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Abstract
Plastic is valued for its flexibility to be utilized in different applications, yet it poses a significant threat to our environment 
because of mismanaged plastic waste. India’s compound annual growth of plastic consumption has been around 7% for a 
decade. Despite this significant growth, there has not been a comprehensive study of Indian plastic flows since 2000. This 
work presents a 20-year update, detailing plastic production, consumption by all plastic types and sectors, and the overall 
material flow for 2018–19 to fill the gap in the data on post-consumer plastic flows. The analysis reveals a total plastic 
production of 19.3 Mt, 22% of which is Polyethylene as the most wildly used plastic. The total mass of plastic in products 
distributed in various applications is 23.9 Mt. Key sectors for plastic consumption are Packaging (30%), Textiles (17%), 
and Buildings and Construction (16%). Plastic waste generation is 15.5 Mt, primarily from packaging and textiles. Only 
13% of this plastic gets recycled, 46% is mismanaged, and the rest incinerated or dumped. The study’s unique nationwide, 
mass-balanced, transparent approach offers a rigorous reference point for decision-makers. Yet, the lack of reliable data is 
the main barrier to design, implement, and monitor of policy interventions.
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Introduction

Plastics are an affordable and useful component in many 
products and processes, leading to ubiquitous application 
across all sectors of modern economies. The profound envi-
ronmental problems associated with plastics waste have 
received renewed attention with United Nation (UN) mem-
bers States now negotiating a new legally binding global 
agreement—the Global Plastics Treaty—to end plastic pol-
lution [1, 2].

The Global Plastics Treaty represents a pivotal mile-
stone in our collective efforts to combat the growing envi-
ronmental crisis posed by plastic pollution. This interna-
tional agreement signals a commitment from nations across 
the globe to tackle the problem at its root by transitioning 
towards a Circular Economy model. The treaty emphasizes 
the urgent need to reduce plastic production and consump-
tion, promote sustainable design and materials, and enhance 
recycling and waste management systems. By adopting a 
Circular Economy approach, we aim to minimize waste gen-
eration, extend the life cycle of products, and foster innova-
tion in eco-friendly alternatives to plastics. This treaty not 
only underscores the importance of global cooperation in 
addressing plastic pollution but also provides a blueprint for 
a more sustainable and resilient future, where the world can 
enjoy the benefits of modern materials without compromis-
ing the health of our planet.

India is no exception. Plastic has emerged as a primary 
material in several end-use sectors in the economy: packag-
ing, building and construction, consumer and institutional 
products, textiles, transport, and electrical and electronic 
products. India’s economic growth has been accompanied by 
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increased production and consumption of plastic products. 
Between 1990 and 2019, India’s consumption of plastics 
grew 20-fold [3], while its population increased by 60% over 
the same period [4].

Problems of ecological impact arise in the disposition of 
plastic products at end-of-life. Plastic can remain in the envi-
ronment for centuries [5] and one estimate of mismanaged 
waste per capita in India in 2019 is approximately 9.5 kg/
person/year [6] based on Meijer et al. [5], equivalent to a 
national total of 13 million metric tonnes annually (Mt/year).

The waste management sector in India faces significant 
challenges despite some positive efforts from government, 
corporate, and community initiatives. Even though Pro-
ducers and Brand Owners (PIBOs) have responsibilities 
for waste management, compliance registration remains 
incomplete, and the scarcity of accessible data hampers both 
innovation and policy monitoring. Furthermore, the govern-
ment's ban on single-use plastics in mid-2022 only addresses 
a small portion (10–15%) of plastic consumption.

The Plastic Waste Management (PWM) Rules, 2016, 
mandate the generators of plastic waste to take steps and 
manage 25% of the ‘Q11’ waste in metric tonnes in 2021–22 
[7]. The PWM Rules, 2016 cast Extended Producer Respon-
sibility (EPR) on PIBOs which shall be applicable to both 
pre-consumer and post-consumer plastic packaging waste. 
The 2022 amendment to the Plastic Waste Management 
Rules 2016 increased the target to 70% by 2022–23, and 
100% by 2023–24. However, no formal guidance is available 
for actors to be able to achieve these targets [8, 9]. A gap 
exists in the integration of informal sector recycling activi-
ties into formal systems [10].

Dealing with the complicated problem of plastic waste 
demands a comprehensive solution that incorporates tech-
nical, economic, social, and political strategies, while also 
considering the diversities at both national and regional lev-
els. Yet, any approach aimed at tackling the issue of plastic 
waste must initially create a starting point for quantifying 
the quantities of plastics produced, used, and disposed of, 
to gauge advancements in the reduction of plastic waste, 
especially that which is not properly managed. Through the 
utilization of material stock and flow tracking, it becomes 
possible to recognize trends in material usage, anticipate 
waste generation, and assess the feasibility of recycling 
[11]. Particularly, material flow analysis (MFA) stands as 
the principal approach for conducting stock and flow track-
ing and has found extensive application in examining stocks 
and flows of different materials [12, 13]. MFA has been also 
extensively used to provide a better understanding of the 

flow of plastic in different sectors [14–17] and Wang et al., 
[11] provided a critical review of global plastics stock and 
flow data and recognized four data gaps in these existing 
data for characterizing plastics stocks and flows, including 
inconsistent classification, missing data, conflicting data, 
and inexplicit data for plastics products and waste.

Di et al., [16] tracked seven commonly used plastics from 
production into fabrication, manufacturing, flow into use, 
waste management, and recycling in the United States in 
2015. Low- and high-density polyethylene and polypro-
pylene were found to be the largest in both production and 
product manufacture. More than 88% of the plastics went 
into three end-use sectors: Packaging, Consumer, and Insti-
tutional Products, and Building and Construction. The actual 
end-of-life recycling rate of the plastics as a group was no 
more than 6.2%, with PET and the polyethylene family the 
most recycled.

Amadei et al. [15] investigated the plastic value chain for 
the EU27, with the emphasis on 9 sectors and 10 polymers. 
They estimate the average recycling rate to be around 19%, 
while around 4.5 Mt of plastic recyclates were produced and 
consumed in the EU27 in 2019.

Abbasi et al. [18], focused on plastic pollution in Nor-
way, emphasizing the need for improved policies. They pre-
sented the MFA of seven plastic polymers in Norway for 
2000–2050. In 2020, 620 ± 23 kt of plastic were introduced 
to the market, with packaging making the largest contribu-
tion at around 40%. The in-use stock was 3400 ± 56 kt, pri-
marily within the building and construction sector. Plastic 
waste in 2020 amounted to 460 ± 22 kt, with half originating 
from packaging. However, only 25% was recycled, with 50% 
being incinerated, 15% exported, and 10% landfilled.

A deep knowledge of India plastic material flows is fun-
damental to understand the significance of the plastic wastes 
and how to manage them but unfortunately the information 
available is incomplete, outdated and often unreliable. The 
last attempt to create an overall account of India’s plastics 
material flows dates almost two decades back. The study by 
Mutha et al. [14] developed a material flow framework to 
investigate the stocks and flows of plastics in India for the 
year 2000. That framework was directed to inform plastic 
waste management planning rather than providing a com-
plete material flow account. There have been several struc-
tural economic changes over the intervening 20 years, and a 
more recent strategic emphasis on the circular economy [19].

Interestingly, there has been no comprehensive MFA of 
Indian plastics since Mutha et al.’s [14] investigation and 
hence our study provides a much-needed update to inform 
contemporary strategy and plastic waste management rules 
in India [20].

Indian plastic waste management is one driver of enquiry 
in this paper, though we seek a broader systemic understand-
ing by emulating the economy-wide framework of plastics 

1 Q1 is calculated by adding the last two years’ average weights of 
plastic packaging material sold and pre-consumer plastic packaging 
waste and subtracting the annual quantity of plastic packaging sup-
plied to brand owners.
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MFA applied in other studies, for example, for the EU28 
countries [17]. Accounting for flows from imports and 
production, through consumption, end-of-life to waste and 
recycling, we aim to appreciate the larger picture of all plas-
tic flows in India. We take a systematic data harmonisation 
approach and use a data pedigree assessment to construct a 
complete and consistent MFA of all plastics in India for the 
reporting year 2018–19.

There is a putative Indian plastic recycling rate of 60–70% 
[19–23]. Although this may be genuine, Shanker et al. [24] 
noted there is a high level of ambiguity as to what plastics 
or polymers this rate refers to. Contemporary work (such 
as [25]) refer to estimates in a Plastindia Foundation report 
[3] that does not specify what flows of which polymers are 
included in this recycling rate calculation.

Earlier, Siddiqui and Pandey [26] stated a range of 5–25% 
for India but that paper did not provide analysis of how that 
estimate was enumerated. Ambiguity in the definition and 
quantification of a national plastics recycling rate has existed 
for several decades. Mutha et al. [14] also noted that ‘Infor-
mation about the actual size of the Indian recycling sector 
varies greatly’ (p. 234), and they presented a variety of esti-
mations (see their Table 6).

If the total plastics recycling rate is 60–70%, this far 
exceeds the global average of 9% [27] and India should not 
have substantial plastic waste issues, though further ques-
tions arise: where and how does plastic recycling occur? 
How can it be monitored and encouraged?

Here we emphasise completeness and consistency in 
our plastics MFA for India. The notion of ‘Completeness’ 

addresses to which extended data has been available and 
identifies area of missing data and under-reporting. Consist-
ency ensures a clear definition of our final dataset without 
ambiguity. Consequently, we also aim to resolve national 
recycling rates using the mass-balance of our material flow 
account.

Data and methods

Material flow accounting (MFA)

MFA is an established approach to measure flows and stocks 
of materials within a specified spatial and temporal bound-
ary and following the mass-balance principle [13, 28]. It has 
been implemented in different studies focusing on plastic 
flows in the EU [17], and plastic packaging in Italy [29]. The 
mass-balance approach can identify ways to improve raw 
material’s efficiency, contribute to saving natural resources, 
minimise environmental impacts, and consequently help to 
accomplish sustainable development goals [30].

Figure 1 illustrates the system boundary of our study and 
the four main phases that cover the life cycle of plastics in 
India: (1) plastics production, (2) consumption, (3) waste 
generation, and (4) waste treatment. The initial extraction 
of primary materials (feedstock) and any leakage into the 
environment are excluded from this study.

Fig. 1  System boundary, scope, and phases of the MFA. Physical boundary is the nation of India for the reporting year 2018–19
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Data collection

The reference year of 2018–19 is defined by the Indian 
financial and reporting year (1 April 2018 to 31 March 
2019) and was chosen because of maximum data avail-
ability. Where other data are available by calendar year, 
this may be referred to as ‘2019’. Our geographical scope 
(and limit of spatial resolution) is the national economy 
of India.

Our scope includes major polymers commonly used in 
industry and consumer products. We also looked at infor-
mation on plastic application areas and end-use sectors, as 
commonly classified by Indian reporting entities and key 
industry bodies [3, 31].

Data on imports, domestic production and exports of pol-
ymer resins were obtained from country reports published by 
the Chemicals and Petrochemicals Manufacturer’s Associa-
tion of India (CPMA) in the Asia Petrochemical Industry 
Conference (APIC) series of conferences [32].

The UN Comtrade data [33] indicates that imports 
of “Waste, parings, and scrap, of plastics” amounted to 
0.15 Mt, while exports were 0.003 Mt. Since UN Comtrade 
does not provide detailed information on the specific poly-
mer types involved in these trades, and because the exported 
waste is small in comparison with the overall plastic flows, 
we have attributed this export flow to the “other plastic 
types” category. Additionally, the trade of plastic products 
is now included in our assumptions.

Plastindia [3] reported on consumption of plastics, which 
relied on industry reporting and surveys but does not cover 
production and imports in as much detail as CPMA [32], 
nor does Plastindia report on textiles. We also obtained 
data from the Organisation for Economic Co-operation and 
Development [34] on plastic polymer’s consumption and 
waste flows. Although this data is based on modelling from 
the G-TAP project, it presents a complete and self-consistent 
annual polymer flow account for India. This was used where 
no data was available or other data sets were incomplete.

The approach involved selecting either a single primary 
data source, such as CPMA for Imports and Exports, or opt-
ing for a combination of data sources specific to individual 
polymers in a given phase, such as utilizing Plastindia and 
OECD data for assessing plastics consumption. In terms of 
data combination, the following protocol was applied; if 
direct measured data was available, this was preferrable to 
modelled or estimated data. If only modelled or estimated 
data was available, extreme values in modelled data were 
considered less trustworthy than estimates from surveys or 
industry.

Based on the reported scope, provenance, and metadata 
from the above sources, we assessed each according to their 
data pedigree based on the schemas in [35] and [36], refer to 
Tables SM 1 to 5 in the Supplementary Materials.

Reliability of data

There is a plenitude of studies on Indian plastic waste and 
management [21, 22, 24–26, 37–44]. Within that literature 
there are certainly cases of inherited assumptions and unac-
knowledged incompleteness or age of ultimate data sources. 
Some examples below illustrate our point though we empha-
sise that this critique does not fall on author’s efforts, rather 
on the unavoidable estimation that is a feature of studies 
dominated by informal or unaccounted activity.

The Centre for Science and Environment (CSE) [45] fact 
sheet, and also Aryan et al. [42], refer to the Indian Central 
Pollution Control Board (CPCB) [31] and claim that 94% of 
total plastic wastes are thermoplastics that can be recycled 
and 6% are thermoset plastics that cannot be recycled. In 
fact, the CPCB [31] report looked exclusively at municipal 
solid waste (MSW) sites for 60 cities, where waste flows are 
mostly from households and residential areas. A complete 
assessment of total plastic waste should also include waste 
from retail, building and construction, and other industry.

Shanker et al. [24] state that 50–80% of Indian plastic 
waste is ‘recycled’, referring to an earlier study [43]. In 
fact, Nandy et al. [43] state that a range of 6.5–8.5 Mt of 
plastics per year are ‘recovered’ based on an upper figure 
that assumes 70% recovery of plastic from mixed house-
hold waste. That assumption on plastic content of mixed 
household waste was derived from municipal waste charac-
teristics in a much earlier study [44] that quoted yet older 
data from CPCB [38] for 23 Indian states, representing 13% 
of the Indian population in year 2000. Such an aged lineage 
needs to be acknowledged as contemporary papers continue 
to refer to antecedents perhaps without full awareness of the 
origin of the underlying assumptions or data.

The lower figure used by Nandy et al. [43] re-uses a recy-
cling rate of 47% from Mutha et al. [14], based on Mutha 
et al.’s own estimates and personal communication with the 
Indian Petrochemical Corporation Ltd in 1999.

Commendably, Nandy et al. [43] used a separate, bottom-
up approach to produce other estimates. Those results were 
that plastic waste recovered, recycled, or reused, or disposed 
of through open burning, illicit dumping or as fuel in cook-
ing stoves etc., was at least 6.1–7.4 Mt per year. While this 
broadly concurs with their first estimate above, no specific 
number for recycling was given. Though it is possible that 
recycling genuinely is the fate of ~ 60–70% of plastic waste 
in India, this collection of citations does not provide a basis 
in fact.

We re-iterate the difficulty of obtaining primary data in 
this field of research. We acknowledge the best efforts and 
empathise greatly with the abovementioned authors, but 
there is also a need to acknowledge the provenance, limits 
and age of data sources, or prior estimates, before making a 
statement about current plastic material flows in India.
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We have compiled data based on the systematic approach 
of Baynes et al. [46] who reconciled incomplete and incon-
gruently disaggregated records to construct a complete 
and coherent (water) material flow account. This approach 
involves: collection of primary data sources; comparison of 
differing data using common categorisation; consolidation 
of data selections to a final set; and completion, which may 
involve extrapolation, or other inference to fill any data gaps. 
Similar approaches have been used to develop economy-
wide MFA: West et al. [47] is the latest update of the meth-
odology used to assemble the database underlying the UN’s 
Global Material Flows Database [48].

Data categorisation

Part of the data harmonisation task is to have a common way 
to translate across different reporting schemes. Table SM 
6 in the Supplementary Materials associates international 
resin codes; product groups used by the Indian Government 
Ministry of Chemicals and Fertilizers [49]; classes of plastic 
products used by the OECD; and the CPMA [32, 34]. The 
range of polymers we include is shown in Table SM 6 where 
we also align those with different terminology and classifica-
tions that can be found in industry and public data sources.

Data comparison and selection

The benefit of data sources like Plastindia and CPCB is that 
they are derived from primary sources. However, they can be 
incomplete in their coverage of polymers and plastics appli-
cations (See Table SM 7), and not all municipal sites report 
to CPCB. Whereas Plastindia data sourced directly from 
industry rates highly in the data pedigree, there is no access 
to the raw data from those surveys (as in CPMA data), only 
summaries in graphs. Thus, transparency regarding scope, 
methodology and data formulation is unknown. For Imports, 
Exports and Indian production by detailed polymer type, the 
superior data source is CPMA (see Table 1).

Plastindia reports total commodity plastic consumed in 
India was 16 Mt/year for 2018–19 but this is incomplete 

as it excludes engineering plastics and textiles. The OECD 
estimates for all polymers and products in the same year was 
29.3 Mt [34]. The data for 2019 were estimated by build-
ing on output from the OECD Computable General Equi-
librium (CGE) model (ENV-Linkages) using GTAP. The 
ENV-Linkages model has been expanded to incorporate 
plastic volumes, for both primary and secondary (recycled) 
plastics use.

In 2019, OECD.Stat [34] estimated that India generated 
18.5 Mt of plastic waste, categorized by various sectors. 
OECD correlates plastic consumption with sectoral and 
regional economic projections and calculated waste genera-
tion based on the lifespans of different applications. This 
generated waste is then further categorized by treatment 
methods: recycling, incinerated, landfilled, mismanaged, 
and littered waste. The completeness and consistency of this 
data surpasses the quality of the Indian Central Pollution 
Control Board (CPCB), a statutory organisation under the 
Indian Ministry of Environment, Forest and Climate Change 
[50]. According to CPCB data [20], the “total plastic waste 
generation” in 2019 was reported as 3.4 Mt, significantly 
less than the OECD estimation, about a third of the 9.7 Mt/
year estimated by TERI [19], and less than the 5.5 Mt/year 
implicit in the estimations of Padgelwar et al. [39].Con-
sequently, we conclude that while CPCB data is robust, it 
is fundamentally incomplete for the nation of India. As a 
result, in the spirit of environmental conservatism, our data 
selection favours larger estimates of total plastic waste flow, 
which we see as more complete.

The methodology for estimation of plastic waste by the 
OECD is the same as that used for plastic consumption, 
which is explained above. Recycling rates in non-OECD 
regions were based on estimates of municipal solid waste 
(MSW) recycling rates from What a Waste 2.0 [51] and con-
sultations with experts. For regions with highly unorganised 
recycling sectors, projections were adjusted to account for 
informal recycling that is not reported but typically recovers 
high value streams such as HDPE and PET bottles.

There is no documentation of the quantity and routes that 
informal plastic takes. Apart from PET, most other polymers 

Table 1  Summary of data 
pedigree assessment (refer to 
Supplementary Materials SM1–
SM5) and selection of data 
sources for different phases of 
the MFA (see Methods)

A lower number indicates a higher pedigree over dimensions of: [Reliability; Completeness; Temporal cor-
relation; Geographical correlation; Access; Additional steps; Frequency; Informality and illegality], N/A 
indicates not available

Imports and exports Plastic production Consumption Waste genera-
tion and treat-
ment

Plastindia Foundation (2019) N/A [4,4,1,1,1,2,1,1] [4,4,1,1,1,2,1,2] N/A
CPMA (2020) [1,1,1,1,1,1,1,1] [1,1,1,1,1,1,1,1] N/A N/A
OECD Stat (2020) N/A N/A [3,1,1,1,1,1,1,2] [3,1,1,1,1,1,1,4]
CPCB N/A N/A N/A
UN Comtrade [1,1,1,1,1,1,1,1] N/A N/A N/A
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are often recycled without segregation to manufacture low 
quality products. This plastic does not find its way back to 
formal production, hence a major portion of any recycled 
flow is unaccounted downcycling [19, 25, 52].

However, OECD.Stat calculates plastic waste based on 
assumed product lifespan, which does not always translate 
into reality. In India, consumers often extend plastic product 
life by multiple utilisations, e.g., secondary uses at house-
hold level and even in businesses. Furthermore, the data is 
not primary in nature, unlike other sources. OECD reasons 
that the end-of-life fates of plastic waste traded flows dif-
fer from domestically treated waste to reflect the fact that a 
high proportion of traded plastic waste tends to be recyclable 
(approximately 50%), with the remainder being distributed 
across other waste streams following the same proportions 
of end-of-life fates as domestically treated waste, excluding 
littering.

Results

Flows of plastics in India for 2018–19

Figure 2 illustrates the material processes and flows of the 
seven primary plastics in India for 2018–19, highlighting 

stages such as plastics production, consumption, stock, waste 
generation, waste treatment. The initial phase involves the 
production of polymers from petrochemical feedstocks for 
domestic use. Intermediate plastic production employs the 
foundational polymer and post-consumer resins to gener-
ate intermediary plastic materials. These intermediates are 
subsequently employed in the ultimate production of plas-
tic goods across seven major sectors. The subsequent stage 
encompasses the integration of these goods into the socio-
economic system. Plastics that have reached the conclusion 
of their functional life constitute the end-of-life waste, which 
is then subject to management procedures including col-
lection for recycling, incineration, or landfill disposal and 
mismanaged.

Production, fabrication, and manufacturing

The total plastic production amounted to 19.3 Mt, includ-
ing LDPE, LLDPE, HDPE, PP, PS, PVC, PET, ABS, ASA, 
SAN, PUR, Marine coatings, Fibres, Road marking coat-
ings, Elastomers (tyres), Bioplastics and Other. The most 
consumed plastic is PE (22%), closely followed by PP, fibres, 
and PVC. The trade in plastic is 14.5% of total production as 
either imports or exports, with a negative trade balance of 
2.7 Mt (7.2 Mt imported, and 4.5 Mt exported).

Fig. 2  Summary of total plastic material flows in India for 2018–19. The data used to generate this figure are available in the table labelled SM 9 
of the supplementary materials
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Total mass of plastic in plastic-containing products 
assembled and distributed into different applications 
was 23.8  Mt (total apparent consumption = produc-
tion + imports− exports). Figure 2 also illustrates the con-
sumption of plastic and plastic-containing products by 
sector.

The selection of a particular type of plastic for a specific 
purpose is primarily influenced by its physical properties 
and cost considerations. A comparison of the primary uses 
of different plastics across various industries is presented in 
Fig. 3. The data reveal that in the India for 2018–19, Pack-
aging accounted for 30% of plastic applications, followed 
by textile sector at 17% and, Buildings and Construction at 
16%—see detail in Table SM 8 in the Supplementary Mate-
rials. Plastic types like PET, LDPE/LLDPE, HDPE, and PP 
are commonly utilized for producing containers in the Pack-
aging sector as well as for mass-produced items in the Con-
sumer and Institutional Products sector. HDPE, known for 
its exceptional corrosion resistance, is extensively employed 
both in Packaging (e.g., bottle caps) and in Buildings and 

Construction (e.g., water piping). Unlike packages, which 
are typically discarded within a year, construction compo-
nents can remain in use for many years. PVC and other plas-
tics find significant applications in the Buildings and Con-
struction, Electrical/Electronic, and Transportation sectors.

Flow into use and end‑of‑life products

Plastic products by plastic types will be distributed 
between waste and stock depending on the sector and life-
time of product. A total of 15.3 Mt of plastic waste was 
generated in 2018–19, a majority of which was packag-
ing products (7.0 Mt) and Textiles (2.9 Mt)—see detail by 
plastic types in Table SM 9 in the Supplementary Materi-
als. Additions to stock were much higher in Buildings and 
Construction, and Transport. Accumulation of stocks is 
important to account for as they will become future waste. 
Considering the composition of plastic types used in differ-
ent sectors, OECD. Stat 2019, [34] estimated the distribu-
tion of waste between recycling (13%), landfilled (36%), 

Fig. 3  Distributions of plastics 
into end-use sectors in the India 
for 2018–19. The horizontal 
axis lists the sectors, the vertical 
axis lists the seven categories of 
plastics. The area of each bub-
ble represents the percentage of 
the relevant sector consumption 
of each specific plastic. All bub-
bles with the same colour along 
the horizontal axis aggregate to 
100%. The percentage atop each 
vertical bubble line represents 
the proportion of all plastics 
utilized in that end-use sector. 
The data used to generate this 
figure are available in the table 
labelled SM 7 of the supple-
mentary materials
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mismanagement2 (46%), incineration (4%) and littered3 
(1%).

To estimate flows from end-of-life (EOL) for different 
use sectors, we have used data from OECD.Stat on EOL 
fate, though we suspect they underestimate the informal 
sector. This represents a significant data gap, likely linked 
to the flow of low-value secondary plastic products. These 
products often contain a high percentage of recycled inputs, 
processed through mechanical recycling of plastic waste 
into new moulded products in the informal sector. Approxi-
mately 45% of plastic waste comes directly from packaging 
consumption, which has a lifespan of less than a year, with 
the rest flowing into stock. We also estimate the fraction of 
waste coming from the stock using the lifetime data, accord-
ing to Geyer et al. 2017 [53]

Leakages of plastic waste into the environment and 
their connection to mismanaged plastic waste, are likely 
to remain data-scarce topics and may only be understood 
from the MFA balance, when all other flows are reasonably 
accounted for.

Discussion

We have presented an MFA for Indian plastics based on 
national flow data for 2018–19. To the best of the author’s 
knowledge, this represents the first comprehensive analysis 
of Indian plastic flows since the Mutha et al. [14] using data 
from the year 2000. According to their projections, total 
virgin plastics consumption is expected to reach 20 Mt by 
the year 2030, generating over 18.8 Mt of waste. In con-
trast, based on our analysis, plastic consumption had already 
reached 24 million tons in 2018, resulting in the production 
of 15.3 Mt of plastic waste. Therefore, this trend empha-
sizes the need for more detailed analysis of plastic flows in 
particular mismanaged waste, to comprehend how we can 
reduce waste and transition towards a circular use of plas-
tic. Now is the opportune moment to effect this change—to 
reduce the environmental impact of plastics and transform 
them from something harmful into something useful in our 
world.

Importantly, the MFA approach utilised in this study also 
provides, for the first time, a national level, mass-balanced 
snapshot of the stocks and flows of plastic material. This 

has been informed by primary data sets where possible, 
using a transparent pedigree framework (see Supplemen-
tary Material for data sources and criteria used SM1–SM5). 
Where primary data sets were not available, estimates have 
been made to construct a self-consistent model that details 
the production, consumption and fate of plastics within an 
Indian context.

This work stands in contrast to several recent studies 
that provide insights into Indian plastic system subsets, 
for instance standalone estimates of end-use sectors [41] 
or end-of-life fate [25] or those that rely predominantly on 
estimated data [54]. Data available from OECD. Stat has 
also allowed, for the first time, the examination of a broader 
range of polymer resin types and the impact of additional 
consumption sectors, such as Textiles, which accounts for 
an estimated 17% of all plastic consumption by weight in 
the country. This national level MFA hence represents the 
most complete, mass-balanced flow of plastic materials for 
India to date.

An interesting point of contrast with the newly derived 
MFA model is the relatively low recycling rate of 13% 
(2 Mt) established in our assessment. One potential expla-
nation underlying this discrepancy is that our current model 
utilises economic data that will only represent the formal 
recycling sector. The Plastindia Foundation estimates that 
while there are approximately 100 ‘organized recycling 
units’, this is far outweighed by approximately 10,000 ‘unor-
ganized units’ [3]. While the role of the informal sector on 
overall recycling rates for India is undeniable, we were una-
ble to source a transparent and verifiable data set quantifying 
the contribution of the informal sector to overall material 
flows. Although recycling rates reported in this work are 
likely to underrepresent reality, the greater scope and com-
pleteness of the present work provides a rigorously defined 
denominator for calculations of a ‘total plastics recycling 
rate’. There is an opportunity for future refinement of this 
model if such data on the informal sector become available.

The dispersed and unregulated nature of this sector means 
that it is difficult to accurately measure reliable and trans-
parent flow accounts for the activities of informal waste 
collectors, aggregators, and recyclers. The difficulty may 
be worthwhile overcoming as many also argue that India’s 
current policy strategies preclude these groups, ignoring 
the aggregated (positive) impact these groups could have 
on waste minimisation and pollution reduction [55–58].

A sensible first step for this integration into the broader 
plastics policy landscape in India may be to consider pro-
cesses such as the registration of informal units. This would 
create better working conditions and more secure livelihoods 
but may also open avenues for more accurate plastic flow 
reporting, and hence provide baseline measures for policy 
makers on the impact of interventions for informal waste 
collectors. This would also allow more opportunities to 

3 According to the OECD Global Plastics Outlook Database [64] 
"Littered waste" includes littering and fly-tipping, regardless of waste 
facilities, and can be collected or left to leak into the environment.

2 According to the OECD Global Plastics Outlook Database [64] 
"Mismanaged waste" quantifies plastic waste in areas lacking proper 
waste facilities, where waste may not be collected or is disposed of 
improperly.
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harness the immense potential of these groups in delivering 
a more sustainable plastics system in India, as well as the 
potential to address marked occupational safety and environ-
mental efficiencies of these groups [19].

There has been a recent sharpened focus in India on 
developing new policy frameworks that ensure plastic prod-
ucts are produced, consumed and disposed of more respon-
sibly. This includes the Plastic Waste Management Rules 
(2016), and amendment in 2021 [20], which aim to minimise 
generation of plastic waste, littering, and ensure segregated 
collection and storage of waste at the source. There are also 
guidelines to eliminate single-use plastics. The rules were 
proposed to be implemented in three phases, starting from 
30 September 2021 with carry bags. In 2022, six additional 
major categories of plastics were to be targeted, thus includ-
ing all major classes of single-use products. This policy 
package also places a greater emphasis on extended producer 
responsibility (EPR) for both pre-consumer and post-con-
sumer packaging. There is, however, no current framework 
or platform to document and track data associated with these 
mandates. In fact, a lack of accurate and transparent national 
data has been identified by many as a significant barrier to 
effective implementation and monitoring of policy interven-
tions [37, 59–61].

The assessment of the success and impact of various pol-
icy interventions over time becomes impossible if accurate 
baseline reporting is not available. A lack of accurate flow 
accounts also stands in the way of accountability within the 
supply chain, thus reducing the ability for governments to 
enforce EPR programmes and the like.

The complete, self-consistent, reproducible, and trans-
parent nature of this approach can allow for longitudinal 
tracking of the impact of such interventions to India’s mis-
managed waste flows at a national scale. It will also allow 
decision makers an opportunity to identify and probe the 
biggest contributors across the entire system to India’s plas-
tic waste issue, and deliver accountability, perhaps one of the 
most important levers for transitioning the system to more 
sustainable practices.

The method used in this study also allows policy makers 
a national, forward-looking perspective. This work serves 
to include sectors which have previously been overlooked in 
policy approaches (e.g., the textiles industry) thus helping 
to identify future intervention opportunities for India. This 
data also shows that only some 13% of plastics appear to be 
formally recycled within the supply chain, with the remain-
ing 87% a mix of wasted resources or perhaps a loss of value 
through informal downcycling. This reflects a missed eco-
nomic opportunity to redirect these materials into higher 
value circular approaches, thus serving to grow India’s plas-
tic recycling sector.

Still, it is worth noting that the  study suffers from a 
few limitations. As mentioned earlier, the most important 

constraint is data source quality and reliability. We noticed 
several cases of relying on old assumptions or incomplete 
information. We have mainly relied on two key data sources, 
the Indian national statistics on polymers and the OECD 
datasets on sectoral use, waste, and recycling. Harmonisa-
tion of these two main data sources allowed us to establish 
a consistent picture of polymer and plastic material flows 
in the Indian economy but has not supported a complete 
understanding of all process steps in the polymer-plastics 
life cycle (such as plastics embodied in imported consumer 
goods). We are confident that all plastic that has entered the 
Indian economy in the reporting year and has been managed 
domestically has been included even if further differentiation 
to products and consumer goods has not been possible based 
on the available data.

Conclusion

Our study has shown the extent to which end-of life plastic 
materials end up in landfill or leak into the environment in 
India, and how significant the missed opportunity of materi-
als management and resource recovery still is, despite sig-
nificant policy efforts of the Indian government to clean up 
India and generate value from waste. One key impediment 
to the success of policy and of novel business models is the 
lack of reliable data on plastic material flows and stocks in 
India.

In this study, we have employed and assessed multiple 
data sources to produce a single coherent material flow 
account (MFA) of plastics in India that helps identify key 
flows and where circular economy policy might be most 
effectively directed to reduce managed and mismanaged 
plastic waste flows. The MFA framework has proven to 
be very useful to improve the notoriously bad data quality 
of waste statistics by applying a mass-balance framework 
which ensures that all materials are tracked across the whole 
supply chain, from cradle to grave. This has also allowed us 
to produce a more realistic recycling rate for plastic mate-
rials in the Indian economy beyond anecdotal knowledge 
of resource recovery rates for specific plastic materials or 
specific products. In doing so, the study reveals the signifi-
cant effort that is needed to divert end-of-life plastics from 
landfill and avoid environmental leakage and demonstrates 
the economic potential of an emerging resource recovery 
industry in India. In short, the updated plastics material flow 
account, integrating the most recent data, can be a key tool 
to support the development, monitoring and design of plastic 
waste management policies in India [62] to deliver sustain-
able production, consumption, and disposal outcomes and to 
help stem the plastic waste crisis in the country.

A lack of accurate and reliable data is a known key bar-
rier to plastics policy success, hence the unique national scale, 
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mass-balanced, self-consistent and transparent nature of this 
approach will supply a key lever for decision makers. This 
will support India to deliver to the objectives and outcomes 
of the Global Plastics Treaty, which, once established, will 
require nations to contribute to ending plastics pollution of 
waterways and oceans. It will also support India’s emergent 
circular economy policy efforts [63].

The material flow accounting method used in this study 
can also inform the Indian Office of National Statistics 
approach to integrate waste accounts in the broader con-
ceptual framework of MFA, which is not just applicable 
for end-of-life plastics, but can be used across the board, 
for all waste materials. Metrics, data, and indicators 
derived from material flow accounts have the advantage 
of being compatible with economic accounts and with 
the System of Integrated Environmental and Economic 
Accounting Framework (SEEA). This is helpful for eco-
nomic and environmental policy decisions by providing a 
unified method for longitudinal tracking of policy inter-
ventions, and increased accountability within the value 
chain.

Policy makers and business leaders can use the MFA 
for plastics, and for materials more generally, for iden-
tifying future policy approaches and informing business 
decisions that are specific to plastic material types or 
sectors and products that use these materials. In such a 
way, decision makers in India will be able to identify 
growth opportunities for a sustainable plastics industry, 
to redirect currently wasted resources into more circular 
economic models. This study is hence a timely update 
to inform contemporary waste management and resource 
recovery strategy and plastic circular economy rules in 
India [20].

Finally, the approach presented has validity for other coun-
tries and authorities, to raise public awareness of environmen-
tal and sustainability issues, to inform policy discussions and 
policy statements, to set priorities and targets and to judge the 
efficacy and effectiveness of policies through monitoring and 
evaluation supported by reliable and up to date data.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10163- 024- 02060-z.
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