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Abstract

With the increasing emphasis on sustainability and the pressing need to reduce plastic pollution, there is a
heightened interest in environmentally friendly packaging options. Polyethylene terephthalate (PET) bottles are
commonly used in the beverage and packaging industries, but they have a significant environmental impact,
particularly when made from virgin materials. This study employs the Life Cycle Assessment (LCA) methodology
to evaluate the environmental impacts of both virgin and recycled PET bottles, providing a comprehensive analysis
across various categories. The key focus areas include global warming potential, acidification, eutrophication,
human toxicity, photochemical oxidation, aquatic and terrestrial ecotoxicity, ozone layer depletion, and depletion
of abiotic resources. The findings indicate that recycled PET bottles have considerably lower environmental
burdens than virgin PET bottles, showcasing an over 80% reduction in global warming potential, 1.56 kg CO,
equivalent for virgin bottles compared to 0.33 kg CO; equivalent for recycled bottles. Additionally, recycled PET
demonstrates significant reductions in acidification by approximately 65%, photochemical oxidation by nearly
70%, and toxicity-related effects, along with a substantial decrease in the consumption of non-renewable resources
by around 75%. Among all impact categories, marine aquatic ecotoxicity shows the highest impact, with 2197.59
kg of 1,4-DB equivalent for virgin PET versus 381.345 kg of 1,4-DB equivalent for recycled PET, reflecting an
83% reduction. This study reinforces the argument that recycling is a vital strategy for mitigating the ecological
impact of PET bottles, highlighting the importance of Life Cycle Assessment (LCA) in guiding sustainable
material choices. Furthermore, it provides a practical framework for future research to identify environmental
hotspots and improve the life cycle performance of plastic packaging materials by focusing on resource efficiency
and pollution reduction throughout the production and post-consumer phases.
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1 Introduction

Plastic pollution in Bangladesh has reached a critical and frightening level, threatening the environment and public
health alike. Per capita plastic consumption in Bangladesh has surged significantly, rising from 3 kg in 2005 to 9
kg in 2020. In urban areas, this increase is even more pronounced, with Dhaka city’s consumption reaching 22.5
kg per person per year in 2020, while Khulna city recorded a rate of 8.92 kg per person per year during the same
period (Abdullah and Abedin, 2024; Rafizul et al., 2024). This surge in plastic consumption has fueled a rapid
expansion of the plastic manufacturing sector, with approximately 3,000 manufacturing units, both large and small,
now operating across the country. Reflecting its economic importance, the plastic industry emerged as the 12th
highest source of export earnings in Bangladesh during the 2017-18 financial year (Hossain et al., 2020). Nearly
40% of Bangladesh’s plastic waste is carelessly discarded, fueling a creeping environmental nightmare (Abdullah
and Abedin, 2024). In coastal zones, a shocking 89% of plastic trash goes unmanaged, suffocating marine life and
poisoning entire ecosystems (Khatun et al., 2023). Polyethylene terephthalate (PET) is extensively used in both
industrial and residential settings due to its outstanding characteristics, including high thermal stability,
transparency, affordability, as well as excellent tensile and impact strength (Zander et al., 2018). In 2020, the
generation of PET bottle wastes in only the Dhaka metropolitan area was 96.9 tons per day in households, but only
34.4 tons/day was found in landfills, highlighting the mismanagement, while only 34.1% is recycled (Yoshijima
et al., 2021). According to the Ministry of Commerce, Bangladesh’s plastic industry requires nearly 200,000 tons
of scrap plastics, while a Bangladesh Trade and Tariff Commission report of 2021 shows the country imports
around 100,000 tons of raw materials each year to produce PET bottles (Ali, 2021). A study of 2023 in Khulna
found that 27.05% of the recyclable plastics were PET. This soaring demand consistently exceeds both domestic
availability and import volumes. In such a scenario, recycling PET bottles into flakes offers a highly attractive
solution to bridge the supply gap and reduce reliance on costly raw material imports. This approach also reduces
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the amount of mismanaged plastic waste. However, it is vital to recognize that the recycling process itself is not
without environmental impacts: operations such as sorting, washing, drying, and flake production all consume
significant energy and water, particularly if outdated or suboptimal technologies are in use (Joseph et al., 2024).
Bangladesh urgently faces a critical research gap, lacking comprehensive life cycle assessments (LCA) that
compare the environmental impacts, energy use, and emissions of virgin PET bottle production versus recycling
into flakes. This absence of localized data hampers effective policy-making and recycling optimization, risking the
perpetuation of inefficient practices that exacerbate environmental degradation and the ongoing plastic pollution
crisis.

2 Materials and Methods

This study employs a Life Cycle Assessment (LCA) approach to systematically evaluate and compare the
environmental impacts of producing recycled polyethylene terephthalate (PET) bottles and bottles from virgin PET
in Bangladesh. Following the ISO 14040/44 international standards, the assessment covers cradle-to-gate stages
for both production pathways, including raw material sourcing, processing, and manufacturing up to the factory
gate. These environmental impacts were evaluated using OpenLCA software. The functional unit is defined as 40
of PET material (approximate weight of one PET bottle), enabling consistent comparison across impact categories.

Recycled Plastic
Flakes
Plastic Granules Thermal .and nllechamcal PET Bottle
or Flakes processing

Plastic Granules
from petroleum

Figure 1: Production of a PET bottle

Figure 1 illustrates two parallel pathways found in Bangladesh for producing PET bottles: one using recycled
plastic flakes and the other using plastic granules derived from petroleum. In both processes, the raw materials are
first collected and then processed into plastic bottles. These materials undergo thermal and mechanical processing,
after which the molten plastic is shaped and transformed into PET bhottles. The only difference between the two
routes is the source of the input material: recycled PET comes from post-consumer plastic waste, while virgin PET
originates from petroleum-based granules, which are imported from other countries. The system boundaries for
virgin PET granule production encompass crude oil extraction and refining, steam cracking of naphtha, synthesis
of terephthalic acid and ethylene glycol, polymerization to PET, pelletizing, and transportation of raw materials
and intermediates.

For recycled PET flakes, the system includes the collection of post-consumer PET bottles, sorting by informal and
formal workers, mechanical cutting into pellets, washing with water and chemicals, drying, and internal logistics
within recycling facilities, as shown in Figure 2. Primary life cycle inventory data were collected through direct
surveys and operational records from PET recycling facilities and virgin PET manufacturers in Bangladesh,
including specific data from key local stakeholders from Nilphamari district such as BIPLOB Traders (Latitude:
25.955659, Longitude: 88.834366), Bondhu Traders (Latitude: 25.878468, Longitude: 88.869022), Musa Plastic
(Latitude: 25.943044, Longitude: 88.849947), and Biddyut Plastic (Latitude: 25.904616, Longitude: 88.870666).
These data capture comprehensive information on energy consumption (electricity and fuels), water use, chemicals
such as caustic soda for washing, labor input, and emissions associated with the PET recycling and virgin PET
manufacturing processes. The production of plastic granules was assessed utilizing data from the Ecoinvent 3.8
database. Integrating geographically precise data from these prominent facilities ensures localized accuracy and
contextual relevance in the life cycle inventory, reflecting operational variations and supply chain realities within
Bangladesh.

Impact assessment was performed using established LCIA methods (e.g., ReCiPe or CML) covering key categories
such as global warming potential, abiotic resource depletion (including fossil fuels), acidification, eutrophication,
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human toxicity, freshwater and marine ecotoxicity, photochemical ozone formation, ozone depletion, and
terrestrial ecotoxicity. Characterization and normalization steps translated inventory flows into comparable
environmental impact scores.

Collection

Small Traders

Electrical Energy:
Motor ( 20 Hp)

Electrical Energy: Time: (2-5)min for )
Motor (30 Hp) washing 15 kg pellets ) Caustic Soda
Sorting PET Time: 1-1.5 hours per 200-500 gm per ton

by Labour ton

Transport to Cutting down Motorized Sun dry to make
recycling house By centi-cutter ‘Washing flakes

(40-50 km)

Figure 2: Processing of PET bottle waste and production of PET flakes

The interpretation phase compared environmental burdens of the two production routes, identifying major impact
hotspots and assessing relative sustainability benefits of recycling. Sensitivity analyses examined the effects of
varying energy mixes, recycling efficiencies, and transport distances to ensure robustness. Key assumptions
include application of average Bangladeshi technology, exclusion of informal sector impacts due to data
limitations, and focus on cradle-to-gate without usage or disposal phases.

This methodology offers a rigorous, context-specific framework for comprehensively understanding and
comparing the environmental impacts of recycled PET flakes versus virgin PET granules in Bangladesh. The
insights generated aim to guide sustainable production practices, policymaking, and industry improvements for
reducing plastic-related environmental burdens while fostering circular economy principles

3 Results and Discussions
3.1 Environmental Impact Analysis from LCA

The Life Cycle Assessment (LCA) numbers sans doubt from the very beginning point to the fact that when recycled
PET is manufactured as compared to virgin PET, the environmental cost is cut down to a much lower level across
all the metrics. The recycled PET used carries fewer abiotic resources and fossil fuel corrosion, and the emissions
related to acidification, eutrophication, global warming, and toxicity are lower. Abiotic depletion of mineral
resources is 3.25 x 10 kg Sb eq for recycled PET, compared to 7.38 x 107 kg Sb eq for virgin PET, demonstrating
the higher demand for raw minerals in virgin production. Fossil fuel consumption is markedly different, with
recycled PET requiring 6.20 MJ of energy while virgin PET consumes 24.43 MJ, reflecting the intensive energy
requirements of virgin PET synthesis. Acidification potential stands at 1.56 x 107 kg SO: eq for recycled PET
against 9.02 x 1072 kg SO- eq for virgin PET, indicating substantially greater emissions of acidifying substances
during virgin PET manufacture. Nutrient release contributing to eutrophication is 0.51 x 107 kg PO+~ eq for
recycled PET, compared to 3.38 x 107 kg PO+*" eq for virgin PET, highlighting higher nutrient loads from virgin
production processes. Freshwater aquatic ecotoxicity impacts show values of 0.169 kg 1,4-DB eq (recycled) and
0.902 kg 1,4-DB eq (virgin), while global warming potential is measured at 0.326 kg CO- eq for recycled PET and
1.56 kg CO: eq for virgin PET, underscoring the higher greenhouse gas emissions from virgin PET production.
Human toxicity impacts are 0.232 kg 1,4-DB eq for recycled PET and reach 0.877 kg 1,4-DB eq for virgin PET.
Marine aquatic ecotoxicity is reported at 381 kg 1,4-DB eq for recycled PET, rising to 2200 kg 1,4-DB eq with
virgin PET production, showing significantly greater ecological harm in marine environments from virgin PET.
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Ozone layer depletion potentials remain very low but slightly higher for virgin PET at 6.55 x 1077 kg CFC-11 eq
versus 6.14 x 107 kg CFC-11 eq for recycled PET. Photochemical oxidation is measured at 7.65 x 1075 kg C2Ha
eq for recycled PET, increasing to 36.9 x 107° kg C-Ha eq in virgin PET, reflecting the difference in ozone precursor
emissions. Terrestrial ecotoxicity values of 5.13 x 10 kg 1,4-DB eq for recycled PET contrast with 26.5 x 10~
kg 1,4-DB eq for virgin PET, again highlighting lower toxicity impacts for recycled PET. These absolute impact
values clearly illustrate the lower environmental burden associated with recycled PET bottle production compared
to virgin PET. This supports the ecological case for prioritizing PET recycling as a sustainable manufacturing
route.

Table 1: Environmental impacts of recycled and virgin PET bottle production across key indicators

Indicator RECYCLED PET VIRGIN PET Unit

BOTTLE BOTTLE

PRODUCTION PRODUCTION
Abiotic depletion 3.25x10° 7.38 x 1076 kg Sh eq
Abiotic depletion (fossil fuels) 6.20 24.43 MJ
Acidification 1.56 x 1073 9.02 x 1073 kg SO: eq
Eutrophication 0.51 x 1073 3.38x 1073 kg PO+ eq
Freshwater aquatic ecotoxicity 1.69 x 1071 9.02 x 101 kg 1,4-DB eq
Global warming (GWP100a) .326 1.56 kg CO:z eq
Human toxicity 232 877 kg 1,4-DB eq
Marine aquatic ecotoxicity 3.81 x 102 2.20 x 103 kg 1,4-DB eq
Ozone layer depletion (ODP) 6.14 x 1077 6.55x 107 kg CFC-11eq
Photochemical oxidation 7.65 x 1075 36.9 x 105 kg C-Hs eq
Terrestrial ecotoxicity 513 x10* 26.5 x 10 kg 1,4-DB eq

3.2 Comparison between recycled and virgin PET bottles

The comparative analysis of the percentage-based results demonstrates that recycled PET bottle production
achieves substantial environmental improvements over virgin PET across all assessed impact categories. In
categories such as fossil fuel depletion, global warming potential, acidification, eutrophication, ecotoxicity, and
human toxicity, recycled PET accounts for only 15% to 44% of the impacts associated with virgin PET production.
This means that, compared to virgin PET, recycled PET production reduces abiotic depletion by approximately
56%, fossil fuel depletion by 75%, acidification by 83%, eutrophication by 85%, freshwater aquatic ecotoxicity by
81%, global warming potential by 79%, human toxicity by 74%, marine aquatic ecotoxicity by 83%,
photochemical oxidation by 79%, and terrestrial ecotoxicity by 81%. The sole exception is ozone layer depletion,
where recycled PET shows only a minor reduction of around 6% compared to virgin PET (recycled PET at ~94%).
These calculations highlight the huge impact reductions offered by recycled PET, with most impact categories
showing decreases of more than 70-80% relative to virgin PET bottle production. Such substantial decreases in
environmental burdens affirm the importance of prioritizing recycled PET systems. These also reinforce the robust
case for advancing PET recycling as a core element of sustainable plastic management.
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Figure 3: Comparison of environmental impacts between recycled and virgin PET bottles

Recycling PET plays a crucial role beyond reducing environmental footprints; it is a vital strategy for managing
and decreasing the plastic waste that accumulates in landfills, water bodies, and natural habitats. The accumulation
of plastic waste poses significant environmental challenges globally, including pollution of terrestrial and marine
ecosystems and threats to biodiversity and human health (Das et al., 2025). Recycling infrastructure captures post-
consumer PET waste, diverting it from disposal and reprocessing it into valuable raw materials for new products,
thereby embodying circular economy principles where materials are continuously reused rather than discarded.
Benavides et al. (2017) highlight that increasing recycling rates directly correlates with measurable declines in
plastic waste generation and improved material circularity, which enhances resource efficiency and reduces
dependence on finite petrochemical feedstocks. Similarly, Jeswani et al. (2021) emphasize that recycling PET not
only cuts greenhouse gas emissions but also decreases waste leakage into the environment, mitigating the plastic
pollution crisis.

Further, Jiang and Bateer (2025) point out that recycling reduces ecotoxicity risks and conserves natural resources
by minimizing the need for virgin plastic production and limiting harmful chemical emissions during
manufacturing. This dual benefit, curbing both environmental impacts and plastic waste accumulation, is critical
given the persistent global problem of plastic pollution. Efficient collection, sorting, and recycling systems prevent
plastics from entering natural ecosystems, reducing microplastic release and environmental contamination. Scaling
up PET recycling infrastructure and adopting policies that incentivize recycled content use are essential to close
the material loop and advance sustainable plastic management. Such efforts align with global sustainability targets,
support climate change mitigation, and foster resilient circular economies.

4 Conclusion

This study provides a comprehensive Life Cycle Assessment (LCA) of recycled versus virgin PET bottle
production within the context of Bangladesh, clearly demonstrating that recycled PET bottles deliver significantly
lower environmental impacts across a broad spectrum of categories. The results reveal that recycled PET reduces
global warming potential by over 80%, alongside notable decreases in acidification, toxicity, photochemical
oxidation, and fossil fuel depletion compared to virgin PET. Marine aquatic ecotoxicity emerged as the most
critical impact category, with recycled PET showing a substantially lower burden. These findings underscore the
urgent need to prioritize PET recycling as a key strategy for mitigating plastic pollution and conserving non-
renewable resources in Bangladesh. Additionally, this work highlights the importance of adopting advanced and
efficient recycling technologies to further minimize energy and water usage in the recycling process. The study
fills a crucial research gap by providing localized LCA data, thereby offering invaluable insights for policymakers,
industry stakeholders, and researchers striving to enhance the sustainability of plastic packaging. Ultimately, this
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assessment advocates for strengthened circular economy practices and supports evidence-based interventions to
reduce the environmental footprint of PET bottle production in Bangladesh and beyond.
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