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Recyclable, but not recycled—an
indicator to quantify the
environmental impacts of plastic
waste disposal

Venkateshwaran Venkatachalam?*, Sebastian Spierling and
Hans-Josef Endres

Institute of Plastics and Circular Economy, Leibniz University of Hannover, Garbsen, Germany

With an exponential increase in the production and consumption of plastic
products over the last few vyears, the predominantly linear (take-make-
dispose) economy of the plastic life cycle has captured global attention. Even
though plastic products offer versatile benefits with their properties across
different sectors, with a global recycling rate of less than 10%, it is challenging
to reduce the pollution generated by plastic waste. Also, the loss of resources due
to the uncontrolled disposal of plastic waste has been projected to cause long-
term negative effects on the environment. To ensure a better circularity of the
plastic flows across the world, it is essential to design plastic products that have an
adequate infrastructure to recover and recycle the waste no matter where they
are used. The polymer manufacturers and the plastics converters must account
for the environmental impacts of the resources lost in the environment due to the
lack of recycling infrastructure as a part of Extended Producer Responsibility. This
study introduces an indicator that accounts for the loss of resources and
proposes for a better methodology to quantify the environmental impacts of
polymers and plastic products, based on their recyclability and the availability of
recycling infrastructure to handle them. By integrating the loss of resources with
the environmental impacts of specific polymers used in specific plastic products,
the stakeholders across the value chain have the choice to select the polymers
and products that are actually recycled, thereby reducing their environmental
impacts and increasing the circularity.

KEYWORDS

plastic waste, recycling, infrastructure, circular economy, LCA, ecodesign, sustainability,
carbon footprint

1 Introduction

Plastics, being a ubiquitous material have become an indispensable part of our lives. In
this era of globalization, it is difficult to track the complete value chain of plastics as each
lifecycle phase (production, use, and recovery of the wastes) can take place in different
regions (Ryberg et al, 2018; James, 2019). Owing to the increasingly negative effects of
climate change and the loss of natural resources, the usage of plastics and disposal of plastic
waste has come under critical focus (Hahladakis et al., 2018; Johansen et al., 2022; OECD,
2022). Despite most of the polymers being theoretically recyclable, the recovery of the
plastic waste (out of these polymers) after use phase faces challenges like the lack of separate
collection of plastic waste, the market for recyclates, mechanical properties of the recyclates
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to name a few (Hopewell et al., 2009; Vogt et al., 2021). To quantify
the environmental performance of these products, manufacturers
(refers to the polymer manufacturers and the plastic converters, who
process these polymers into plastic products, from here on) conduct Life
Cycle Assessment (LCA), an internationally standardized tool to
calculate the potential environmental impacts of the product system
across the lifecycle (ISO 14040:2021-02, 2021; ISO 14044:2021-02, 20205
Vlasopoulos et al, 2023). However, the manufacturers usually
communicate the results of LCA or the carbon footprint of their
materials to their stakeholders on a cradle-to-gate basis, ie, from
the extraction of crude oil to polymer manufacture and if necessary,
processing of these polymers into different plastic products. They do not
usually consider the use and end-of-life (EoL) phase of the plastic
products due to the comparability and unavailability of data regarding
the application, where they are used, and how they are disposed or
recovered after use phase (Resalati et al., 2021; Miller, 2022).

When calculating the environmental impacts of different EoL
options, there have been several methodological approaches
developed over the years with some of them achieving the scientific
consensus (Allacker et al., 2014; Allacker et al., 2017; Ekvall et al., 2020).
These approaches distribute the environmental impacts and credits for
recovering the wastes between the manufacturers and the recyclers.
While academia is currently working on developing an impact indicator
to quantify the plastic leakage caused by the disposal of plastic waste in
the environment (Stefanini et al,, 2021; Maga et al,, 2022; Corella-
Puertas et al., 2023), the manufacturers are seldom made accountable to
the environmental impacts of the resources lost in the regions where
their products are sold as ‘recyclable’ but are not recycled due to the lack
of infrastructure. This can also be partly attributed to the
mismanagement of plastic waste in the global south and if left
unchecked, can have a harmful impact on the environment
(Conversio, 2018; Neo et al,, 2021).

This study, based on the already existing methodological
approaches (Ekvall et al., 2020), proposes to include an indicator
that quantifies the loss of plastic waste based on the availability of
polymer-specific recycling infrastructure and application-specific
quality of recyclates. This loss of resources is then added back to
the environmental impacts of the polymers, i.e., if the polymer is
used in a region where the recycling infrastructure is inadequate, the
loss of resources that are not recovered are added to the
environmental impacts of virgin polymer, which will then be
used to calculate the total environmental impacts of the product
across the whole lifecycle.

Finally, a case study is conducted, where the environmental
impacts of the virgin polymer (with and without the loss of
resources) are used in the Circular Footprint Formula (CFF)
developed by the European Commission (European Commission,
2020; European Union for Environment, 2023) to calculate the
environmental impacts of the polymer across the whole lifecycle.

2 Methodology
2.1 Plastic value chain
The value chain of plastic is complex, even for the stakeholders

in it, as shown in Figure 1 - Polymer manufacturers (extraction of
crude oil to produce monomers, which then undergo polymerisation
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to produce polymers like Polyethylene Terephthalate (PET)), who
might not know where and how the polymers are used; Plastic
converters (converting the polymers into plastic products
through different processing
despite knowing the applications have little idea on how they

techniques like extrusion),
are recovered in regions where they are disposed after use;
Recyclers (conversion of the collected plastic waste into
granules and flakes, which can then be reused), even if they
have set up separate recycling streams to recover different plastic
waste have challenges like contamination, quality, and market of
Waste
infrastructure in some regions, are expected to manage the

the recyclates; handlers, who, despite lacking
disposal of plastic waste. Thus, the manufacturers must
consider these aspects when conducting an LCA of their
material across the whole lifecycle and communicate the
results that best reflect reality. They should not only
communicate the amount of recyclates used in the production
but also communicate the recycling rate of products in the

regions where they are used.

2.2 LCA of the EoL options of plastic waste

When it comes to the EoL phase of the plastic products, once
the plastic waste is collected and sorted, depending on the policy
and availability of infrastructure, the plastic waste is usually
mechanically recycled, and the rest of them being incinerated
or disposed. Incineration, in some regions, takes place as
controlled burning with energy recovery (electricity and heat)
but in many regions done without energy recovery. In the case of
disposal, the plastic waste is either disposed safely in a landfill and
is sealed or dumped mindlessly in regions, where they lack
stringent policies, adequate infrastructure and financial
incentives (Evode et al., 2021). Incineration (despite energy
recovery) and landfilling are never considered as EoL options
that promote circularity (Ellen MacArthur Foundation, 2017)
and are therefore considered as disposal options for plastic wastes
in this study. Recycling, along with reuse, recovery, reduce are
considered to be the drivers of the circular economy.

Recycling, in comparison to these EoL options, has a lesser
Global Warming Potential (GWP) (an impact indicator that
calculates the potential greenhouse effect caused by the use of
resources and generation of emissions and wastes in a product
system), only when the generated recyclates replace the use of
virgin material in the production, also known as credits. Yet,
when it comes to the LCA studies comparing different EoL
options of plastic waste, landfilling results in less GWP in
comparison to incineration (Demetrious et al, 2018; Hou
et al., 2018; Nuraiti Tengku Izhar and Voon May 2020). This
is due to the assumption that the plastic waste, once they are
disposed in landfills will stay inert and they neither degrade nor
emit methane or other greenhouse gases inside the landfills
(Hauschild et al., 2008). But, if other impact indicators like
Eutrophication Potential (EP) or Abiotic Depletion Potential
(ADP) are interpreted, the results show landfill as the worst
choice for an EoL option due to the possible effects of leachates
and the loss of resources. However, the manufacturers, despite

the robustness of LCA, are interested mostly in the value of GWP,
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FIGURE 1

Value Chain of Plastic - Starting from the polymer production till the end of life with different processing techniques, applications, modes of
transportation, and methods of recovery and disposal all taking place in different regions across the world.

also known as carbon footprint due to the comparability of
results and increasing significance of decarbonization (Gentil
et al., 2009; Bernardo et al., 2016; Anshassi et al., 2021). By
focusing only on GWP when communicating the environmental
impacts of their products across the lifecycle, manufacturers do
not give the complete picture of the environmental performance
of their materials. If they have manufactured products, that are
recyclable after use, they do claim the credits for avoiding the
production of virgin material as they might be recycled, which
need not be true for all the applications and regions as there is no
certainty to procure high-quality recyclates that can substitute
virgin materials for the same applications.

2.3 Regional recycling infrastructure

If the loss of resources due to unrecovered wastes is quantified as
environmental impacts and is allocated to the virgin material, it can
be seen that the environmental impacts of the products and
polymers would differ from region to region. This will, at some
point stop the manufacturers with the ‘100% recyclable’ claims and
work on their value chain to reduce their own environmental
impacts, which also includes the loss of resources by not
recycling them. Regional Recycling Infrastructure (RRI) quantifies
the recycling rate of plastic waste according to the polymer type.
Generally, recycling rates of the wastes are classified based on
material types like paper, glass, and plastics or on sectors like
packaging, automotive, and so forth. To calculate RRI, it is
important to collect the recycling rates of plastic waste according
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to their applications, polymer types and sectors. By quantifying the
recycling rate of different polymers in regions where they will be
used, the polymer manufacturers can choose between sending their
polymers to regions with better recycling infrastructure or
investing in the
infrastructure as early as during the design phase. This is one
of the Design for Recycling (DfR) strategies that must be followed

regions where there is inadequate

by polymer manufacturers and plastic converters moving
forward (Venkatachalam et al., 2022).

The loss of resources (Lg,), which is region-specific, is the
quantity of plastic waste of a certain polymer type that is not
recycled in a particular region. It is the proportion of virgin
materials that end up as waste due to the lack of recycling
infrastructure. This is calculated based on RRI, where this
polymer is used and the environmental impacts per kg (Ey) of
virgin polymer that was calculated and communicated by the
polymer manufacturer. The environmental impacts here refer to
the specific impact indicators like GWP, EP and ADP of the polymer
per functional unit. Thus, the actual or the total environmental
impacts, for example, refer to the actual GWP or total GWP of the
polymer per functional unit respectively.

The Ly, is then added to Ey to account for the loss of resources
(which is nothing but the virgin materials after the use phase) in the
upstream process to give the actual environmental impacts of the
virgin polymer per kg (Eyr,). Based on the quantity of polymers
sent to the particular region (Mg,), the total environmental
impacts of polymers sent to that region are then calculated
(Evarn)- The sum of the environmental impacts of polymers
sent to different regions is then added to give the total
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environmental impacts (Evo) of the polymer manufactured for a
particular environmental impact indicator.

Lp, = (1 —RRI) X Ey
Eygy = Ey + Lg,

Evarn = Mgy X Evra

N
EVtat = ZEVARn

n=1

Lg, - Loss of resources in a region due to disposal of plastic waste
(kg CO, eq./kg of polymer)

R, - Regions, where the manufactured polymers are used for
different applications.

RRI - Regional Recycling Infrastructure, recycling rate of wastes
of a polymer type in a region.

Ey - Environmental impacts of virgin polymers (kg CO, eq./kg
of polymer)

Evrn - Environmental impacts of virgin polymers including the
loss of resources (kg CO, eq./kg of polymer)

Evarn - Total environmental impacts of virgin polymers sent to
a region (kg CO, eq.)

Mg, - Amount of polymers sent to a region to convert them into
plastic products (kg)

Eviot - Total environmental impacts of the polymers
manufactured (kg CO,; eq.)

The unit of the environmental impacts (Ey, Eyrn, Evarn, and
Evior) depends on the type of impact indicator and the choice of
impact assessment method, manufacturers choose when they
conduct LCA. In this study, the environmental impacts refer only
to the GWP, which is measured across the different impact
assessment methods in kg CO, equivalents. If the manufacturers
want to quantify the environmental impacts like acidification,
eutrophication, or toxicity, they can use the corresponding
environmental impact indicators in the above formula. Both Ey
and Eyg, are then used in the Circular Footprint Formula (CFF).

2.4 Integration of loss of resources with the
Circular Footprint Formula

To quantify the environmental credits and burdens that arise
out of recycling, incinerating, and landfilling, the European
Commission developed the Circular Footprint Formula (CFF)
which also considers the use of secondary material (referred to as
recyclates from here on), along with the market mechanisms and
quality of recyclates used in the production (European
Commission, 2020; European Union for Environment, 2023).
The components of a CFF include a) Material component, which
includes the environmental impacts of virgin material, share of
recyclates in the primary production, their market allocation and
quality, and recycling process at the EoL; b) Energy component,
which includes the incineration share at the EoL, environmental
impacts of incineration process, heating value of wastes and the
efficiency of energy recovery during incineration; c) Disposal
component, which includes the remaining share of the wastes
that are disposed at the EoL and the environmental impacts of
landfilling process.
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Material component:

(1 - Rl )EV + R1 X <AErecyled + (1 - A)EV X

Qp

+(1-A)R; x <ErecEOL - Et; X Lot )
Qp

A- Allocation factor of burdens and credits between the supplier
and the user of recyclates

Qsin - Quality of the recyclates in the primary production.

Qsout - Quality of the recyclate at the EoL.

Qp - Quality of the virgin material.

R, - Proportion of recyclate in the production.

R, - Proportion of the material recycled at the EoL.

Erecycled - Environmental impacts of the recycling process (kg
CO, eq./kg polymer)

EreckoL - Environmental impacts of the recycling process at the
EoL (kg CO, eq./kg polymer)

Ey - Environmental impacts of the virgin material (kg CO,
eq./kg polymer)

Ev* - Environmental impacts of virgin polymer to be substituted
by recyclates (kg CO, eq./kg polymer)

Energy component:

(1 - B)RS X (EER —-LHV x XER,heat X ESE,heut —-LHV x XER,elec X ESE,elec)

B- Allocation factor of the incineration process.

R; - Proportion of the material in the product that is incinerated
at the EoL.

Egr - Environmental impacts of the incineration process (kg
CO, eq./kg polymer)

Esg heat and Esg elec - Environmental impacts of the substitution
of heat and electricity from incineration (kg CO, eq./kg polymer)

XgR heat ad XgR elec - Efficiency of heat and energy recovery in
the incineration process.

LHV - Lower heating value of the material in the product that is
used for energy recovery (MJ/kg polymer)

Disposal component:

(1 = R;—Rs)xgp

Ep - Environmental impacts of the disposal of wastes at the EoL.

Finally, the sum of the three components along with the
environmental impacts of transportation, and processing gives
the total environmental impacts of the polymer across the whole
lifecycle. The system boundaries of the product considered for this
study are shown below in Figure 2.

2.5 Assumptions for the case study

The environmental impacts of the virgin polymer are calculated
based on the methodology explained in Section 2.3 and the
assumptions to calculate the impacts on a cradle-to-grave (raw
material extraction to the EoL phase) basis using CFF for the
case study are as follows:

1) Environmental impacts of virgin polymers, processing, and
other EoL phases along with the recycling rates of polymers
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https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1316530

Venkatachalam et al.

10.3389/fenvs.2024.1316530

i Primary .
| Production : : !
; EvIEvr ! ; :
| v | g Reofing | (1-A1Rz [Recyced | [ avosea | !
i : ! ¥ Eeans > material |—»{ primary | |
| Virgin : ' netol Qsout production | |
; Polymer |— | : Erecycled EVEVR® |
! Qp=1 1-Rq ; 5 5
| : 1 | (1-B)Rs
; : : Incineration Avoided | !
f ) ! | use of plastic | ! Egr . [secondary prmary | |
E Processing [~ product - Plimpacts with energy energy energy | |
i E ! recow production i
| - R 5 i i
| Primary | 1-A 1 ' H :
i| Production > Reocit?late : ' :
| EVIE gl | ' |
I : ! Landfill ;
| Y Ep .
| A : i1-Rp- Ry | (Imeacts without :
' ! : energy recovery) '
; Recycling : .
' process of '
i plastic : : :
: Ereoycled ' .
l'""""'"".
! 5- System boundaries considered for this study

FIGURE 2

System boundaries considered for the case study to calculate the environmental impacts of a polymer from cradle (primary production of polymers)
to grave (recovery and disposal of plastic waste) [Own figure, modified based on (European Commission, 2020)].

and products assumed for this case study are fictive and are
used only to show how the methodology quantifies the impacts

2) The use phase of the products along with their utility and
lifetime are not considered but can be integrated in the future
if necessary

3) Recycling rate refers to the amount of plastic waste that is not
only collected and sorted but is also sent to processing plants to
produce the recyclates

4) As the market factor for the plastic recyclates is region-specific
and unavailable, the A factor in CFF is assumed to be 0.5 for
this study (Hermansson et al., 2022)

5) Environmental impacts of the recycling process to produce
recyclates are assumed to be the same as the impacts of the
recycling process at the EoL (Erecycied = ErecycledioL)

6) The quality of the recyclates used in the primary
production is assumed to be the same as the quality of
the recyclates produced from the recycling at the EoL
(Qsin = Qsout)

7) Environmental impacts of the polymer in the primary
production and the virgin polymers substituted by the
recyclates are assumed to be the same (Ey = Ey%;
Evrn = Evrn®)

8) All the environmental impacts of the product system are
expressed per kg of polymer unless otherwise specified.
Multiplying these impacts with the mass of polymers

product

corresponding impacts of the product across the lifecycle

required to manufacture the gives  the

Frontiers in Environmental Science

9) Environmental impacts of the incineration process include the
credits for the energy recovery, heating value, and the
efficiency of the energy recovery

3 Results and discussion

3.1 Environmental impacts of virgin polymer
production

By conducting a case study, the implications of adding the loss of
resources with the environmental impacts of the virgin polymer can
be better understood. In this case study, PET is chosen as the
polymer, which is manufactured in Germany. The polymers are
then used in the Netherlands, Belgium, and Germany for different
applications. The GWP of virgin PET production is assumed to be
2.62 kg CO; eq./kg of polymer. However, when including the loss of
resources based on the recycling rate of PET in those regions, using
the formula from Section 2.3, the environmental impacts of virgin
polymers change in each region where they will be used as shown in
Table 1 and are visualized in Supplementary Figure SI.

From the above table, it can be seen that to quantify the loss of
resources with the environmental impacts in the proposed
methodology, the manufacturers need to know the share of
polymers sent to different regions and the average recycling rate
of the polymers in that region. Collecting the polymer-specific
recycling rate can be difficult given the fact that the recycling
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TABLE 1 Environmental impacts of the virgin polymer used in different regions using the proposed methodology of including the loss of resources based on
the recycling rate of plastics in each region.

Region  Amount (kg) Ey (kg CO; eq./kg) Lg (kg CO, eq./kg) Eyr (kg CO, eq./kg) Eyar (kg CO; eq.)
Netherlands 300 262 0.49 134 3.96 1,187
Germany 400 2.62 ‘ 0.46 ‘ 1.41 ‘ 403 ‘ 1,614
Belgium 300 2.62 ‘ 0.45 ‘ 1.44 ‘ 4.06 ‘ 1,218

TABLE 2 Parameters used for calculating the environmental impacts of a polymer that is used in different applications from cradle to grave (raw material

extraction to the disposal/recovery of the wastes after use).

Parameters Region 1 Region 2 Region 3
Application Bottle Foil Textile

Ey (kg CO, eq./kg) 262 262 262

Evr (kg CO, eq./kg) 4.03 4.03 4.03

Ep (kg CO; eq./kg) 0.55 0.70 0.5
Proportion of recyclate in production 0.5 0.1 0

Erecyclea (kg CO, eq./kg) 0.66 0.58 0.85
Qsin/Qp 0.95 0.6 0

Environmental impacts of manufacturing plastic products Ey; (kg CO, eq./kg) 2.65 317 3.12

Environmental impacts of manufacturing plastic products including loss of resources Eyr (kg CO, eq./kg) 3.69 4.48 4.53
Recycling rate of the product at the EoL R, 0.7 0.2 0
Incineration share 0.2 0.4 0

Total environmental impacts using Circular Footprint Er (kg CO, eq./kg) 231 3.74 321

Total environmental impacts including loss of resources (Cradle to grave) Erg (kg CO, eq./kg) 2.58 4.30 4.53

data on plastic waste are mostly application-specific (bottles, textiles,
trays) or sector-specific (automotive, consumer goods, construction).
However, if the manufacturers know the applications and polymers
used in them, the polymer-specific recycling rate in different regions can
be calculated. Using the proposed methodology, Eyr of the polymers
used in different regions is at least 51% more than the Ey. The total
environmental impact in the production of 1,000 kg of virgin polymers
(Evior) is 4,019 kg CO, eq., in comparison to the conventional value of
2,620 kg CO, eq., which is a 53% increase when the loss of PET due to
lack of recycling from different regions is considered. The calculated
impacts are used further across other lifecycle phases of the
product system.

3.2 Environmental impacts of polymer used
in different applications and recovered
after use

For this case study, it was assumed that the PET polymer, which is
used in Germany would be used for different applications like bottles,
foil, and textiles. The applications are chosen in such a way that one of
them (bottle) is assumed to have a high share of recyclates in the
production with another with almost no recyclates used in the primary
production (textile). Between these two applications, another
application is chosen which has a small share of recyclates in the

Frontiers in Environmental Science

production (foil). Each application has its own recycling and disposal
rate at the EoL along with the quality of recyclates produced. The
application-specific parameters assumed for this case study are shown
in Table 2. These parameters are used in the CFF along with region-
specific Eyg (4.03 kg CO, eq./kg polymer) and Ey (2.62 kg CO, eq./kg
polymer) from the above table to calculate the environmental impacts of
the polymer across the lifecycle. This will be done in two scenarios:

a) Applying Eyy only on the material component of the CFF (as
the loss of resources through landfill and incineration are
already accounted for in the environmental impacts of the
virgin polymer)

b) Using Ey on all three components of the CFF. The two values
are then compared to understand how the environmental
impacts of polymer are calculated with and without
including the loss of resources.

The environmental impacts caused by the use of virgin
polymer and recyclates in the production (first and second
part of the material component of CFF) are added to the
environmental impacts of processing Ep, which gives the
environmental impacts of 1kg of polymer required to produce
different products with and without the loss of resources (Ey; and
Emr). When comparing Ey and Eyg with Ey and Eygr across
three applications, it can be seen that the Ey; (2.65 kg CO, eq./kg
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polymer) of the bottle despite using the recycled content in
primary production has a slightly higher impact than Ey
(2.62kg CO, eq./kg polymer) which is due to the quality of
recyclates and impacts due to processing the product and
recyclates. But in the case of Eyr of the bottle (3.69 kg CO,
eq./kg polymer), the use of recycled content in the production is
rightly rewarded and has lesser impacts in comparison to its Eyg
(4.03 kg CO, eq./kg polymer). In the case of foil and textile, due
to the lesser to no share of recyclate and a lower quality of
recyclate in foils, there is a 21% and 19% increase in Eyg in
comparison to Eyy as against the 11% and 12% increase in Ey; for
foil and textile respectively, in comparison to their Ey. The cradle
to gate (Production of the polymer to the processing of the plastic
product) impacts of the different products with (Eygr) and
without (Ey;) the loss of resources from Table 2 is shown
graphically in Supplementary Figure S2.

When extending the scenarios to the EoL phase to calculate the
environmental impacts of the whole lifecycle, the recycling rate of bottle
at the EoL is assumed to be higher than that of foil and textiles. From the
table above, it can be seen that by increasing the recycling rate along
with the quality of recyclates produced, there is only a 12% increase in
the total impacts Erg in comparison to Et. But for textile, there is a 41%
increase in Erg (4.53 kg CO, eq./kg polymer) in comparison to Er
(321 kg CO, eq./kg polymer) due to the assumption that 100% of the
textile after use phase are sent to the landfills. The cradle to grave or the
total environmental impacts of the different products with (Erg) and
without (Er) the loss of resources from Table 2 is shown graphically in
Supplementary Figure S3.

Thus, the impacts calculated using this methodology increase
the total impacts after each phase, if the resources are not properly
recovered. However, if the recyclates are added to the primary
production and if the resulting products are recycled after EoL,
the credits reduce the total impacts of the product system.

4 Conclusion and outlook

A methodology was proposed to quantify the loss of resources
as environmental impacts due to the inadequate recycling
infrastructure to recover the plastic waste in different regions
where they are used. The loss of resources and ultimately the
environmental impacts of the virgin polymer can be subsequently
reduced if the recyclates of higher quality are used along with the
virgin polymers in the plastic processing and recycling of the
finished products after use. However, this methodology results in
higher environmental impacts for products that are not properly
recovered after the use phase. As the stakeholders use the higher
environmental impacts of the virgin polymer in their value chain,
it becomes significant to look into the recycling infrastructure
which will not only improve the environmental performance of
the virgin polymer and products but also the whole
product system.

The proposed methodology of including the loss of resources
within the environmental impacts of plastic products could be
misunderstood by the manufacturers at first glance, as it
unnecessarily ‘punishes’ them despite their efforts to make
their products recyclable. This methodology could be seen as
one of the Extended Producer Responsibility (EPR) initiatives,
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but from an environmental point of view as the EPR is found to be
effective in mitigating negative environmental impacts of the
wastes (Ramasubramanian et al., 2023). Based on the results of
the case study, it is highlighted that the extended methodology to
quantify the loss of resources as environmental impacts help to
understand the actual impacts of plastics that are not recovered
and thereby closing the research gap of estimating the actual
recyclability of the polymers and plastic products. This will also
help manufacturers to invest more in the plastic recycling
infrastructure, include more recyclates in their value chain,
keep their products within the system, and most importantly
improve the environmental performance of the product system as
a part of decarbonization strategies. This methodology also
strives for the same goal as most of the global policies and
initiatives that aim to reduce plastic pollution. (Knoblauch
and Mederake, 2021). In the future, this methodology will be
developed further by integrating the region-specific, polymer-
specific quality losses when the plastic wastes are recovered and
recycled in that particular region. Also, the factors that affect the
development of a regional recycling infrastructure will be
identified and integrated within this methodology. This will be
done initially on a regional level, which can then be extended to
national and international levels.

In this study, mechanical recycling was considered as an EoL
option promoting circularity. However, this same methodology can
be extended to other EoL options like chemical recycling in the
future. Increasing the circularity of plastic flows is possible only
when the ecodesign/design for recycling strategies are applied right
at the beginning of the design phase and this methodology can
support the manufacturers to better understand their value chain at
the earlier stage and pave the way to prevent unnecessary plastic
waste in the environment after use.
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