prohibition of PW imports into the country, including to special economic zones and export-oriented areas. In March 2021, the draft PW management rules, 2021, were issued by the Union Ministry of Environment, Forests and Climate Change (MoEFCC), re-defining the thickness of carry bags. Figure 17 shows the major environmental rules for PW in India with state-level initiatives on PW bans.




3.7. Extended Producer Responsibility (EPR)


According to the Organization for Economic Co-operation and Development (OECD), “Extended Producer Responsibility (EPR) is a policy approach under which producers are given a significant responsibility—financial and/or physical—for the treatment or disposal of post-consumer products” [121]. Under the concept, producers are liable for the environmentally sturdy management of products until the end of life (EOL), which includes setting the modalities for waste collection systems based on EPR. Both State Urban Development Departments and other local bodies are collectively and individually involved in the waste collection process to improve recycling. At present, three distinct EPR models are proposed. Manufacturers, importers, and brand owners (who introduce the products) are primarily responsible for collecting multilayered plastic sachets or pouches or packaging plastics in India.



Model 1 is proposed based on the “Buy-Back Depository Mechanism”, which includes a buy-back price mentioned for plastic products that allow consumers to retrieve an allocated amount upon returning plastic products (Figure 18A). This model is predominately a producer-, retailer-, and consumer-oriented collection and recycling system. Setting up collection centers (e.g., reverse vending machines (RVMs) or crushing machines and recycling units of optimum capacity) is the primary task for manufacturers/producers. It is believed that under this model, consumers are incentivized (not to discard plastic litter) and retailers/producers are encouraged to enhance their recycling efforts. “Deposit return schemes” that are widely practiced in Germany and England are considered as an implementation strategy. Furthermore, RVMs provide opportunities for consumers to dispose of acceptable shapes and sizes of various types of PW. A barcode on disposed-of products/packaging may be used for tracking, requiring agreement of the producers and retailers, as part of the EPR model [122]. Another model is proposed which is based on the contribution of producers/importers/brand owners in the EPR corpus fund, supervised by the central government. The amounts of financial contributions will depend on the amount of plastic being introduced into the market by the stakeholders. However, in terms of flexible packaging waste, an EPR scheme should adopt changes in recycling initiatives for effective control [123]. Figure 18B shows the proposed model and actors involved in the process. Under the third proposed model (Figure 18C), targets will be assigned to producers or Producer Responsibility Organizations (PROs) based on the volume of plastics they introduce into the market; in this case, an instrument called “Plastic Credit” is proposed as evidence of recycling or recovery by the producers. Under this model, producers are not directly involved in the recycling or recovery process; however, they need to make sure that a correspondent volume of plastic is being reprocessed/recycled. The credit will be issued with the help of accredited processors exchanging financial transactions to producers or PROs. The fund will be then utilized for the environmentally sound end-of-life management of PW. One of the primary targets of this model is to develop a marketplace for tradable plastic credits.





4. Discussion


4.1. Effective and Sustainable PW Management Strategies


The lack of a functioning solid waste management system is one of the critical barriers, as only one-quarter of PW is recycled in India. The impact is far more widespread, as improper disposal creates burdens on landfills and poses health-related challenges to waste pickers, who are mostly women [101]. Despite high collection efficiency (80.28%, as seen in Section 3.4.1), the treatment rate is very low (28.4%) as there might be large-scale contamination of other materials with PW sources. There should be widespread concern over workers’ safety and the environment around recycling centers in the small-scale downstream fragmented sector. In order to substantially improve the current scenario, infrastructure, enforcement, robust and stringent waste management tools, and the availability of affordable alternatives are the main implementation challenges in India. Although the PW management rules highlight rural areas from a management perspective, capacity building and rendering technology have not been adequately prescribed. A similar approach is not evident in coastal areas. For example, in the Andaman and Nicobar Islands, a complete ban on plastic bags has been imposed; however, there are no recycling units available. Banning plastics could create economic stagnation in the long term. Bans or regulations must consider the availability of infrastructure and management strategy. The development of waste management strategies and maintaining the material market value of recycled materials are critically important [124]. The UNDP [125] has proposed an integrated approach to PW management and recycling in which baseline model design and adjustment would be built on LCA, along with consumption data and regulations.




4.2. Restructuring Reverse Supply Chain


A feedback mechanism in terms of quality and market requirements for recycled plastics from end-user industries could help institutionalize and organize recyclers and plastic processors. For India, the primary resource recovery challenges lie within the area of socio-technical model development, transforming the informal sector to the formal economy, the establishment of material recovery facilities, support structures and institutional framework development for the population related to waste picking, and finally, the implementation of a technology-supported knowledge management system for waste management. Downcycling is the main current path to utilize waste plastics [99].



Further assessment and reverse logistics optimization are required on how PW can be economically transferred to the states for higher recycling rates. As the informal sector is involved in waste collection, uncertainties could be integrated into open-loop and closed-loop reverse distribution models assessing the viability of inter-state PW processing. Location-allocation, cost, product recovery, secondary markets, and after-sales services are some of the essential issues in designing a model [126]. In a reverse logistics network planning and closed-loop supply chain, additional states should be considered along with the recycling facilities located in Gujarat (Dhoraji, Daman, and Vapi), Madhya Pradesh (Indore), Delhi, and Maharashtra (Malegaon, Solapur, and Mumbai (Dharavi and Bhandup)). In energy and transport in urban settings, efficiency is the major issue which creates limited resource-recovery opportunities through large-scale centralized plastic sorting and recycling facilities [127]. Micro-factories at a local scale could reduce the barriers [128].




4.3. Source-Specific Waste Recovery


From the analysis in this review article, it is revealed that PE, PET, PP, and PVC are the main polymer types used in the packaging industry, while PE, LLDPE, LDPE, HDPE, PVC, and PP are the main polymers used in the agricultural sector. LDPE, HDPE, and PP are the main polymers used in construction and infrastructure. In the automobile sector, PS, ABS, PC/PBT, PP, PUR, PVC, PA, SMA, PPE, HDPE, POM, UP, ASA, and PMMA are the major polymers utilized. Source-specific waste reduction should be one of the priorities for policymakers in India, and both industrial and household sources should be identified and eliminated. Depending upon the lifespan of products, both short- and long-term planning are required. Resource recovery from food packaging, considering PE, PET, PVC, and PP, should be the highest priority. Recycling and waste elimination from multilayer food packaging is one of the main challenges for the Indian PW management system. Reprocessing technologies, sorting, and separation around food packaging should be taken into consideration. Improved sorting and reprocessing systems are essential for quality improvement in recycled plastics [129].




4.4. EPR- and PW-Related Rules


Although EPR was introduced in the 2016 PW management rules, and subsequently in the 2018 amendment, there is a lack of clarity regarding roles, responsibilities, and proper guidelines for producers, importers, and plastic products manufacturers. Furthermore, there is a need for real-time monitoring and clear mapping of the producers and associated state-wise plastic demand and supply, which might provide achievable and accountable EPR targets [18]. Developing a collect-back system is also a critical issue mentioned in the rules, which requires collaboration among producers, importers of plastic carry bags/multilayered packaging, and local municipalities. However, this requires the development of a monetized collection model which provides economic benefits to all actors [34]. Liang, Tan, Song and Li [1] found that for sustainable waste management, cost and participation are the main influencing factors, and collection and recycling process optimization and incentives for social participation are the main challenges in this area. Using consistent monitoring, review, and verification mechanisms, yearly and future projection reports of waste generation amounts, coupled with implementation of the rules and EPR policy would ensure the accountability of waste generators (importers/manufacturers) and ULBs [2]. Black plastics have received significant attention among the international research community, as there is a lack of information on heavy metal migration into sinks and difficulties in sorting at MRF (Turner, 2018). Improving/introducing regulations and policies for single-use black food packaging should be given priority in the rules. Collecting data and information on and the characterization of black plastic is an essential step in such a context [130].




4.5. Microplastic Pollution Mitigation


The Ad Hoc Open-Ended Expert Group (established under UNEP/EA.3/Res.7 on marine litter and microplastics) suggested that coherence, coordination, and synergies between existing mechanisms are crucial for addressing the challenges of marine plastic pollution and microplastic pollution at local, national, regional, and global levels [131]. Critchell, et al. [132] found that a lack of understanding of plastic’s entire product lifecycle (flow of plastics in the natural ecosystem) creates an environmental challenge in coastal areas for microplastics.





5. Conclusions and Outlook


PW management and recycling is the primary concern in India, and the implementation of EPR is the primary task that needs to be fulfilled. As EPR requires manufacturers and importers to interact directly with the supply chain, recycling-oriented product design should be the priority for these stakeholders. In addition, flows of plastic from overseas often overburden the whole system, requiring controlled monitoring to identify the flow and quality of waste entering the country. Local councils and states that are located along coastlines require an active role in minimizing the environmental impact and leakage of plastic waste into land and marine ecosystems.



The legal aspects of waste should provide a more precise and concise outlook regarding the PW supply chain’s role and responsibilities. Particular attention should be given to integrating informal recyclers into formal collection and recycling channels and implementing unique recycling technology for multiplayer plastic polymers. The baseline assessment of mismanaged single-use plastic is crucial, along with regulatory, economic, awareness, and voluntary interventions.



Furthermore, capacity building (in the source separation of polyolefinic waste and the reuse of plastics), infrastructural development (material recovery facilities at the micro-level in the country and the proper collection, segregation, and transportation of discarded plastic material), and financial support (incentives and innovative economic model) for chemical and biological recycling should be the priority of governments targeting PW, especially HDPE, LDPE, and PP. Particular attention to capacity building is required for rural areas while framing the PW rules. Upscaling and commercializing bio-based plastic is another aspect that requires further investigation, as the market share of such products will substantially increase in coming years, requiring strong collaboration between research and industry startups. Rather than seeking comprehensive solutions at the downstream end, upstream material management is critical for resource management and the circular economy, making consumer awareness and the mindset towards acceptability of recycled products equally important.
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Figure 1. SDGs related to PW management [13]. 
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Figure 2. Objects and key elements of the circular plastic economy (information adapted from Ellen MacArthur Foundation [20]). Further reference: Ellen MacArthur Foundation [20]. 
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Figure 3. Yearly distribution of publications on PW (1990–2021, up to March). 
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Figure 4. (A) Sources of PW (as percentages) [55] and (B) percentage composition of PW in India [81]. 
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Figure 5. Structure of the Indian plastic industry [88]. 
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Figure 6. Manufacturing capacity of various plastic polymers in India [85,88]. 
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Figure 7. Engineering and performance plastic consumption in India in 2018–2019 (in kilotonnes) [88]. 
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Figure 8. Consumption of plastics in different sectors in India 2018 [88]. 
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Figure 9. Yearly PW generation in India. Data sources: CPCB [103], CPCB [65], CPCB [104], CPCB [105], CPCB [66], CPCB [106], Central Pollution Control Board [107], and Central Pollution Control Board [107]. 
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Figure 10. (A) Population (as per census 2011) and (B) PW generation (in tonnes) in various states in India in the financial year 2018–2019 (data source: [108]). 
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Figure 11. Major PW exporters in India in 2017. Data source: Liang, Tan, Song and Li [1]. 
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Figure 12. Sources of marine pollution [113]. 






Figure 12. Sources of marine pollution [113].



[image: Sustainability 14 04425 g012]







[image: Sustainability 14 04425 g013] 





Figure 13. Polymer composition in different aquatic, terrestrial, and marine sediments of coastal areas in India. Data were extracted from [116,117,118]. 
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Figure 14. Ban on single-use plastics in different states [107]. 
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Figure 15. Practical module for PW management rules. 
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Figure 16. Timeline for plastic waste management rules over the years and their salient features. Data sources: (India Government Portal, 1999; CPCB, 2013, 2016, 2018; MoEF, 2021). Accessed on 15 January 2021. 
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Figure 17. Major environmental rules on PW in India including state-level initiatives on PW bans. Data source: [82,119,120]. 
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Figure 18. (A) Buy-back depository mechanism based EPR model, (B) corpus fund and centralized control-based EPR model, and (C) plastic-credit-based voluntary EPR model. 
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Table 2. Comparison of plastic waste management in various countries including India.
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	Item
	India
	EU
	China
	Pakistan
	USA
	Brazil
	South Africa
	Australia





	Population (in millions) (according to 2020)
	1380 (Data source: [24])
	447.32 (Data source: [25])
	1410.93 (Data source: [24])
	220.89 (Data source: [24])
	329.48 (Data source: [24])
	212.56 (Data source: [24])
	59.31 (Data source: [24])
	25.687 (Data source: [24])



	Region
	Asia
	Europe
	Asia
	Asia
	North America
	South America
	Africa
	Oceania



	Plastic production (in Mt)
	22 Mt per year (according to 2020) [26]
	Around 55 Mt (in 2020) [27]
	78 Mt (in 2020) [28]
	0.745 Mt (as of 2020) [29]
	49 Mt (in 2019) [30]
	7.1 Mt (as of 2019) (mainly processed plastics) [31]
	9.0 Mt (between 2009 and 2015) [32]
	Approximately 1.4 Mt was processed in local manufacturing industries using either virgin resins (both locally manufactured and imported) or recyclate-based resins [33]



	Plastic consumption
	20 kg/capita/year (predicted for 2022) [34]. In 2017–18, total of 16.5 Mt was consumed [35]
	84 and 129 kg per capita per year [36]. 112 kg/person (for the period 2010–2019) [36]
	46 kg/capita (as of 2017) and annually, 63 Mt [37]
	6.5 kg/capita [38]
	37 Mt/year [39]
	6.5 Mt (in 2017) [40]
	24.5 kg/capita/year (including local primary production) [32]
	Total: 3.4 Mt (as of 2019–20) [33],

130 kg/capita/year [41]



	Plastic waste generation
	9.4 Mt/year (as of 2019) [26]
	33.48 kg/person (plastic packaging in 2018) [42]. In 2020, more than 29 Mt of plastic post-consumer waste was collected [43]
	In 2019, 335.46 Mt (between 2004 and 2019) [44]. In 2019, 26.74 Mt was generated [45]
	3.9 Mt (in 2020) [46]
	35.7 Mt in 2018, which was 12.2 percent of MSW generation. [47]
	11.85 Mt/year [48]
	1.144 Mt [32]
	2.5 Mt/year [49]



	Source of plastic waste generation (main sectors/products)
	Plastic packaging from grocery to food and vegetable products, to cosmetics and consumer items [50]
	Packaging, non-packaging household, construction and demolition, electrical and electronic equipment, automobile agriculture [51]
	Sectors: packaging, building and construction, automobiles, electronics, agriculture. Materials: PE, PP, PVC, PS, ABS [37]
	Plastic bags, pet bottles [52]
	Bags, sacks and wraps; other packaging; polyethylene terephthalate (PET) bottles and jars; high-density polyethylene (HDPE) natural bottles; and other containers [47]
	high-density polyethylene (HDPE), low-density

polyethylene (LDPE), polypropylene (PP), polyethylene terephthalate (PET), and polystyrene (PS) [53]
	LDPE, PET, PP, synthetic rubber, polyester, HDPE, PS, PVC [54]
	PET, HDPE, PVC, LDPE, PP [33]



	Plastic waste recycling rate
	Between 5% and 25% identified by Siddiqui and Pandey [55]
	41% (in 2019) [56]
	30% [45]
	33% [57]
	8.7% (overall recycling rate) (in 2018). PET bottles and jars recycling rate was 29.1% and HDPE natural bottles was 29.3% [47]
	25.8% [40]
	43.7% (as of 2017) [58]
	13.1% (as of 2019–2020) [33]



	Regulation around single-use plastics
	Banned in 25 states, partially banned in 5 states, and not banned in 2 states. Details are given in Section 3.6 [59,60,61,62]
	Certain single-use plastics are banned where alternatives are available. Ban enforced on 2 July 2021 [59]
	Ban on non-industrial plastic waste and gradual phasing out of non-degradable plastics [44]
	Ban on single-use plastic (polythene) bags [46]
	On a federal level, no ban is imposed. A list of states that have full or partial ban can be found in the reference of [60]
	Bill No. 263/2018. Ban on plastic bags for packaging and transportation of goods and food and beverage utensils [61]
	Banned single-use plastic bags in May 2002 [62]
	Varies by states. Single-use plastic straws, drink stirrers, and cutlery are banned in South Australia, which was imposed on 1 March 2021. Tasmania and the Northern Territory have no commitments. Victoria is in the process of passing laws; laws passed in the state of Australian Capital Territory, Queensland, New South Wales and Western Australia [63]



	Framework/general regulation on plastic waste management
	First regulation was enforced in 2011 as plastic waste management rules 2011. Later, amendments were made in 2016, 2018, and 2021. Details are given in Section 3.6 [64,65,66,67,68]
	Ban on the export of plastic waste to non-OECD countries as a Regulation (EU) 2020/2017 enforced on 22 December 2020 [69]
	In 2018, non-industrial plastic waste import was banned, and in 2020, the gradual phasing out of problematic plastics was called for by the Chinese government [44]
	Statutory Regulatory Order is in place for plastic bags in Federal Capital Islamabad and other cities including Lahore and Hunza [70]
	Federal Regulations for Extended Producer Responsibility has been drafted by the Environmental Protection Agency [71]
	A law related to replacement of plastic bags has been passed in Rio in 2019. Some states prohibit distribution of plastic bags in supermarkets [72]
	No specific environmental legislation on plastic waste (except ban on single-use plastics) [73]
	In December 2020, Australian Government’s Recycling and Waste Reduction Act 2020 was passed, banning export of plastic waste [49].



	Industry structure (stakeholders involved including recycling and/or reprocessing sector) (value chain partners)
	Polymer manufacturers, equipment manufacturers, plastic processors, recycling players, end-user industries [74]
	Plastics producers, technology providers, converters, recyclers, brand owners [75]
	Plastic parts manufacturing industry, plastic injection mold manufacturing, plastic component trimming, plastic use sector, recycling and waste management partners [37,76]
	Plastic raw material producers/suppliers, plastic processors, equipment and moldmakers, brand owners, recycling and sustainability partners [29]
	Plastics manufacturing, plastics suppliers, end-user sectors [39,77]
	Plastic cluster (first-generation basic petrochemicals producers, second-generation resin manufacturers, third-generation plastic products manufacturers), end-user industries, informal sector waste collectors, and processing/recycling industry [78]
	Mostly import oriented. Plastic conversion plants, plastic end-user sectors [32]
	Mostly imported plastics (70% of the products). Majority of companies are wholesale distributors [79]
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