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Abstract: The global demand for plastic is expected to double in the next 20 years. The increasing
demand for Single-Use Plastic Products (SUPPs) has become one of the main environmental problems
in many developing countries, including Sri Lanka, through direct and indirect means, in the way of
excessive consumption and the pollution of the environment through waste generation. In this way,
there is a pressing need to accelerate the sustainability evaluation, comparison, impact mitigation and
policy recommendation of SUPPs to address the environmental impacts and sustainable development.
Therefore, this study aims to quantify and compare the environmental impacts of SUPPs for policy
decision making in Sri Lanka using life cycle assessment (LCA) techniques. Accordingly, the most
popular and widely used single-use plastic products, which are under consideration for regulation in
Sri Lanka, and their possible alternatives, are considered for this LCA study. The results reveal that
SUPPs produced using polystyrene (PS), polypropylene (PP), low-density polyethylene (LDPE), high-
density polyethylene (HDPE), and polyethylene terephthalate (PET) have a significant contribution
in all life cycle stages, in terms of global warming potential (GWP) and endpoint impact categories.
However, the outcomes of the study reveal that the net GWP impact of SUPPs that have recycling
practice at the end of life shows better performance compared to incineration and landfill. In addition,
the polylactic acid- (PLA)-based products also show a significant impact on mid- and end-point GWP
impact categories. Remarkably, the midpoint analysis of PLA-based products and their alternatives
emphasized that PLA production was the most impactful for most of the midpoint impact categories
due to PLA resin production, which contributes significantly to all impact categories. In particular,
for the pesticide bottles with the preferred end-of-life option of incineration, the HDPE indicates a
7.6% lower GWP compared to PET. For reusable steel cutlery, the largest GWP-associated life cycle
stage is the user phase (97.5%), which includes cleaning the cutlery. However, the overall reduction in
GWP in the use of steel, considering the best (PS with recycling) and worst (PS with incineration) case
scenarios, with single-use items are 0.01 and 0.05 kg CO2 (eq), respectively. In the case of pesticide
bottles, with the preferred end-of-life option being incineration, the HDPE indicates a 7.6% lower
GWP compared to PET. the study reveals that conducting LCA will facilitate scientific decision
making for policy interventions related to SUPPs and their processes. Notably, the study shows that,
at present, the capability of conducting LCA studies to evaluate the sustainability performance of
SUPPs in Sri Lanka is limited due to the lack of life cycle inventory (LCI) data availability on SUPPs
and relevant waste management practices in Sri Lanka.

Keywords: life cycle assessment; single-use plastic; evidence-based policy; global warming potential;
bioplastic; policy

1. Introduction

Over the last few decades, environmental issues, such as global warming, pollution,
and depletion of resources, have attracted much attention around the world., noting with
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concern that the high and rapidly increasing levels of plastic pollution represent a serious
environmental problem on a global scale, negatively impacting the environmental, as well
as social and economic dimensions of sustainable development [1].

In particular, the severe environmental threat of plastic pollution has caused growing
global concern. In that respect, the global demand for plastic is expected to double in the
next 20 years [2]. Plastics are the most widely used materials for single-use applications
and packaging purposes due to their appealing characteristics, such as being lightweight,
transparent, and flexible, with good mechanical and barrier properties, relatively low cost
of production, chemical inertness, and relative convenience in fabrication, and handling
and hygiene [3–5]. Therefore, the manufacturing and usage of plastic and its waste have
steadily increased over the past 30 years and pose several threats to humans, resources,
and to the ecosystem [6].

Single-use plastic products (SUPPs) are one of the most consumed items, globally,
and much debate has evolved around their environmental impact. The most common
single-use plastic waste products are straws, yogurt cups, mega bottles, lunch sheets, milk
packets, meal boxes, polyethylene bags, sachet packets, and wrappers [7], which need to
be managed in an environmentally sound manner. Therefore, it is crucial to accelerate
the sustainability evaluation, comparison and impact mitigation of single-use plastic to
address the global challenges of climate change and sustainable development [8].

Sri Lanka annually imports a considerable amount of plastic raw materials and fin-
ished products. A major portion of these end up as “Consumer Plastic Waste”, causing
serious environmental issues. It is estimated that approximately 160,000 MT of plastics
products and raw materials are imported to Sri Lanka per annum, with an annual average
growth rate of around 10–12% [7,9]; within this figure, 30% have been exported as finished
products, and the remainder are used locally [10]. Sri Lanka has over 400 companies en-
gaged in plastic processing. The main polymers used for producing single-use plastics are
high-density polyethylene (HDPE), low-density polyethylene (LDPE), polyethylene tereph-
thalate (PET), polypropylene (PP), and polystyrene (PS) [7]. Many of these SUPPs end up
in municipal solid waste (MSW) due to the lack of technical and financial capacities of local
governments to manage them, and due to the irresponsible behavior of consumers [11].
Of the MSW generated, only one-third is collected for processing, and the rest are either
open-dumped [12] or open-burned [11]. This has become a national burden.

There are many initiatives being implemented both globally and nationally to address
plastic pollution, especially the single use of plastics. According to the United Nations
Environment Programme (UNEP) and the World Resources Institute (WRI), 127 countries
have already reviewed and adopted some form of legislation to regulate plastic bags, while
27 countries have enacted some form of law to ban single-use plastics, either in specific
products (e.g., plates, cups, straws, packaging) or materials (e.g., polystyrene), or at the
production level [13]. In Sri Lanka, the government developed the National Action Plan
on Plastic Waste Management in 2021 [11] and introduced several gazette orders to ban
some single-use plastic product-packaging and selected product categories that fall into
SUPPs [8]. As these decisions led to many socio-economic issues, and al there are some
doubts about the true environmental gain of these decisions, it is timely to investigate the
overall picture of actual environmental gains, as some instances of alternatives to SUPPs
will have more negative impacts on the environment. However, it is not easy to capture
the complete picture of actual environmental impact or gain by concentrating on only one
aspect of the products, such as the manufacturing phase, usage, or disposal. This study will
be only possible if the total life cycle of the products is investigated for their environmental
impacts. In order to convince the consumers of the complete picture of products’ environ-
mental sustainability, it is important to inculcate life cycle thinking (LCT) among them.
LCT is about going beyond the traditional focus on the production site and manufacturing
processes to include environmental, social and economic impacts of a product, over its
entire life cycle [14], as well as their alternatives, which also need to be investigated from
a life cycle perspective. Life cycle assessment (LCA) is a quantitative tool designed for
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the purpose of assessing the environmental impacts of products and services across their
entire life cycle, including raw material extraction, manufacturing, transportation, use and
end-of-life [15]. The fourth and fifth United Nations Environment Assemblies (UNEA4 [16]
and UNEA5.2 [17], respectively) encouraged member states to address SUPP’s pollution by
taking actions, such as promoting the identification and development of environmentally
friendly alternatives to SUPPs and considering the full-life-cycle implications of those
alternatives [18]. To further assist this process, the United Nations Life Cycle Initiative
(UNEP-LCI) is creating a meta-analysis of SUPPs and alternative LCA studies. In the
meantime, the limitations of the present LCA, assessing the end-of-life impacts of misman-
aged plastics [19] and the lack of life cycle inventory (LCI) data, especially in developing
countries, hinder the application of LCA to evidence-based policymaking. At present, the
capability of conducting LCA studies in Sri Lanka is limited due to the lack of LCI data
availability on a national scale, and foreign background databases available in the LCA
software do not include specific data for the Sri Lankan context [20]. Although there is
wide availability of data related to the major products and processes in Sri Lanka, these
available data are in different formats and used for different objectives than the LCA.
Although the government and other related constitutional bodies have acknowledged the
importance of the LCA approach to achieve sustainable development goals for the country,
an effective policy has not yet been established to mainstream the LCI database at national
level. Accumulation of the available data, in a usable form and in a national database,
will be essential for promoting LCT and LCA approaches in Sri Lanka, as well as in the
decision-making process for implementing sustainable development practices.

Therefore, this research aims to evaluate the environmental performance of SUPPs
and their possible alternatives for policy-making and recommendations in Sri Lanka,
using LCA techniques, while considering the limitations of LCA. Accordingly, this study
aims to quantify the environmental impacts of eight selected SUPPs and their possible
alternatives, using LCA techniques. The selected SUPPs are: cutlery (fork/spoon), cotton
buds, Joss-Stick wrappers, cloth wick wrappers, pesticide bottles, grocery bags, straws
and, water bottles. Further, SimaPro 8.3.0.0 software, IPCC 2013 Global warming potential
(GWP) 100a V1.03/Characterization, ReCiPe Midpoint (H) V1.13/Normalization, and
ReCiPe Endpoint (H) V1.13/Weighting perspective model approaches were used for the
assessment and comparison of the environmental performance of the eight selected SUPPs
and their possible alternatives.

2. Materials and Methods

This study is structured by goal and scope definition, life cycle inventory analysis,
life cycle impact assessment and life cycle interpretation according to ISO 14040 [21]
and 14044 [22].

2.1. LCA Methodology—ISO 14040/14044

The LCA is a useful tool that is a structured, comprehensive and internationally
standardized method used for the identification of environmental hotspots throughout the
product life cycle [23]. It quantifies the relevant emissions, consumption of resources and
energy, and environmental impacts associated with the product, process, or system. The
LCA is, therefore, a vital and robust decision support tool, complementing other methods
which are equally necessary to help effectively and efficiently make consumption and
production more sustainable [24]. Moreover, LCA brings a holistic perspective to decision-
making and has gained acceptance as a decision-making tool in industry, procurement
and policymaking. The standardized LCA methodological framework was developed and
established by ISO 14040 and ISO 14044 [21,22]. Figure 1 shows the ISO methodological
framework of LCA.

According to the ISO 14040 (2006) [21,22], LCA comprises four main stages as de-
scribed below:
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• Goal and scope definition: The goal and scope phase defines the purpose of the study,
the intended use of the results, and what should be included.

• Life cycle inventory (LCI): The life cycle inventory phase involves the compilation and
quantification of inputs and outputs for a product throughout its life cycle.

• Life cycle impact assessment (LCIA): The life cycle impact assessment phase is aimed
at understanding and evaluating the magnitude and significance of the potential
environmental impacts of a product system, throughout the life cycle of the product.

• Interpretation of results: The life cycle assessment phase, in which the findings of
either the inventory analysis or the impact assessment, or both, is evaluated in relation
to the defined goal and scope to reach conclusions and provide recommendations.
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2.2. Goal and Scope Definition

This study aims to quantify the environmental impacts of SUPPs in order to provide
recommendations for policy-making in Sri Lanka, using LCA techniques. Accordingly,
the most popular and widely used SUPPs and their possible alternatives in Sri Lanka are
considered for the LCA study and policy recommendations. The selected SUPPs and their
alternatives are listed below, in Table 1. The eight SUPPs were selected from the list of
stepwise banning items, regulated by the Ministry of Environment (MOE), Sri Lanka. The
overall Sri Lankan regulating list includes 16 SUPP gazette items [24], an additional list
of four supp items [25], and two non-SUPPs items [26]. The list of all the items is given
in the supplementary document, Table S1. The eight selected items are a result of our
communication with MOE, Sri Lanka; the central environmental authority, Sri Lanka; and
a pre-data availability study for the SUPPs and the potential alternatives proposed by the
local experts. PLA was targeted as an important alternative, as it has better mechanical
strength, durability, and transparency, compared to other bio-degradable plastics. PLA is
widely used for single-use and short-lifetime packaging products, such as food packaging
and single-use products [27]. In addition to its mechanical properties, another reason for
selecting PLA is that the manufacturing process that turns PLA into single-use packaging
is almost identical to other fossil fuel-based plastics. Notably, the development of the
properties of current PLA has the potential for commercialization, while also solving the
problems related to its fragility in packaging applications [28].

2.2.1. Goal, Functional Unit (FU), and System Boundaries

The LCA system’s definition and functional unit for all of the selected SUPPs in this
study are presented in this section. The LCA system’s definition of this study is presented
in Table 2. For the multiple-use (reusable) alternatives, the time of reuse is considered to
be 200 times. All unit processes of SUPPs were considered in the system boundary. The
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required infrastructure and equipment to execute these unit processes were not included
in the analysis. Moreover, this study considered the raw material import; transportation
from import to the manufacturing plant and from manufacturing to the consumer; and
transportation to the recycling plant, landfill, and incineration.

Table 1. Selected SUPPs and their potential alternatives are considered in this study.

Product SUPPs Alternative Products Considered

Cutlery Fork/Spoon Polystyrene (PS) Single-use: Polylactic Acid (PLA)
Reusable: Steel (200 times reuse)

Cotton bud Polypropylene (PP) Single-use: Polylactic Acid (PLA)

Joss-Stick wrappers Low-density polyethylene (LDPE) Single-use: Polylactic Acid (PLA)

Cloth wick wrappers Low-density polyethylene (LDPE) Single-use: Polylactic Acid (PLA)

Pesticide bottle High-density polyethylene (HDPE)
Polyethylene terephthalate (PET) Single-use: Polylactic Acid (PLA)

Grocery bag Low-density polyethylene (LDPE) Single-use: Polylactic Acid (PLA)

Straws Polypropylene (PP) Single-use: Polylactic Acid (PLA)

Water bottle Polyethylene terephthalate (PET) Single-use: Polylactic Acid (PLA)
Reusable: Aluminium (200 times reuse)

Table 2. System definition of selected SUPPs and their possible alternatives.
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Goals

• Identification of environmental impacts of the selected SUP product
• Comparison of the environmental impacts of the SUP products to the selected alternatives
• Environmental policy recommendations

Scope Cradle-to-grave

The functional
unit (FU)

1-time use of
cutlery

fork/spoon

1 cotton
bud

1 Joss-Stick
wrapper

1 cloth
wick

wrapper

1-time use of
<750 mL

pesticide bottle

1 grocery
bag 1 straw

1-time use of
750 mL water

bottle

Geographical
boundary Sri Lanka

Life cycle
level-based
boundary

• Life cycles of infrastructure and capital were excluded, and long-term emissions were included.
• The impact of the manufacturing process and waste scenario data were taken from ecoinvent database.

2.2.2. General Data and Assumptions

Detailed analysis was conducted in order to prepare life cycle inventories of respective
products, based on the system boundaries already defined in the four main stages of the life
cycles of each product category. Materials of each product have been identified and further
details of material compositions are currently being investigated, before finalizing the LCIs.
T sources of data were commercial LCI databases, public LCI databases, measured data,
data from peer-reviewed literature [29–31], data from reports of public bodies, and data
from manufacturers. The alternatives for the selected SUPPs were selected by considering
the social acceptance, adaptability to change, and the manufacturing process by material
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substitution. In their respective manufacturing processes, PP, PE, PS, and PLA-based
products undergo the same process of injection molding, using SimaPro.

Phase-related information, such as water and detergent consumption for the washing
of the metal cutlery (fork/spoon) and the aluminium water bottle, was taken from the
literature [29,30]. Accordingly, the water and detergent consumption for washing during
the use phase is assumed as 0.4 L and 1 g for metal cutlery (fork/spoon), and 0.25 L and 1 g,
for the aluminium water bottles(for 200 times washing). In addition, the average weight
of the aluminium water bottles and of the labels for PET water bottles were taken from
the literature [30,31].The weight of the aluminum water bottle and label for the PET water
bottle were assumed as 105.9 g of aluminum and 0.37 g of PE, respectively. The end-of-life
phase of each product category was taken based on the potential and possible scenario
of Sri Lankan waste management practices. This study worked with the assumption that
waste from all single-use items is either 100% recycled or put into landfill and incinerated.
End-of-life process data were primarily taken from SimaPro software.

All the transportation distances were calculated based on assumptions, and were
not measured. Transportation distances from overseas to Sri Lanka were assumed based
on the import countries, particularly China, India, and UAE. The local transportation,
to the factory and to the consumer, is estimated at 50 km and 150 km, respectively. The
municipal transportation from consumers to recycling plants, landfill, and incinerations
are assumed as 40 km, 20 km, and 80 km, respectively. Detailed information is provided in
the supplementary Table S2.

2.3. Life-Cycle Inventory

Life cycle inventory considers the collection of data for all relevant inputs (energy and
material) and outputs (emissions and wastes) along the life cycle. These data are then set
concerning the FU defined in the goal and scope definition. The data collection for the
life cycle inventory preparation involved information related to the pre-manufacturing,
production, transportation, and disposal associated with the SUPPs. The data relating to
SUPPs at different stages along the life cycle have been collected through field surveys,
observations, and personal interviews. When it comes to alternative products, respective
life cycle phases related to activity data have been estimated and collected from equivalent
manufacturing processes.

2.4. Life Cycle Impact Assessment

The life cycle impact assessment is the stage in which the size and significance of
potential impacts are determined and assessed in an LCA study, with a defined system
boundary. In this study, the LCA analysis was performed for the determined system
boundary, and global warming potential (GWP), ReCiPe Midpoint and Endpoint were
examined. LCA analysis is performed using SimaPro 8.3.0.0 software. The secondary data
used in the model has been obtained from the existing ecoinvent database 3.0 in SimaPro
8.3.0.0 software. IPCC 2013 GWP 100a V1.03 method indicates the effects of climate
change as a result of greenhouse gas (GHG) emissions. The ReCiPe midpoint impact
categories provide more reliable results due to the wide range of indicators provided and
the endpoint method indicates the extent of adverse impacts in categories such as human
health, ecosystem quality, and resources.

2.5. Sri Lankan Situation of SUPPs Regulating Process

The background of Sri Lanka’s national legislation related to plastic pollution and
the SUPPs regulating process was studied through communication with MOE, Sri Lanka;
the central environmental authority (CEA), Sri Lanka; and from referral to the published
documents by the relevant authorities.
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3. Results
3.1. Life Cycle Inventory

The life cycle inventory involves “the quantification and compilation of inputs and
outputs” related to SUPPs, throughout their life cycle. Inputs to the product systems
include materials and energy, while outputs include emissions to air, water and soil. The
life cycle inventory related to the products and their process was identified and compiled for
each SUPP, based on the FUs described in Section 2.2.1. The life cycle inventory summary
of all of the SUPPs for their respective FU of this study is presented in Supplementary
Table S2. This summarized LCI data was used to model and assess the impact through the
SimaPro software.

3.2. Life Cycle Impact of SUPPs and Alternative Products

In this study, the LCA analysis was performed for the determined system bound-
ary, and GWP, ReCiPe Midpoint, and Endpoint were all examined. LCA analyses were
performed using SimaPro 8.3.0.0 software. The results of the impact assessment and
comparison of the SUPPs are presented in this section.

3.2.1. Cutlery (Fork/Spoon)

Figure 2 shows the contribution of climate change impact emissions from the life cycle
stages of cutlery (fork/spoon) made of PS, PLA and Steel. Results show that the total
GWP impact of PS cutlery is 0.0514 kg CO2 (eq) for 100% incineration; 0.032 kg CO2 (eq) for
100% landfill; and 0.0119 kg CO2 (eq) for 100% recycling. The GWP impact of PLA cutlery
is shown to be 0.0280 kg CO2 (eq) for 100% incineration, and 0.0310 kg CO2 (eq) for 100%
landfill. In addition, it depicts that the GWP of steel cutlery is 0.002 kg CO2 (eq) for 100%
landfill and 0.0018 kg CO2 (eq) for 100% recycling.

Sustainability 2022, 14, x FOR PEER REVIEW 7 of 26 
 

2.5. Sri Lankan situation of SUPPs regulating process 

The background of Sri Lanka’s national legislation related to plastic pollution and the 

SUPPs regulating process was studied through communication with MOE, Sri Lanka; the 

central environmental authority (CEA), Sri Lanka; and from referral to the published doc-

uments by the relevant authorities. 

3. Results 

3.1. Life Cycle Inventory 

The life cycle inventory involves “the quantification and compilation of inputs and 

outputs” related to SUPPs, throughout their life cycle. Inputs to the product systems in-

clude materials and energy, while outputs include emissions to air, water and soil. The 

life cycle inventory related to the products and their process was identified and compiled 

for each SUPP, based on the FUs described in Section 2.2.1. The life cycle inventory sum-

mary of all of the SUPPs for their respective FU of this study is presented in Supplemen-

tary Table S2. This summarized LCI data was used to model and assess the impact 

through the SimaPro software. 

3.2. Life Cycle Impact of SUPPs and Alternative Products 

In this study, the LCA analysis was performed for the determined system boundary, 

and GWP, ReCiPe Midpoint, and Endpoint were all examined. LCA analyses were per-

formed using SimaPro 8.3.0.0 software. The results of the impact assessment and compar-

ison of the SUPPs are presented in this section. 

3.2.1. Cutlery (Fork/Spoon) 

Figure 2 shows the contribution of climate change impact emissions from the life cy-

cle stages of cutlery (fork/spoon) made of PS, PLA and Steel. Results show that the total 

GWP impact of PS cutlery is 0.0514 kg CO2 (eq) for 100% incineration; 0.032 kg CO2 (eq) for 

100% landfill; and 0.0119 kg CO2 (eq) for 100% recycling. The GWP impact of PLA cutlery is 

shown to be 0.0280 kg CO2 (eq) for 100% incineration, and 0.0310 kg CO2 (eq) for 100% landfill. 

In addition, it depicts that the GWP of steel cutlery is 0.002 kg CO2 (eq) for 100% landfill 

and 0.0018 kg CO2 (eq) for 100% recycling. 

 

Figure 2. Comparison of global warming potential for cutlery (fork/spoon). 

The results highlighted that the PS- and PLA-based cutlery (fork/spoon)were the 

least environmentally sound products in terms of GWP, while for the single-use steel 

Figure 2. Comparison of global warming potential for cutlery (fork/spoon).

The results highlighted that the PS- and PLA-based cutlery (fork/spoon)were the least
environmentally sound products in terms of GWP, while for the single-use steel cutlery
(fork/spoon), the environmental performance was tenfold lower than its alternatives.
Therefore, promoting metal cutlery will be advantageous for the significant reduction of
GWP. The results for the PS and PLA cutleries reveal that the pre-manufacturing phase had
a significant contribution to GWP, and its contribution to the total impacts of the system
was around 50%. Notably, the net GWP impact of cutlery with recycling practice as its end
of life shows a better performance, and can be considered as a possible potential alternative.
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Figure 3 describes the ReCiPe midpoint analysis of all three cutlery (fork/spoon)
alternatives: PS, PLA, and steel. Only pre-manufacturing and manufacturing phases prior
to midpoint comparison are considered. The midpoint analysis of the cutlery (fork/spoon)
highlighted that PLA production was the most impactful for all midpoint impact categories,
with the exception of climate change, photochemical oxidant formation, metal depletion,
and fossil depletion. PS production plays a significant role in climate change, photochemical
oxidant formation and fossil depletion, while metal depletion is affected by steel production.
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Notably, PLA production generally has higher impacts than the others due to PLA
resin production, which contributes significantly to all impact categories. In particular,
considerable GHG emissions occur during the corn production phase and are caused by a
large amount of fertilizer and herbicides, which are generally used in corn cultivation [4].
Due to the various crop-based PLA production, it is difficult to quantify the exact impacts of
PLA-based products, since crop inputs (i.e., pesticides, fertilizers, field activities) generally
differ and therefore have different effects on GWP [30].

Figure 4 depicts the ReCiPe endpoint assessment of single score comparison for the PS,
PLA and metal cutlery (fork/ knife). According to the endpoint single score results, all three
impact categories (human health, ecosystem, and resources) were significantly affected
by the pre-manufacturing and manufacturing phases of PS and PLA cutlery (fork/spoon).
It is essential to consider that the recycling of PS cutlery shows a positive impact on the
environment and should be promoted in waste management practice.

Based on the LCIA results, it could be concluded that using steel cutlery is environ-
mentally friendly, when compared to PS and PLA cutlery, in terms of GWP and mid- and
end-point impact analysis. Although steel cutlery (fork/spoon) only considers 200 reusable
cycles for the comparison, it can usually be used for an extended life of more than 200 cycles,
which gives a better sustainable solution and substitution than the other types of cutlery
(fork/spoon). When comparing PS and PLA, it can be concluded that the PS-based cutlery
(fork/spoon) can be used if the end-of-life practice is recycling.

3.2.2. Cotton Bud

Figure 5 displays the contribution of GWP impact of the different life cycle stages of
PP and PLA cotton buds. It reveals that the total GWP impact of PP cotton buds is 0.0013 kg
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CO2 (eq) for 100% incineration, 0.0007 kg CO2 (eq) for 100% landfill and 0.00027 kg CO2 (eq)
for 100% recycling. The GWP impact of PLA cotton buds is shown to be 0.0009 kg CO2 (eq)
for 100% incineration, and 0.001 kg CO2 (eq) for 100% landfill. The results emphasized that
the PP and PLA-based cotton bud were of almost equal environmental impact in creating
products, in terms of GWP, while for the PP cotton bud with recycling practice, the impact
was the best option in comparison to the other scenarios and PLA cotton buds. Therefore,
promoting PP cotton buds with a recycling approach at the end of life will be an advantage
for the significant GWP reduction. Figures S1 and S2, in the supplementary document,
provides the ReCiPe midpoint impacts assessment information for the cotton buds. With
the exception of the fossil fuel (which is a raw material for PP), the other impacts are
comparatively higher for the PLA due to the pre-manufacturing stage associated with
environmental burdens.
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Figure 4. Comparison of ReCiPe Endpoint Single Score of Cutlery fork/spoon.
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3.2.3. Joss-Stick Wrappers

Figure 6 displays the comparison of the GWP impact of the different life cycle stages
of LDPE and PLA Joss-Stick wrappers. It demonstrates that the total GWP impact of LDPE
Joss-Stick wrappers is 0.006 kg CO2 (eq) for 100% incineration, 0.003 kg CO2 (eq) for 100%
landfill and 0.0013 kg CO2 (eq) for 100% recycling. The GWP impact of PLA Joss-Stick
wrappers is shown to be 0.0038 kg CO2 (eq) for 100% incineration, and 0.0015 kg CO2 (eq) for
100% landfill. The results highlighted that the LDPE and PLA-based Joss-Stick wrappers
were of an approximately equal environmental impact in terms of GWP, while for the
LDPE Joss-Stick wrappers with recycling method, the impact was comparatively better
than the other scenarios and PLA Joss-Stick wrappers. However, the GWP of LDPE Joss-
Stick wrappers with incineration plays a significant role in the environmental damage
compared to the other alternatives. Therefore, promoting LDPE Joss-Stick wrappers with a
recycling approach at the end of life will be an advantage for the substantial GWP reduction.
Figures S3 and S4 in the supplementary document provide the ReCiPe midpoint impacts
assessment information for the Joss-Stick wrappers. With the exception of the fossil fuel
(which is a raw material for LDPE), the other impacts are comparatively higher for the PLA
due to the pre-manufacturing stage associated with environmental burdens.
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3.2.4. Cloth Wick Wrappers

Figure 7 displays the comparison of the GWP impact of the different life cycle stages of
LDPE and PLA cloth wick wrappers. It shows that the total GWP impact of LDPE cloth wick
wrappers are 0.0029 kg CO2 (eq) for 100% incineration, 0.0015 kg CO2 (eq) for 100% landfill
and 0.0006 kg CO2 (eq) for 100% recycling. The GWP impact of PLA cloth wick wrappers
is shown to be 0.0018 kg CO2 (eq) for 100% incineration, and 0.0012 kg CO2 (eq) for 100%
landfill. The results indicate that the LDPE and PLA based cloth wick wrappers had almost
equal environmental impact in terms of GWP, while for the LDPE cloth wick wrappers with
recycling method, the impact was comparatively better than the other scenarios and PLA
cloth wick wrappers. Remarkably, the GWP of LDPE cloth wick wrappers with incineration
plays a major role in the environment compared to other alternatives. Therefore, promoting
LDPE cloth wick wrappers with a recycling approach at the end of life will be an advantage
for the reduction of significant GWP. Figures S5 and S6 in the supplementary document
provide the ReCiPe midpoint impacts assessment information for cloth wick wrappers.
With the exception of fossil fuel (which is a raw material for LDPE), the other impacts
are comparatively higher for the PLA due to the pre-manufacturing stage associated with
environmental burdens.
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3.2.5. Pesticide Bottle

Figure 8 presents the GWP comparison of the different life cycle stages of pesticide
bottles for the material of HDPE, PET and PLA. Results reveal that total GWP impact of
HDPE pesticide bottles is 0.228 kg CO2 (eq) for 100% incineration, 0.137 kg CO2 (eq) for 100%
landfill and 0.080 kg CO2 (eq) for 100% recycling. The GWP impact of PET pesticide bottles
is 0.229 kg CO2 (eq) for 100% incineration, 0.163 kg CO2 (eq) for 100% landfill and 0.083 kg
CO2 (eq) for 100% recycling. In addition, it depicts that the GWP of PLA pesticide bottles is
shown to be 0.166 kg CO2 (eq) for 100% incineration, and 0.181 kg CO2 (eq) for 100% landfill.
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The results emphasized that the HDPE and PET-based pesticide bottles with incinera-
tion practice at the end of life were the most GWP impact scenario, while for the HDPE and
PET-based pesticide bottles with a recycling approach, the environmental performances
were better, indicating a 50% lower impact than all other alternatives. The PLA-based
pesticide bottle has an almost equal significant impact in both end-of-life situations. Ac-
cording to the results, therefore, encouraging HDPE and PET-based pesticide bottles with a
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recycling practice for its end-of-life will be advantageous for the significant GWP reduc-
tion compared to other all scenarios. Figures S7 and S8 in the supplementary document
provide the ReCiPe midpoint impacts assessment information for pesticide bottles. With
the exception of fossil fuel (which is a raw material for HDPE and PET), the other im-
pacts are comparatively higher for the PLA due to the pre-manufacturing stage-associated
environmental burdens.

3.2.6. Grocery Bag

Figure 9 shows the comparison of the GWP impact of the different life cycle stages
of LDPE and PLA grocery bags. It describes that the total GWP impact of LDPE grocery
bags is 0.0075 kg CO2 (eq) for 100% incineration, 0.0038 kg CO2 (eq) for 100% landfill and
0.0016 kg CO2 (eq) for 100% recycling. The GWP impact of PLA grocery bags is shown to
be 0.0047 kg CO2 (eq) for 100% incineration, and 0.0053 kg CO2 (eq) for 100% landfill. The
results highlighted that the LDPE and PLA-based grocery bags were approximately equal
environmentally impact products in terms of GWP, while for the LDPE grocery bag with
the recycling method, the impact was comparatively better than other scenarios and PLA
grocery bags. However, the GWP of LDPE grocery bags with incineration approaches plays
a significant role in the environmental damage compared to other alternative scenarios.
Therefore, promoting LDPE grocery bags with a recycling approach at the end of life will be
an advantage for the substantial reduction of GWP. Figures S9 and S10 in the supplementary
document provide the ReCiPe midpoint impacts assessment information for grocery bags.
With the exception of fossil fuel (which is a raw material for LDPE), the other impacts
are comparatively higher for the PLA due to the pre-manufacturing stage associated with
environmental burdens.
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3.2.7. Straws

Figure 10 presents the contribution of GWP impact of the different life cycle stages
of PP and PLA straws. It describes that the total GWP impact of the PP straw is 0.0017 kg
CO2 (eq) for 100% incineration, 0.0009 kg CO2 (eq) for 100% landfill and 0.0004 kg CO2 (eq)
for 100% recycling. The GWP impact of the PLA straw is presented to be 0.0012 kg CO2 (eq)
for 100% incineration, and 0.0013 kg CO2 (eq) for 100% landfill. The results emphasized that
the PP and PLA-based straws were nearly equal environmental impact creating products
in terms of GWP, while for the PP straw with recycling method, the impact was compar-
atively better than other scenarios and the PLA straw. However, the GWP of PP straw
with incineration shows a significant contribution to the environment compared to other
alternative scenarios. Therefore, promoting PP straws with recycling methods at the end
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of life will be an advantage for the potential GWP reduction. Figures S11 and S12 in the
supplementary document provide the ReCiPe midpoint impacts assessment information
for straws. With the exception fossil fuel (which is a raw material for LDPE), the other
impacts are comparatively higher for PLA due to the pre-manufacturing stage associated
with environmental burdens.
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3.2.8. Water Bottle

Figure 11 illustrates the GWP comparison of the different life cycle stages of a water
bottle for the materials PET, PLA and aluminum. Results show that the total GWP impact
of PET water bottles is 0.206 kg CO2 (eq) for 100% incineration, 0.146 kg CO2 (eq) for 100%
landfill and 0.075 kg CO2 (eq) for 100% recycling. The GWP impact of PLA water bottles is
shown to be 0.150 kg CO2 (eq) for 100% incineration, and 0.163 kg CO2 (eq) for 100% landfill.
In addition, it depicts that the GWP of aluminum water bottles is 0.022 kg CO2 (eq) for 100%
incineration, 0.023 kg CO2 (eq) for 100% landfill and 0.0152 kg CO2 (eq) for 100% recycling.
In particular, the incineration of aluminum water bottles describes the combustion of the
acrylonitrile butadiene styrene (ABS) material-based cap in a water bottle.
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The results highlighted that the PET and PLA-based water bottles were the most
environmentally sound products in terms of GWP, while for the one-time use aluminum
water bottle, the environmental performance was six times lower than the alternatives.
Therefore, promoting aluminum water bottles will be beneficial for the significant reduction
of GWP. Considering the PET and PLA water bottles, the results reveal that the pre-
manufacturing phase was a significant contribution to GWP and its contribution to the
total impacts of the system was over 50%. Notably, the net GWP impact of PET water
bottles with recycling practice at the end of life shows a better performance, and can be
also considered as a potential alternative among PET and PLA water bottles.

Figure 12 describes the ReCiPe midpoint analysis of all three water bottle alternatives:
PET, PLA and aluminum. Only pre-manufacturing and manufacturing phases prior to
midpoint comparison are considered. The midpoint analysis of the water bottle emphasized
that PLA production was the most impactful for all midpoint impact categories, except
fossil depletion. It is PLA resin production that contributes significantly to all impact
categories. Notably, PLA water bottles offer savings for fossil fuel resource use but lead to
higher impacts for other impact categories, while PET production plays a significant role in
fossil depletion. Moreover, the literature highlighted that PLA bottle production generally
has higher impacts than PET bottle production, globally or regionally depending on the
categories [30].
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Figure 12. Comparison of ReCiPe Midpoint Characterization of Water Bottle.

Figure 13 depicts the ReCiPe endpoint assessment of single score comparison for the
PET, PLA and aluminum water bottles. According to the endpoint single score results,
all three impact categories (human health, ecosystem, and resources) were almost equally
significantly affected by the pre-manufacturing and manufacturing phases of PET and
PLA water bottles. It is essential to consider that the recycling of PET water bottles shows
a positive impact on the environment and that they need to be promoted in end-of-life
practices. The aluminum water bottle shows the best environmental performance in
all situations, throughout the life cycle. Therefore, it will be recommended to promote
aluminum water bottles instead of its alternatives. According to the overall environmental
performance and disposal scenario, the aluminum water bottle is the best candidate and
should be promoted, instead of other alternatives.
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Figure 13. Comparison of ReCiPe Endpoint Single Score of Water Bottle.

3.3. Sri Lankan Situation of SUPPs Regulating Process

An overview of the national-level legal instruments in place in Sri Lanka that are
relevant for waste management and specifically for SUPPs at the national level is given
in Table 3.

Table 3. Overview of national legal and policy instruments applicable for the protection of the
environment from plastic pollution in Sri Lanka.

Legal Instrument Description Reference

Constitution of 1978 and
amendments till 2021

• Protect, preserve and improve the environment for the benefit of the community
• In addition, under fundamental duties, it states that every person in Sri Lanka has a

duty, to protect nature and conserve its resources
[32]

The Code of Criminal Procedure Act
No. 15 of 1979 and Penal Code
Ordinance No. 2 of 1883.

• Provisions related to the removal or abatement of public nuisances, which apply to
illegal dumping of waste.

[33]

The National Environmental
Act (NEA)

• “Waste’ includes any matter prescribed to be waste and any matter, whether liquid,
solid, gaseous, or radioactive, which is discharged, emitted, or deposited in the
environment in such volume, constituency, or manner as to cause an alteration of
the environment”

• Environmental Protection Licensing (EPL)
• Environmental Impact Assessment (EIA)
• Initial Environmental Examination (IEE)
• Establishment of the Central Environmental Authority (CEA)

[34]

National Environmental Policy
of 2003 *

• Prevention of pollution of surface and groundwater by human and domestic wastes,
through improved sanitation and good waste disposal

[35]

Cleaner Production Policy of 2004 • Aims at changing consumption patterns to reduce excessive exploitation and waste,
while minimizing energy consumption

[36]

National Policy on Solid Waste
Management of 2007

• Maximize resource recovery to minimize the amount of waste disposal
• Environmental accountability and social responsibility of all waste generators, waste

managers and service providers
• Principles considering minimizing adverse environmental impacts due to waste (3R

principle, polluter payee principle, resource maximization by promoting sustainable
production and consumption, efficient law enforcement for efficient waste
management, encouraging efficient and cost-effective collection, transportation,
storage, and treatment of solid waste and reduce dispose of, ensured all stakeholder
participation, etc.)

[37]
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Table 3. Cont.

Legal Instrument Description Reference

Marine Pollution Prevention Act
No.2 of 2008

• Prevention, reduction, and control of marine pollution in the territorial water of
Sri Lanka

• The Marine Environmental Prevention Authority (MEPA) is responsible for the
enforcement of the act.

[38]

Environment Conservation Levy
Act No.26, 2008

• Specified items owned by consumers; specified items imported into or manufactured
in Sri Lanka; or specified services provided in Sri Lanka, which are likely to have a
harmful impact on the environment

[39]

Plastic Ban, 2017

• Ban on manufacture, sale, offer free, etc. of polythene or any polythene products less
than 20 µm in Sri Lanka.

• Manufacture, sell, or offer free a grocery bag of HDPE as a raw material for
in-country use.

• Prohibition of open burning of refuse and other combustible matters inclusive
of plastics.

[25]

National Policy on Waste
Management, 2019

• To establish an agreed integrated waste management system by providing more
detailed focused directions for policymakers and implementers The policy also
highlights the importance of the application of Extended Producer Responsibility (EPR)

[40]

National Environmental
Regulations 2021

• The manufactured plastic item shall be marked clearly in accordance with the Plastic
Material Identification Standards

• Ban PET or PVC material for packing agrochemicals, sachets having less than a volume
of 20 mL, inflatable toys, and cotton buds with plastic stems

[41]

National action plan on plastic
waste management 2021–2030
(NAPPWM)

• This included 16 goals to achieve from 2021 to 2030. The goals included, plastic waste
inventory development, implementation of a preventive approach with 3R, and
crosscutting issues on education, health and safety and community participation in
plastic waste management.

[42]

* Revised version of the national environmental policy is drafted in 2021 and processing for approval at the time
of submission.

4. Discussion
4.1. Life Cycle Inventory (LCI) Data in Sri Lanka

LCI includes “the quantification and compilation of inputs and outputs associated
with SUPPs throughout their life cycle.” The life cycle inventory and the process was
identified and compiled for each SUPP in Sri Lanka. Sources of LCI data include commercial
LCI databases, public LCI databases, measured data, data from peer-reviewed literature,
reports from public organizations, and data from manufacturers. When considering the
manufacturing process, PP-, PE-, PS-, and PLA-based products undergo the same process
as SimaPro. The use of grid-related information, such as the consumption of water and
soap for washing metal cutlery (fork/spoon) and aluminum water bottles, was taken from
the literature. The end-of-life phase of each product category was based on the potential
and likely scenario of waste management practices in Sri Lanka. End-of-life process data
were primarily taken from SimaPro software. All transportation distances are based on
assumptions and not measured.

At present, the capability of conducting comprehensive LCA studies in Sri Lanka
is limited due to the lack of country-specific LCI data, and the global background data
available in the LCA software (e.g., SimaPro, GaBi) does not include specific LCI data
for the Sri Lankan context in most of the categories including plastics. It creates LCA
practitioners to collect raw data through data survey methods or adopt other countries’
specific data and regulate them for country-specific conditions. However, this approach
and method of LCA practice may lead to many variations, uncertainty, and biases in the
results and decision-making [43].

Although there is a wide availability of data related to the major products and pro-
cesses in Sri Lanka, these available data are in different formats and used for objectives
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other than LCA. The Sri Lankan government and other related constitutional bodies have
acknowledged the importance of the consideration of full life cycle impacts of plastics in
order to minimize the environmental impacts of plastics and plastic waste [44]. However,
to assess the full life cycle impacts, an effective strategy needs to be established in order to
mainstream the LCI data for Sri Lanka. Accumulation of the available data, in a usable form,
in national data, will be essential for promoting the LCA approach in Sri Lanka, as well as
for the decision-making process in implementing sustainable development practices.

4.2. Interpretation of Life Cycle Impact Assessment (LCIA)

The life cycle impact assessment of SUPPs and possible alternatives were carried out
and compared considering their life cycle stages including end-of-life practices.

4.2.1. Global Warming Potential (GWP)

The analysis reveals that SUPPs made from PS, PP, LDPE, HDPE, and PET have a
significant contribution in all life cycle stages in terms of GWP. However, the net GWP
impact of these SUPPs with recycling practice at the end of life shows better performance
compared to incineration and landfill scenarios. Recycling plastics diminishes the waste to
be landfilled, reducing the piling up of plastic virgin material on the earth [6]. In addition,
it is essential to highlight that incineration of all SUPPs (PS-, PP-, LDPE-, HDPE-, and PET-
based products) have the highest impact in terms of GWP. The observations comparing
the bioplastics (PLA) and the SUPPs indicate no advantage of using PLA over SUPPs.
Moreover, the present waste management system in Sri Lanka is not designed for PLA
collection or compositing [26].

The comparison of PET and HDPE recycling’ (Figure 8) indicates more environmen-
tal gain in PET recycling over HDPE recycling. This is due to the avoided virgin PET
pre-manufacturing, providing a 41.5% larger GWP reduction over the HDPE. In other
words, the PET premanufacturing stage has a 41.5% higher GWP than the HDPE preman-
ufacturing stage [45]. Considering the product end-of-life management in Sri Lanka (the
MOE, Sri Lanka [26]), the preferred choice for pesticide bottle end-of-life management is
co-incineration in cement kilns, considering the hazardous nature which limits the recycling
under present waste management systems in developing countries [46]. Considering the
incineration end-of-life scenario for the pesticide bottles, the HDPE indicates a 7.6% lower
GWP compared to PET.

For steel cutlery (reusable), the largest GWP-associated life cycle stage is the user
phase, which includes cleaning (97.5%). However, the overall reduction of GWP by the
steel considering the best (PS with recycling) and worst (PS with incineration) case scenarios
with single-use items are 0.01 and 0.05 kg CO2 (eq), respectively (Figure 2). The study by
Wei et al. (2022) indicates 0.01–0.02 kg CO2 (eq) per one-time use [47], which is in the
same range as the observations made by the present study. The preferred options for
cutlery are reusable cutlery, followed by the recycling of the PS-based SUPPs. However, the
present waste management system in Sri Lanka does not accommodate PS recycling [26].
Thermal recycling (incineration with energy recovery) is one potential option. Other than
that, nature-based products such as wooden cutlery can also be considered. However, the
present LCA study did not consider such alternatives due to the unavailability of data. A
similar range of GWP is reported between bamboo-based (natural) cutlery and PS-based
cutlery [46]. Nevertheless, future studies should consider nature-based alternatives with
the primary data (LCI) collection in Sri Lanka.

Joss-stick wrappers (Figure 6) and cloth wick wrappers (Figure 7) indicate similar
trends when comparing the different raw materials (LDPE and PLA) and end-of-life sce-
narios (incinerations, landfill and recycling). The recycling of LDPE appears to be the
best scenario, considering the avoidance of virgin plastic production. Recycling LDPE
joss-stick wrappers and cloth wick wrappers provides a comparative reduction of 81.9%
and 69.1% GWP reduction compared to PLA, respectively. However, the incineration
scenario increases the GWP potential by 25.7% and 36.6%, respectively. At present, LDPE
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recycling is practiced in Sri Lanka on a small scale [48]. In terms of the joss-stick wrappers
and cloth wick wrappers, the contamination of other impurities can be minimized if prop-
erly collected; extended producer responsibility (EPR) applications could be effectively
used for the collection of these LDPEs for recycling. Even though the grocery bags (LDPE
and PLA) indicated a similar pattern of GWP (Figure 9) to the joss-stick wrappers and
cloth wick wrappers, recycling could be challenging due to the presence of food and other
contaminations [49]. The present study does not consider reusable grocery bags due to the
limitations of LCI. However, it is recommended to consider reusable bags for future studies.
In general, reusable bags can be environmentally friendly, if they are reused 50–150 times,
while paper bags create more GWP compared to plastic bags [50].

Cotton buds (Figure 5) and straws (10) indicated a similar variation pattern of GWP
in terms of raw material (PP and PLA) and end-of-life scenarios. With complete recycling
of PP SUPPs, the avoided virgin polymer production provides a reduction in GWP. The
PP-based cotton buds and straws indicated a 73.3% GWP reduction for the recycling
scenario compared to the landfilling of PLA. Similar to grocery bags, source separation
and collection are challenging under the present waste management system [26]. Here, the
nature-based solutions could also be considered as replacements for the SUPPs.

Reusable al-water bottles indicated the lowest GWP compared to all the end-of-life
scenarios of the PET bottles. The GWP reductions by reusable bottles compared to the best
(PET bottle recycle) and worst (PET bottle incineration) case scenarios of the PET bottles
are 81.6% and 92.6%, respectively. The reusable bottles indicate a higher advantage over
the SUPPs in drinking water packaging. A study by Pathwater (2018) concluded that three-
or more time-reused aluminum bottles provide less GWP than the SUPPs [51].

4.2.2. Mid and Endpoint Impact Categories

The PLA-based products also show a significant impact on GWP in both their mid- and
end-point impact categories. Remarkably, the midpoint analysis of PLA-based products
and alternatives emphasized that PLA production was the most impactful for most of the
midpoint impact categories due to PLA resin production, which contributes significantly to
all impact categories. PLA has good physical and mechanical properties, which makes it
a good candidate for replacing petrochemical thermoplastics [52]. Although PLA is both
bio-based and biodegradable, and has therefore attracted increased attention for SUPPs
applications, the process of energy use in the conversion from biomass to PLA polymer was
identified as the main environmental hotspot [2]. However, the potential impacts of SUPPs
leaked into the environment cannot be ignored, even though those are yet to be integrated
into LCIAs [19,53]. However, recent findings indicate that the fate and the impacts of
microplastics depend on polymer types. The potential physical impact of microplastics on
biota is greater for HDPE compared to PLA [54]. Due to the environmental leakage, which
depends on the waste management system of a country, the PLA products’ marine litter
impacts can be lower than the SUPP’s marine litter impacts. Nevertheless, the study which
compared the marine litter impacts and GWP impact indicated that the impact due to GWP
is comparatively higher for plastic products compared to the microplastic-related impacts
on biota [54].

4.3. Policy Recommendations

Sri Lanka has taken many policy measures to protect the environment from plastic
pollution (Table 3). The plastic ban in 2017 restricted certain SUPPs. However, the consid-
eration of substitute products and comparison of the environmental impacts of potential
substitutes have not been conducted for the full life cycle. Therefore, based on the find-
ings of this LCA and the present waste management situation in Sri Lanka [26], some
specific recommendations have been identified and summarized in Table 4. In addition,
the government of Sri Lanka needs to improve the country’s waste management practices
by introducing strong economic and environmental policies that push for a more circular
model of design and production of plastics at upstream and sustainable lifestyles and
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consumption patterns to change the habits of consumers, retailers and manufacturers.
While the information on alternative materials and products is limited in the country, the
government should partner with academic and business sectors to conduct joint research
for the development of alternative materials and sustainable products. In addition, the
government of Sri Lanka needs to strengthen its law enforcement and monitoring. As
described in the NAPPWM, certain actions are in progress [42]. These actions include
plastic inventory system establishment, EPR, and national plastic waste management center
establishment to coordinate all the stakeholders [26,55].

Table 4. Summary of recommendations for the Sri Lankan Context.

SUPPs LCA Observations Recommended Policy Measures

Cutlery
(Fork/Spoon)

The steel reusable cutlery shows comparatively lower
environmental impact compared to both single-use
products. The potential GWP reduction range is
0.01–0.05 kg CO2 (eq) per one-time use. Recycling of the
SUPPs is environmentally better compared to PLA.
Even though PLA is biodegradable and minimizes the
impact if mismanaged, the pre-production process
includes a higher environmental footprint.
Nature-based products (such as Bamboo cutlery)
provide a similar GWP footprint to the PS. However,
this eliminates the plastic end-of-life impacts such as
marine litter associated with human toxicity and
eco-toxicity.

• The promotion of reusable cutlery is highly
recommended, such as giving economic
advantages to reusable cutlery over
single-use ones.

• Lifestyle changes-oriented policy measures
focusing on reusable cutlery are recommended,
such as a deposit scheme.

• In the case, SUPPs usage, the recycling system
development and consumer behavior changes
are recommended to minimize the usage and
tackle more plastics into recycling.

• Nature-based products can be a potential
alternative. However, a national mechanism
targeting LCI for these products is recommended.

Cotton buds with plastic stem

If recycled, PP cotton buds are relatively low GWP to
the PLA. However, the present waste management
systems and the nature of the cotton buds make it
difficult to integrate into the recycling process. Then
environmental leakage is possible and contributes to
the marine litter impacts. Hence the litter impacts,
which are not estimated in present LCAs, should also
be considered for decision-making.

• Preventing measures to avoid leakage into the
environment through effective waste collection
and management systems either SUPPs or PLA.

Joss-Stick wrappers
If recycled, LDPE indicates a lower GWP compared to
PLA (if there is no environmental leakage that induces
potential impacts such as marine litter impacts).

• Improving the used LDPE collection system and
recycling is recommended. The application of
PLA may not provide advantages since
establishing a collection and a composting
mechanism is required.

• Integrating EPR-related mechanisms to collect
the LDPEs may support the collection of LDPE.

cloth wick wrappers
If recycled, LDPE indicates a lower GWP compared to
PLA (if there is no environmental leakage that induces
potential impacts such as marine litter impacts).

• Improving the used LDPE collection system and
recycling is recommended. The application of
PLA may not provide advantages since
establishing a collection and a composting
mechanism is required.

• Integrating EPR-related mechanisms to collect
the LDPEs may support the collection of LDPE

Pesticide bottles ≤ 750 mL

HDPE indicates a slightly lower (7.6%) environmental
impact than PET considering the end-of-life
management as the incineration. Considering the
hazardous nature of pesticide bottles, recycling, and
landfilling options are not recommended in the present
waste management system of the country.

• HDPE is recommended over PET considering
HDPE incineration provides lower GWP and
environmental impacts over PET *

Grocery bags

SUPPs show comparatively lower GWP than PLA. In
general, if reusable bags (not considered in this study)
are used about 50–150 times, the GWP impact will be
lower than the SUPPs.

• Reusable bags shall be promoted over SUPPs and
PLA-based products.

• Consumer behavior change and awareness are
recommended to reduce the usage of single-use
products

• Whenever SUPPs are used, the waste
management system needs to be improved to
separately collect and recycle.
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Table 4. Cont.

SUPPs LCA Observations Recommended Policy Measures

Straws SUPPs show comparatively lower GWP than PLA.
SUPPs recycling provided the largest GWP reduction.

• Whenever SUPPs are used, the waste
management system needs to be improved to
separately collect and recycle.

• Reusable substitutes shall be promoted over
SUPPs and PLA-based products.

• Consumer behavior change and awareness are
recommended to reduce the usage of single-use
products

Water Bottles The reusable aluminum bottle shows a comparatively
lower environmental impact than single-use products.

• The promotion of reusable bottles is
highly recommended.

• In the case, SUPPs usage, the recycling system
development and consumer behavior changes
are recommended to minimize the usage and
channel more plastics into recycling systems.

* MOE, Sri Lanka [26] mentioned that the recycling of pesticide-contaminated PET is not established in Sri Lanka.
However, the thermal recycling of HDPE is possible with co-incineration in the cement kilns.

4.4. Challenges of LCA as a Tool for Policy Recommendation in Sri Lanka

LCA is a scientific and quantitative methodology used to assess the environmental
impact along an entire life cycle by considering the life cycle characteristics of the products
according to the ISO 14040, 44 guidelines [20]. The manufacturing domain is integrated
with a vast amount of heterogeneous information including operational, supply chain,
materials, energy, resource, waste, and preliminary data from the whole life cycle of the
products or services. Therefore, the acquisition of product- or process-related life cycle
data is of vital importance to managing the life cycle of the product, process, and systems
through the LCA approach. However, LCA is not a one-way process because, in the life
cycle, certain changes can take place during the product’s lifespan. Therefore, continuous
re-evaluation of the product throughout its life cycle needs to be considered when the
product is available in the market for various reasons, such as changes in raw material and
supply, alteration of technology, the variation of energy source, etc.

The data are generally collected manually from field visits. The collection of LCI
data has required the support of process engineers, supervisors, technicians, operators,
production record books, forms, bills, open literature, LCA libraries, and others from the
manufacturing domain. Hence, manual data collection is the most difficult, complex, and
resource and time-consuming process. In addition, there are some other practical difficul-
ties during manual data collection, such as resource and energy allocation, data accuracy,
data reliability and uncertainty, data availability, acquisition hardness and technical sup-
port, etc. Life cycle assessment is broadly applied in decision-making as an assessment
tool for environmental performance. However, the final decision cannot rely solely on
environmental assessment results.

The implementation of LCT and LCA among the organizations in Sri Lanka is an
important step to transform them from merely complying with environmental regulations
to more proactive environmentally responsible entities. Currently, the ability to conduct
LCA studies is limited in Sri Lanka due to the lack of available LCI data at the national
level, and the lack of foreign background databases available for LCA software, which
do not include data specific to the Sri Lankan context. The accuracy of the decisions
made by LCA depends on the appropriateness and low uncertainty of the data used in
the analysis [15]. The LCI of products, processes and systems is crucial to support Sri
Lanka’s environmental and commercial work, such as the life cycle impact assessment, the
development of environmentally friendly products, the planning of resource utilization and
the making of governmental policy. The strategic plans for the sustainable development of
Sri Lanka are focused on eco-friendly products, processes, and systems in terms of improved
energy efficiencies with reduced environmental impacts. Notably, LCA-based effective
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decision-making for more sustainable products and processes requires an extensive range
of reliable and updated data concerning their environmental consequences. Therefore,
reliable and country-specific LCI data related to product and process is necessary to carry
out a comprehensive LCA study, to promote LCT and LCA approach in Sri Lanka as well
as for the decision-making process in implementing sustainable development practices.

5. Conclusions

This study provides important insights into the interests of policy making and rec-
ommendations in Sri Lanka using LCA techniques, while considering the limitations of
LCA. Accordingly, the cradle-to-grave environmental performance of eight selected SUPPs
and their possible alternatives were evaluated and compared using LCA techniques. In
addition, this study investigated whether banning these SUPPs is an appropriate strategy
to protect the environment. The LCA analysis was performed for the determined system
boundary, and GWP, ReCiPe Midpoint, and Endpoint were examined. LCA analysis is
performed using SimaPro 8.3.0.0 software.

In particular, for steel cutlery (reusable), the largest GWP-associated life cycle stage is
the user phase (97.5%), which includes cleaning the cutlery. However, the overall reduction
of GWP by steel, considering the best (PS with recycling) and worst (PS with incineration)
case scenarios with single-use items, are 0.01 and 0.05 kg CO2 (eq), respectively. For joss-
stick wrappers and cloth wick wrappers, recycling of LDPE appears to be the best scenario
considering the avoided virgin plastic production. Recycling LDPE joss-stick wrappers and
cloth wick wrappers provides a comparative GWP reduction of 81.9% and 69.1% compared
to PLA, respectively. However, the incineration scenario increases the GWP potential by
25.7% and 36.6%, respectively. In the case of pesticide bottles, with the preferred end-of-life
option being incineration, the HDPE indicates a 7.6% lower GWP compared to PET.

The overall results of the analysis highlighted that SUPPs produced using PS, PP,
LDPE, HDPE, and PET have a significant contribution in all life cycle stages in terms of
GWP and endpoint impact categories. However, the net GWP impact of these SUPPs with
recycling practice at the end of life shows a better performance compared to incineration
and landfill. In addition, the PLA-based products also show a significant impact on GWP in
the mid- and end-point impact categories. Remarkably, the midpoint analysis of PLA-based
products and alternatives emphasized that PLA production was the most impactful for
most of the midpoint impact categories due to PLA resin production, which contributes
significantly to all impact categories. Although PLA is both bio-based and biodegradable,
and has attracted increased attention for SUPPs applications, energy use in the conversion
from biomass to PLA polymer was identified as the main environmental hotspot. On
the other hand, the study highlights that the capacity to conduct a comprehensive LCA
in Sri Lanka is limited due to the lack of country-specific LCI data and relevant waste
management practices in Sri Lanka. Overall, the results show that conducting LCA will
facilitate scientific decision-making for policy interventions related to SUP products and
processes. Moreover, the study explores suitable alternatives for SUPPs which supports the
circular economy approach as this study tries to find suitable alternatives for SUPPs that
could be either reused multiple times or can be recycled brought back to the energy and
material stage, remanufactured or refurbished, and brought back to the production stage.

Based on the results and discussion of this study, the following key recommendations
are proposed.

• Promoting al and steel (multiple cycles) products will be beneficial for the significant
GWP reduction.

• Even though fossil fuel-based SUPPs with the ability for multiple uses and proper
recycling practices can be recommendable.

• PLA-based single-use products are not recommended by the CEA, Sri Lanka due to the
limited capacity in the country for monitoring and quality control of PLA-based SUPPs.

• Accumulation of the available data in a usable form in a national database will be
essential for promoting LCT and LCA approaches in Sri Lanka.
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• National-level LCI data is crucial for the decision-making process in implementing
sustainable development practices.

• Incorporating Sri Lankan LCI databases with commercial LCA software is an
essential initiative.

• LCA results provide policymakers the science-based evidence that embraces the full
life cycle of plastic products and alternatives to support decision making however it is
equally important to consider the social and economic aspects while making decisions.

• Hence, future studies should explore more alternatives for selected SUPPs for analyz-
ing not only the environment but also the social and economic impact of the SUPPs in
Sri Lanka.

• The study also identified the importance of addressing single-use plastic in a more
holistic manner rather than just taking policy decisions to ban and leave selected
SUPPs. These policy decisions may cause increasing environmental pollution. The
planning of addressing single-use plastic start with assessing the existing single-use
plastic materials and products and their alternatives using the LCA. This helps to
target the most problematic single-use plastics, assess their impacts and consider
the best actions. These actions need to cover a more circular model of design and
production of plastic materials to improve waste management practices to handle
those which cannot further reuse or recycle.
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