Journal Pre-proof

- nvironme:
and Sustainabili

Environmental Consequences of Replacing Polyethylene Packaging in the United
States and Europe

Manfred TACKER, Elizabeth AVERY, Emma LAWRENCE, Tasja HAFNER-KUHN,
Andrin GSTOHL, Experience NDUAGU, Luis SOTOMAYOR, Kirti RICHA, Timothee
W. ROUX, Rafael AURAS

PII: S2666-9161(26)00104-0
DOI: https://doi.org/10.1016/j.resenv.2026.100390
Reference: RESENV 100390

To appearin:  Resources, Environment and Sustainability

Received Date: 29 May 2026
Revised Date: 15 September 2026
Accepted Date: 17 September 2026

Please cite this article as: TACKER, M., AVERY, E., LAWRENCE, E., HAFNER-KUHN, T., GSTOHL, A,
NDUAGU, E., SOTOMAYOR, L., RICHA, K., ROUX, T.W., AURAS, R., Environmental Consequences
of Replacing Polyethylene Packaging in the United States and Europe, Resources, Environment and
Sustainability, https://doi.org/10.1016/j.resenv.2026.100390.

This is a PDF of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability. This version will undergo additional
copyediting, typesetting and review before it is published in its final form. As such, this version is no
longer the Accepted Manuscript, but it is not yet the definitive Version of Record; we are providing
this early version to give early visibility of the article. Please note that Elsevier’s sharing policy for the
Published Journal Article applies to this version, see: https://www.elsevier.com/about/policies-and-
standards/sharing#4-published-journal-article. Please also note that, during the production process,
errors may be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.

© 2026 Published by Elsevier B.V. on behalf of Lishui Institute of Ecology and Environment, Nanjing
University.


https://doi.org/10.1016/j.resenv.2026.100390
https://doi.org/10.1016/j.resenv.2026.100390
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article

Environmental Consequences of Replacing Polyethylene Packaging

in the United States and Europe

Manfred TACKER'?", Elizabeth AVERY?, Emma LAWRENCES?, Tasja HAFNER-KUHN?, Andrin
GSTOHL?, Experience NDUAGU*, Luis SOTOMAYOR?, Kirti RICHA?, Timothee W. ROUX5,
Rafael AURAS®"

! Circular Analytics TK GmbH, Canovagasse 7/1/14, 1010 Wien, AUSTRIA
2 University of Applied Sciences, Favoritenstrafe 226, 1100 Vienna, AUSTRIA
% Trayak, Inc., 5700 Gateway Blvd, Suite 400, Mason, OH 45040, USA

4 ExxonMobil Technology and Engineering Company, 22777 Springwoods Village Pkwy
Spring, TX 77389, USA

® Exxon Mobil Corporation, 22777 Springwoods Village Pkwy Spring, TX 77389, USA
® School of Packaging, Michigan State University, East Lansing, M1 48824, USA

*Corresponding authors: manfred.tacker@hcw.ac.at; aurasraf@msu.edu

Author ORCID

Manfred TACKER 0009-0004-6034-1277
Elizabeth AVERY 0009-0007-4043-7820
Emma LAWRENCE 0009-0005-0895-9878
Tasja HAFNER-KUHN 0009-0007-6249-9053
Andrin GSTOHL 0009-0003-0240-0243
Experience NDUAGU 0000-0003-3454-6514
Luis SOTOMAYOR 0009-0002-8454-4170
Kirti RICHA 0000-0002-1189-7584
Timothee W. ROUX 0009-0004-6238-1432

Rafael AURAS 0000-0002-4378-359X



mailto:manfred.tacker@hcw.ac.at
mailto:aurasraf@msu.edu
https://orcid.org/0009-0004-6034-1277
https://orcid.org/0009-0007-4043-7820
https://orcid.org/0009-0005-0895-9878
https://orcid.org/0009-0007-6249-9053
https://orcid.org/0009-0003-0240-0243
https://orcid.org/0000-0003-3454-6514
https://orcid.org/0009-0002-8454-4170
https://orcid.org/0000-0002-1189-7584
https://orcid.org/0009-0004-6238-1432
https://orcid.org/0000-0002-4378-359X

g Collation Pallet HDS Rigid Flexible = = = Alternatives, higher scenario == == eAlternatives, lower scenario
k= Shrink Wrap non- food food == PE packaging, higher scenario ==PE packaging, lower scenario
= 2 ] F 60
o |
Resource < L kv‘— . End of Life
Extraction B 2 _-_--——-—--—
(2] ~ --_-_
Q TE 0-20 MTA ZQ E
o s . o0 - an a» a» e» G» @D @ @ =
£ Steel 3.26 MTA Recycling o] Y Y ke
Multimaterial . - -
)] ©
2 = =
g : §
c @
1L £ Paper 25.35 MTA =L g 30
< Incineration o0
ey ———————— o
- Il g 20
L
a | Polyethylene 8.54 MTA 8
= Landfill E PE alternatives require substantially more packaging material
<

'w—hl!

Collation  Pallet Rigid Flexible

Shrink Wrap -food food
_ non-tood 100 2020 2022 2024 2026 2028 2030

*MTA = Million metric
tons per annum

Applications




Environmental Consequences of Replacing Polyethylene Packaging

in the United States and Europe



10

15

20

25

Abstract

Substituting plastic packaging with alternative materials is increasingly promoted as a strategy to
reduce environmental burdens and support resource conservation, yet broader trade-offs remain
insufficiently understood. This study evaluates potential environmental consequences of
replacing polyethylene (PE) packaging with alternatives in the U.S. and Europe using
comparative life cycle assessment. Cradle-to-end-of-life impacts were assessed for five major
packaging applications using region-specific inventories and midpoint indicators for global
warming potential, acidification, eutrophication, water use, land use, and fossil resource use. PE
demand and substitution scenarios were projected to 2030 to examine implications for material
demand and resource-related impacts. Across most applications and impact categories assessed,
PE packaging showed lower potential environmental impacts than paper, glass, and metal
alternatives. Substitution could increase packaging mass by up to five to six times and double
global warming potential, with increases of 190% in the U.S. and 50% in Europe. These findings
indicate that material substitution alone is not necessarily a resource-efficient or environmentally
preferable strategy. Packaging decisions and policies should therefore be guided by functionally
equivalent, region-specific life cycle data that accounts for burden shifting across resource use,

emissions, and end-of-life systems.

Keywords: equivalent functional unit; burden shifting; demand forecasting; plastic
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1. Introduction

Packaging is indispensable to modern economies because it protects products, facilitates
efficient distribution, extends shelf life, and can reduce food waste (Lebreton and Andrady,
2019; Wikstrom et al., 2019). However, increasing concern over mismanaged packaging waste,
particularly plastic packaging, and its role in environmental pollution has intensified pressure to
transform existing packaging systems. In response, efforts have focused on encouraging material
substitution (Dolci et al., 2024; Grosso, 2022), reducing waste pollution (Amadei et al., 2022;
Schmaltz et al., 2020), and regulatory intervention (Knoblauch and Mederake, 2021; Tan et al.,
2025). Recent policies, including the EU Green Deal (European Commission, 2021),
California’s SB54 (CalRecycle, 2022), Oregon’s Plastic Pollution and Recycling Modernization
Act (Circular Action Alliance., 2025), the EU Packaging and Packaging Waste Regulation
(PPWR) (Union, 2025), and related Extended Producer Responsibility (EPR) schemes (Mallick
etal., 2024; Tumu et al., 2023; Yudison et al., 2026), reflect this shift. Although these initiatives
are intended to mitigate environmental impacts, they may also introduce trade-offs and
unintended consequences across the packaging life cycle. This context underscores the need for
a comprehensive, systems-oriented approach that preserves the essential functions of packaging
while addressing environmental burdens and societal expectations across different packaging

materials.

Research on single-use plastic packaging has largely focused on its role in packaging
applications (Dolci et al., 2024; Geyer et al., 2017), plastic production and associated greenhouse
gas emissions (Stegmann et al., 2022), the effect of single-use packaging on coastal
environments (Nuojua et al., 2022), the impact of plastic waste littering (Lau et al., 2020),
strategies to reduce waste mismanagement (Pottinger et al., 2024), and the environmental
consequences of microplastic generation (Martin et al., 2020). However, substantial gaps remain
in this literature (Bher and Auras, 2024; United Nations Environment Programme, 2021),
including fragmented geographical perspectives (Bher and Auras, 2024), inconsistent
environmental characterization methods (Maga et al., 2022), limited transparency in background
life cycle inventory (LCI) data (Guo et al., 2025), and simplified assumptions regarding material
substitution and end-of-life (EoL) pathways (Nordahl and Scown, 2024; Pellengahr et al., 2023).
Moreover, many studies emphasize greenhouse gas emissions while giving less attention to

resource use and management and other ecosystem-related impacts.
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A robust evaluation of packaging options requires a balanced, systems-based assessment
that does not assume material substitution, recyclability, or recycled content will inherently
improve environmental impacts (Yudison et al., 2026). The circular economy literature likewise
emphasizes that reduction, reuse, and recycling are best understood as strategies for retaining
resource value rather than as universally superior solutions (Kirchherr et al., 2017). Packaging
alternatives should therefore be assessed on a consistent life cycle basis across the full supply
chain, from raw material production and packaging manufacture to distribution, use-phase
performance, product protection, losses, and EoL. management, because environmental burdens
can shift across stages and impact categories (Bher and Auras, 2024; Yudison et al., 2026). Life-
cycle thinking is especially important when screening alternative material or feedstock systems,
because simplified substitution decisions can overlook hidden burdens and market-mediated
effects (Bishop et al., 2025). Such an approach is critical for sustainable resource management
and conservation, as decisions focused solely on waste reduction may overlook impacts on fossil
fuel use, water, land, and other resource-related pressures, including those associated with
replacing lost or damaged products. It is equally important for recycling, where outcomes
depend on material efficiency, collection and sorting infrastructure, and the technical feasibility

of processing complex packaging formats (Soares et al., 2022).

We previously evaluated the potential environmental impacts of PE packaging, which
accounts for two-thirds of packaging plastics in the U.S. and Europe. PE packaging, defined as
having at least 50% PE by weight, was compared to alternative packaging solutions, defined as
having less than 50% plastics by weight, in the U.S. and European markets in 2023 (Avery et
al., 2025; Tacker et al., 2025). The studies covered five PE packaging applications: collation
shrink films, pallet stretch wrap, heavy-duty sacks (HDS), rigid non-food containers, and
flexible food packaging. However, these studies did not evaluate similarities and differences
across regions, including differences in regional life-cycle modeling approaches, particularly
end-of-life (EoL) allocation methodologies, or the effects of reuse, post-consumer recycled
(PCR) content, and EoL scenarios in the U.S. and Europe. Furthermore, the previous studies
(Avery et al., 2025; Tacker et al., 2025) did not investigate how the application of the Circular
Footprint Formula (CFF), which is the reference approach under the European Product
Environmental Footprint (PEF) methodology, compares with the cut-off allocation approach
commonly applied in North American LCA practice. Besides, the findings were limited to the
study year and do not capture near-term future developments.
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In this work, we expanded previous regional studies by providing an integrated
comparison of representative PE packaging systems in the U.S. and Europe within the regional
methodological frameworks that currently guide decision-making and policy. The assessment
includes 10 midpoint indicators for the U.S. and six for Europe, covering global warming
potential (GWP), water scarcity (U.S.) and water use (Europe), fossil resource use, terrestrial
acidification, freshwater acidification and eutrophication (U.S.), land transformation and land
occupation (U.S.), land use (Europe), mineral resource use (U.S.), and GWP including biogenic
carbon uptake (U.S.). This geographically specific comparison addresses an important data gap
by evaluating packaging materials across two major high-income markets with substantial

packaging consumption.

A particular objective was to evaluate how EoL allocation methods influence
comparative packaging conclusions. The European PEF methodology prescribes the CFF,
whereas the cut-off approach is more commonly applied in North American LCA practice.
Accordingly, the U.S. analysis used the cut-off approach, while the European systems were
evaluated using both the CFF and cut-off methods. This harmonized comparison (CFF vs. cut-
off) of the European packaging systems allowed us to assess whether the comparative
conclusions remained robust when the effects of regional allocation choices were separated from
those of packaging design and material selection. This perspective is relevant to inform broader
international discussions on plastics and packaging policy. It is particularly relevant to ongoing
negotiations toward a United Nations Global Plastics Instrument, where the principle of common
but differentiated responsibilities (CBDR), which takes into account national circumstances and
capabilities (UNEP, 2022a; Wang, 2025), remains an important consideration. Because the U.S.
and Europe represent major high-income markets with substantial packaging consumption,
integrating both regions in a common assessment helps address an important data gap. The
results can support evidence-based discussions on material substitution, resource efficiency, and
trade-offs in life-cycle GHGs, eutrophying and acidifying emissions as countries continue

negotiating global approaches to plastic pollution and sustainable packaging systems.

The analysis was also expanded to include selected case-specific scenarios for reuse,
post-consumer recycled content, and EoL management. In addition, annualized midpoint
environmental impacts were estimated for 2020—-2024, projected to 2030, and extrapolated to

2050 under a business-as-usual (BAU) scenario using the best available estimates of current and



future PE market volumes. Together, these contributions provide a more robust basis for
evaluating material substitution, resource efficiency, trade-offs in life cycle GHGs, eutrophying
and acidifying emissions, and future packaging policy across the two regions.
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2. Materials and methods

2.1. Goal, Scope, Functional Unit, Life Cycle Inventory, and Life Cycle Impact Assessment
Two attributional life cycle assessments (LCAs), conformant with 1ISO 14040/14044 (more
information on the critical review process in Section S3), were conducted to compare the cradle-
to-EoL impacts of PE packaging vs. paper, glass, aluminum, and steel packaging in the U.S. and
European markets in 2024, and to update the 2023 data estimated in our previous work (Avery et
al., 2025; Tacker et al., 2025). Five packaging applications were covered: collation shrink, pallet
stretch wrap, HDS, rigid non-food containers, and flexible food packaging, across 13 U.S.
(Table S1) and 17 European (Table S2) packaged products. The scope excluded the packaged
product and use-phase effects (breakage, product loss, shelf life). Package definitions, functional
units, and masses were based on industry-representative configurations previously documented
for 2023 (Avery et al., 2025; Tacker et al., 2025), updated from ecoinvent 3.8 to 3.10, and fully
described in Section S1 of the Supporting Information (SI) available online; Tables S1 and S2.
Packaging systems were selected to represent commercially available solutions currently used
for the same packaging application and providing equivalent technical functionality. Functional
equivalence was assumed as the compared packaging samples are expected to provide
comparable performance with respect to product protection, containment, handling, storage,
distribution and consumer use under normal commercial conditions. Consequently, the
comparison represents equivalent packaging systems from the US and European markets rather
than hypothetical substitutions based solely on packaging mass. While a small number of
samples were collected from retail stores, the sample set was considered representative of

packaging sold through mainstream channels in 2023-2024.

For the U.S., LCI was structured into raw material, manufacturing, transportation, and
EoL stages. Trayak Inc. collected primary data on dimensions and mass from physical samples
or specification sheets (typically 1-3 per format), using mass-per-capacity ratios where
capacities varied. Secondary and tertiary packaging masses were calculated from dimensions and
reference material weights. Secondary data came primarily from ecoinvent 3.10 (cut-off and unit
processes where available), supplemented by the U.S. LCI, WFLDB, Agri-footprint, Agribalyse,
literature, industry LCAs, supplier data, and Trayak Inc.-specific processes. The U.S. EoL
disposition and recycling rates were based on the U.S. EPA data, with the ecoinvent grid

adjusted to the U.S. average. Table S3 provides the LCI used for modeling in the U.S. scenarios.
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For Europe, LCI followed the same four stages and was compiled by Circular Analytics
TK GmbH based on direct measurements of market samples and specification sheets, or, when
absent, physical identification and empirical estimation of components. Models used ecoinvent
3.10 with European regionalization and were aligned with the product environment footprint
(PEF) guidance for transport and the Circular Footprint Formula (CFF) for recycled content and
EoL. Unless specified, 0% PCR was assumed for most materials; metals, corrugated board, and
glass were modeled with recycled content, whereas PE, aluminum, paper, and solid board
typically were not. EoL rates were obtained from Eurostat. Table S4 provides the LCI used for

each modeling in the EU scenarios.

U.S. comparisons were modeled with Ecolmpact-COMPASS. European systems were
modeled in openLCA (ecoinvent 3.10; EF 3.1 method via openLCA LCIA Methods 2.4.1) and
implemented in the Excel-based PAST tool. Ten single-midpoint indicators were evaluated for
the U.S.; specific GWP, water scarcity, fossil energy use, freshwater acidification and
eutrophication, land transformation and occupation, mineral resource use, and GWP with CO2
uptake. Six single-midpoint indicators for Europe were evaluated based on the Environmental
Footprint (EF) 3.1: GWP, water use, fossil resource, acidification, eutrophication, and land use,
using the CFF and cut-off methodology. Additional single-midpoint indicators were reported for
the EU according to Impact World+. Table S5 shows a detailed description of each indicator.
Midpoint indicators were chosen over endpoint indicators to enhance clarity and robustness
(Bare et al., 2000), and comparative conclusions were interpreted using a 10% difference as the
threshold for meaningfully identifying higher or lower impacts, consistent with common practice
in LCA when comparing midpoint indicators (Klopffer and Grahl, 2009). Complementary
detailed information regarding the goal and scope, as well as boundary conditions, is provided in
Section S1 of the SI.



A

Resource
Extraction

2
!

© 00~ (o]

10

12
13
14

15
16
17
18
19
20
21
22
23

2.2. Estimated PE demand between 2020 and 2050
Thirteen packaged products were assessed in the US. Seventeen packaged products were
evaluated in Europe (Tables S1 and S2) covering approximately two-thirds of the plastic
packaging market in 2024 (3.07 million metric tons per annum (MTA) in the U.S. and 5.47 MTA
in Europe), Figure 1 A and B.
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Figure 1. The U.S. and Europe’s consumption of Polyethylene and alternative materials from 2020
to 2030. (A) Volumes of polyethylene and alternative materials minimum replacement estimation, Paper,
Multimaterial, Steel, Aluminum, and Glass for the 5 assessed Polyethylene Applications, Pallet Wrap,
Collation Shrink, Heavy Duty Sack (HDS), Rigid Non-Food Containers, and Flexible Food Packaging, in
million metric tons in 2024. B) Total predicted consumption of Polyethylene and Alternatives until 2024.
Dashed Lines represent the modeled forecast for consumption after 2024 and the estimated demand for
PE alternatives (2020-2030). Note: PE packaging higher- and lower-scenario trajectories diverge after
2030, so the solid and dashed lines overlap until then.

The demand over the decade (2020-2030) was calculated based primarily on Townsend
(2024) (Townsend_Solutions, 2024), supplemented by AMI (2018, 2024) (Applied Market
Information Ltd. (AMI), 2024, 2018), Freedonia 2023 (Freedonia Group, 2020), Smithers (2019,
2024) (Forster et al., 2021; Pira, 2024), EuroMonitor (2023) (Euromonitor_International, 2023),
which can be suitable for historical, current, and short-term PE packaging demand and further
described in Section S2 (Fig. S1- S4 and Table S6). Projecting demand to 2030 under a BAU
scenario is reasonable, as the development and full implementation of new packaging systems

typically takes between 18 and 60 months from conception to deployment.

2030
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For the medium- to long-term (2030-2050), we developed BAU extrapolations to provide
an initial assessment of potential future outcomes. These extrapolated scenarios should be
interpreted with caution, but they can still serve as baseline cases for assessing future
improvements when considering other models. The lower PE demand scenario, representing a
conservative demand profile, was based on Chemical Market Analytics (2024) (CMA, 2024),
and the higher PE demand, we based the scenario on OECD (2024) (with data derived from
(Geyer et al., 2017; OECD, 2022; Ryberg et al., 2019)). Additional information on PE

estimations in the U.S. and Europe can be found in Section S2 of the SI.

2.3. Estimated PE packaging and substitutes
We used LCI data (see previous sections and Sl) and PE packaging demand to estimate the
annual impacts of PE packaging. The weight ratios of the mix of alternative packaging material
formats (paper, paper multi-material, glass, and metals) to PE from the comparative packaging
LCI data were used in this analysis, assuming the alternatives can substitute PE packaging in the
U.S. and Europe based on the assessed functional units (Tables S7 - S8). We used the annual PE
demand and the substitutes-to-PE weight ratios to estimate the annual weights of required PE
substitutes and their corresponding potential annual environmental impacts across six impact

categories, including emissions and resource-use-related impacts (Tables S27-S32).

3. Results & Discussion

3.1. LCA of PE Packaging vs. Alternatives
In both the U.S. and Europe, single-use PE packaging generally showed lower environmental
impacts than alternatives (glass, paper, metal) across most categories studied such as GWP (84%
U.S., 68% Europe (i.e., the cases where PE has a more than 10% lower environmental impact
than the alternative), water scarcity (84% U.S.) and water use (64% Europe), fossil resource use
(74% U.S., 45% Europe), terrestrial and freshwater acidification (79% U.S.), acidification (82%
Europe), freshwater eutrophication (100% U.S.), eutrophication (95% Europe), land
transformation (84% U.S.), land occupation (95% U.S.), land use (95% Europe), mineral
resource use (79% U.S.), and GWP with biogenic carbon uptake (79% US) (Figure 2). The

results varied by application, indicator, and region, with the summary below highlighting key
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similarities and differences between the U.S. and Europe packaging applications studied, along
with relevant considerations. Detailed environmental impacts by life-cycle stage are provided in
Tables S9-S18 (U.S.) and Tables S19-S24 (Europe).

Collation Shrink: In the U.S., collation PE shrink film wraps (for water bottles and body

wash) exhibited lower impacts than corrugated and paperboard boxes across all the ten potential
environmental indicators studied. In the EU, PE shrink wrap for water bottles had higher impacts
in five of six categories compared to a lightweight virgin Kraft paper band, whereas for cans it
showed lower impacts than corrugated board wraps across all categories, reflecting the markedly
lower material intensity of the paper band versus the corrugated board. The difference between
the U.S. and EU in the collation shrink for water bottles can be attributed to the EU's lightweight
design, consisting only of a low-weight stretchable Kraft paper band rather than heavier
corrugated board (Tables S1 and S2). The PPWR proposes to restrict by 2030 the use of
collation films and shrink wraps at the point of sale for grouped goods such as bottles and cans.
However, alternative packaging solutions do not always offer lower potential environmental
impacts, making the transition potentially less environmentally beneficial than intended (Union,
2025), as in the case of EU cans (Figure 2 B).

Pallet Wrap: PE-stretch wrap demonstrated lower potential environmental impacts than
paper or reusable pallet wrap across all indicators for both the U.S. and the EU, except for fossil
resource use in the EU, driven mainly by the material and manufacturing phases due to the
embodied fossil carbon and the raw material extraction, refining, and manufacturing processes
(Section S1 and Table S20). Although pallet stretch wrap is often cited as a packaging waste
concern, the waste is primarily generated in warehouses and other B2B environments where
centralized collection systems facilitate recovery, creating a strong opportunity for densification
technologies to facilitate improved EoL management (Oloruntobi et al., 2023; Stefanini et al.,
2024; Zeilerbauer et al., 2024).

HDS: For the U.S., PE HDS had higher impacts than paper-multimaterial sacks in six out
of ten indicators for dog food and eight out of ten for cement, but showed lower impacts for
eutrophication and land occupation. The EU results were quite similar for fertilizer and cement,
with higher impacts for PE HDS in GWP and fossil resource use, but lower impacts for
acidification, eutrophication, and land use. However, for packaged products with high

environmental impact potential, research has shown that accounting for potential product losses
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resulting from packaging-related performance differences across the supply chain are crucial
(Bher and Auras, 2024; Yudison et al., 2026).

Rigid Non-Food Packaging: PE bottles (cosmetics, vitamins, paint, motor oil) exhibited

lower potential environmental impacts across all impact categories than glass or metal in both the
U.S. and EU. The only exceptions were land use for one body cream comparison, and
indeterminate results (within £10%) for fossil resource use in aluminum and water use in glass
for soap and vitamin packaging in the EU. Indeterminate results were also observed in the U.S.
regarding fossil energy use for cosmetics packaging and land occupation associated with paint
packaging. For PE, glass, and aluminum, material production was the dominant contributor to

environmental impacts.

Flexible Food Packaging: In the U.S., PE pouches often showed the lowest impacts (e.g.,

candy, sauce), though paper performed better on two out of ten indicators for juice and six out of
ten indicators for spices. In the EU, PE outperformed alternatives for cocoa and instant coffee,
though paper bags for salt and sugar had lower impacts in four out of six impact categories, and
one paper-based frozen food packaging showed lower impacts in GWP, water use, and fossil
resource use, with indeterminate results for acidification. Although packaging often receives
significant attention, extensive research recommends that for foods with high environmental
impacts, such as dairy and meat, packaging design should prioritize minimizing food waste
(Bher and Auras, 2024; UNEP, 2022b). Functional equivalence should also be considered,
meaning how much of an alternative material is needed to provide equivalent protection for a
food item (Yudison et al., 2026).
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Figure 2. Summary of life cycle impact assessment results for the packaging product category: (A) U.S. main packaging assessed with W+
midpoint indicators and cut-off EoL modeling; (B) EU main packaging assessed with EF3.1 midpoint indicators and CFF EoL modeling; (C) EU
main packaging assessed with EF3.1 midpoint indicators and cut-off EoL modeling; and (D) EU main packaging assessed with selected 1W+
midpoint indicators and cut-off EoL modeling. White cells indicate PE is >10% lower than the alternative, orange cells indicate a difference within

+10%, and black cells indicate PE is >10% higher than the alternative. Note: main packaging applications: collation shrink films, stretch wrap for pallets, heavy-duty
sacks (HDS), rigid non-food containers, and flexible food packaging. Label notations, for example, P1: corrugated box (CB) for the U.S. and P1: paper wrap with corrugated board
carrier for the EU, are detailed in Tables S1 and S2 in the Supporting Information, respectively
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For the EU, EoL impacts were calculated using the CFF, in line with European
Commission recommendations. To test the influence of allocation choice, the cut-off approach
(Figure 2 C) and the selective midpoint indicators for the EU — IW+ & cut-off approach (Figure
2 D), as in the U.S., were applied as a sensitivity analysis. Across most applications and impact
categories, the relative ranking of packaging alternatives changed little between methods.
Although absolute values varied across indicators, particularly GWP and water use, the direction
and overall magnitude of the differences between PE and alternative materials remained
consistent. This indicates that the comparative conclusions are robust to the choice of EoL
allocation method (Figure 2B and C). Similar patterns were observed across other impact
categories, including water use, acidification, eutrophication, and land use, although some
selective trade-offs were identified for the specific midpoint indicator methods (Figure 2 B and
C). The comparison between the CFF and cut-off according to the EF3.1+ methods further
shows that EoL allocation has only a limited influence on the comparative results of this study.
When comparing the EU EF3.1 and IW+ under cut-off allocation, trends remain consistent
(Figure 2 C and D). While allocation choices affect absolute impacts, especially for recycling-
sensitive indicators, the relative performance of PE versus alternative materials is driven mainly
by material production, mass requirements, and processing. In other words, material efficiency is
often the dominant factor shaping the life-cycle results of packaging systems. Some alternatives,
particularly paper and multi-material structures, can reduce fossil resource use, but this does not
necessarily translate into lower impacts across other categories. Overall, the findings suggest that
in the assessed comparisons, replacing single-use PE packaging with alternative single-use
materials, such as paper, glass, or metal, often increases GWP, consistent with previous studies
(Meng et al., 2024).

The PPWR seeks to support a more circular packaging economy through packaging
waste reduction targets of 5% by 2030, 10% by 2035, and 15% by 2040 relative to 2018,
together with requirements for recyclability, recycled content incorporation, and adoption of
reuse and refill systems. The regulation also restricts selected single-use packaging applications,
including some plastic packaging formats for fresh produce, while allowing exemptions for
sensitive food-contact uses. However, the present results suggest that some of these measures
may not consistently align with the regulation’s intended environmental objectives. In particular,

replacing single-use PE packaging with alternative single-use materials may increase impacts
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across several categories, suggesting that differences between commonly held assumptions about
packaging materials and the modeled outcomes observed in this study highlight the importance
of application-specific life-cycle evaluation (Miller, 2020).

3.2. Reuse, Post Consumer Recyclate (PCR), and End-of-Life (EoL) for Single-Use Plastics:
US-EU Parallels, Gaps, and Lessons

Reuse: A significant challenge for the U.S. and Europe lies in transportation distances,
which can limit the effectiveness of reuse initiatives, as well as in transport modes, the number of
reuse cycles, and additional processes such as washing (Circular Place, n.d.; Mahmoudi and
Parviziomran, 2020). As global discussions intensify around reuse as a key strategy for reducing
single-use plastic packaging, reuse systems are increasingly being implemented worldwide
(Mahmoudi and Parviziomran, 2020). Each case must be evaluated individually. For instance,
this study shows that reusable crates for bottled water distribution in Europe provide no
significant advantage (within a £10% margin of error) or only marginal environmental benefits
when crates achieve at least 70 rotations and transport distances remain below 200 km per
rotation. In practice, however, transport distances are typically around 500 km for fast-moving
consumer goods in larger European countries such as Germany and France, and the PPWR Art.
29 assumes 1000 km as the standard distribution distance between two economic operators in
Europe (Kauertz and Drescher, 2025; Union, 2025). Affected impact categories include fossil
resource use, water consumption, and eutrophication (Figure 3 A). Similar trends emerge with
multi-use pallet wrap, which shows lower potential environmental impacts when used for 100
rotations or more at distances under 200 km per rotation. Consequently, transporting reusable
packaging over a distance of 320 km (e.qg., Paris to Dijon) may increase environmental impacts,
reducing the net benefit of reuse systems. Different numbers of rotations or transport modes,
such as train transport, affect the distances reported (Figure 3 A and B). In the U.S., similar
trends were assessed for multi-use crates; a round trip of 400 km had higher potential
environmental impacts (Figure 3 E). For multi-use pallet wrap, an effective use rate of 31.7%
and distances below 300 km resulted in lower environmental impacts for some indicators
(Figure 3 F). However, reusable packaging systems may cause greater environmental impacts
when transport distances exceed 455 km, such as between Detroit and Chicago, unless
transportation-related environmental impacts are reduced (Avery et al., 2027; Gonzalez Romero
et al., 2024).
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PCR content incorporation: There is growing discussion about the societal benefits of recycling.

Analysis of midpoint indicators for packaging formats such as paper wrap and stretch film
(Figure 3 C and G) and cosmetics (Figure 3 D and H) in both Europe and the U.S. consistently
demonstrates lower potential environmental impacts as the share of PCR content increases.
Incorporating recycled materials typically reduces potential environmental impacts across
several impact categories, although this depends on the midpoint indicator (Figure 3 C, D, E,
H). Despite this, the overall reduction of potential environmental impacts remains evident
(Avery et al., 2027; Muzata et al., 2024; Saldafna-Pierard et al., 2025). However, the declared
recycled content may vary substantially depending on the chain-of-custody model and allocation
method, used, meaning that PCR claims require transparent and harmonized calculation rules to
ensure that reported recycled content reflects the actual material incorporated into products
(Caraceni et al., 2024).
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Figure 3. Impact of different LCA scenario analyses in Europe and the U.S.: (A and E ) reuse of multi-use crate and collation shrink in Europe
(top and blue) — baseline 70 rotations and 4,000 km per rotation — and U.S. (bottom and red); (B and F) reuse of multi-use pallet wrap and LLDPE
stretch film in Europe (top and blue) — baseline 100 rotations and 4,000 km per rotation — and U.S. (bottom and red); (C and G) increase of PCR on
paper wrap and LLDPE stretch film in Europe (top and blue) and U.S. (bottom and red); (D and H) increase of PCR in cosmetics in Europe (top and
blue) and U.S. (bottom and red). RPC means Reusable Plastic Container. Note: Baseline systems are indicated in bold.
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Recycling at EoL: The environmental impact of increasing recycling rates varies widely

by material and impact category. In the U.S., increasing EoL recycling of PE stretch film from
13% to 21% yields results within the margin of error; for instance, GWP drops by just 1%
(Figure 4). For paper wrap, raising the EoL recycling rate from 21% to 81% yields modest
reductions: a 3% decrease in GWP and freshwater eutrophication, and a 5% reduction in GWP
with CO2 uptake, with no significant changes in other indicators (Table S29). These limited
benefits are primarily attributed to the cut-off methodology, which excludes EoL recycling
operations and subsequent credits and burdens from the system boundaries. However, landfilling
paper in the U.S. significantly impacts results due to methane emissions from paper

decomposition (Anshassi et al., 2021).

In Europe, changes in recycling rates can led to trade-offs across impact categories rather
than uniform environmental benefits. These outcomes reflect the balance between the avoided
production of virgin material and the additional burdens associated with collection, sorting,
reprocessing, and material losses. For example, increasing the recycling rate of PE stretch film
from 41% to 70% reduces GWP impacts by up to 15% (Figure 4), but increases eutrophication
by up to 21% (Table S25). The paper wrap shows more mixed outcomes. Lowering the paper
recycling rate from 82.5% to 50% can reduce fossil resource use by 10% and water consumption
by 15%, but increases land use by 23% (Table S20). This result indicates that higher paper
recycling can reduce demand for virgin fiber and the associated land occupation, while also
increasing burdens related to fiber recovery and reprocessing. In contrast, increasing the
recycling rate of the aluminum body cream packaging from 76% to 82.5% reduces GWP by
14%, acidification by 11%, and fossil resource use by 15% (Table S25). The more consistently
favorable outcome for aluminum likely reflects the magnitude of environmental impacts avoided
in the assessed midpoint indicators when secondary aluminum displaces primary aluminum

production.

These results demonstrate that recycling rate alone is not an adequate indicator of overall
environmental impact. Decision-makers should therefore avoid assuming that maximizing
recycling will improve every impact category. Instead, recycling targets should be evaluated by
material type and across multiple environmental indicators, with particular attention to the
magnitude of avoided virgin production, recycling process efficiency, material quality losses,

and the potential for shifting burdens among GWP, eutrophication, water use/scarcity, land use,
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and resource depletion. For the European systems assessed here, increasing recycling appears

especially beneficial when it displaces highly impact-intensive virgin production, as observed for

aluminum, whereas the benefits are more category-dependent for PE and paper.

United States Europe
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Figure 4. Comparison of selected midpoint environmental indicators for stretch-film and
paper-wrap packaging systems in the U.S. and Europe. Left: U.S. results for GWP and fossil
energy use of PE stretch film and paper wrap at different EoL recycling rates. Right: European
results for GWP and fossil resource use. Colors indicate material systems, and hatch patterns
indicate recycling-rate scenarios within each material group. Values differ between the U.S. and
EU due to different functional units.

3.3. Estimated PE demand and substitute requirements between 2020 and 2030

We estimated demand for PE packaging using market reports and published literature suitable
for historical, current and short-term estimates (Figure 1 B). Over this decade (2020-2030), it is
estimated that the overall PE demand could grow by 19% (17 to 20 MTA) in North America, by
17% (18 to 21 MTA) in Europe, and by more than 40% (117 to 155 MTA) globally (Data not
shown.) For the assessed PE packaging applications, demand is expected to increase by 30% in
the U.S. from 2020 levels over the same timeframe, with a compound annual growth rate
(CAGR) of 2.7%. In contrast, Europe's demand is projected to rise by only 3%, with a CAGR of

20
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0.3%. The flattening of demand in Europe may be partly due to lower expected EU GDP growth
compared to the U.S. and the PPWR regulation’s impact on some of the assessed PE applications
(e.g., flexible packaging).

Additional BAU scenarios for the medium- to long-term (2030-2050) were also evaluated
and described in Section S2. Two PE demand scenarios were assessed: a lower-demand case
with modest U.S. growth and slight European decline, and a higher-demand case based on
OECD projections, with stronger growth in both regions. Under both scenarios, PE packaging
demand rises by 2050, and replacing PE with alternatives would greatly increase packaging mass
by about 5-6 times (Figure S5) due to PE’s higher material efficiency (Avery et al., 2025;
Tacker et al., 2025).

3.4. Estimated environmental impacts of PE packaging and substitutes
We used LCI data (see previous sections and Sl) and PE packaging demand to estimate the
annual impacts of PE packaging (Figure 1 B). The weight ratios of the mix of alternative
packaging material formats (paper, paper multi-material, glass, and metals) to PE from the
comparative packaging LCI data were used in this analysis, assuming the alternatives can
substitute PE packaging in the U.S. and the EU based on the assessed functional units. We used
the annual PE demand and the substitutes-to-PE weight ratios to estimate the annual weights of
required PE substitutes and their corresponding annual potential environmental impacts across

six impact categories, including emissions and resource-use-related impacts.

Under the demand growth and substitution assumptions applied in this analysis, modeled
impacts of the alternative materials were, in some cases, substantially higher than those
estimated for PE. The assessed PE packaging in the U.S. and EU contributed 39 MTA CO2e in
2020, increasing by 6% to 41 MTA CO2eq in 2024. Substituting PE packaging with alternatives
could increase GWP by 190-280% in the U.S. and 50-95% in the EU (Figure 5 A and G).
Projections to 2050, depending on varying demand scenarios, suggest a further increase to 46-65
MTA COz2eq for PE packaging in the US and EU, while also retaining the comparative GHG
emission differences with alternatives (Figure S6). This indicates that material substitution may
inadvertently exacerbate GWP impacts across regions at different levels (Meng et al., 2024).

Acidification potential (caused by acidifying emissions, e.g., SOx and NOXx) over the
2020-2030 period ranged from 0.1 to 0.2 kilotons per annum (KTA) SOzeq in both regions.
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Adopting alternatives to PE packaging could increase acidification by 280-440% in the U.S. and
240-340% in the EU (Figure 5 B and H), indicating a substantial increase in acidifying effects of
material substitution on terrestrial and freshwater ecosystems. Freshwater eutrophication (related
to the accumulation and build-up of eutrophying nitrogen and phosphorus emissions in
freshwater ecosystems) was estimated at 1.6-2.6 KTA POuse between 2020 and 2030. PE
substitution in the assessed applications could lead to considerable increases, exceeding 2,000%
in the U.S. and 300% in the EU (Figure 5 C and I). Thus, material substitution could impose
enormous burdens on aquatic systems through algal blooms driven by nutrient pollution from
nitrogen and phosphorus emissions (Glibert, 2020). We note the regional disparities. The U.S.
exhibits greater increases in GWP and eutrophication from PE substitution than the EU, but a
smaller regional difference in acidification (Figure 5). These trends can be attributed to

differences in packaging formats, process energy sources, and regional emission intensities.

Similarly, considerable differences in potential environmental impacts related to resource
use are evident across regions. Packaging material substitution intensifies these effects. In 2024,
the assessed PE applications consumed 300 PJ eq. of fossil resources in the U.S. compared to
500 PJ eq. in the EU, while alternative materials could increase fossil resource use by 30-80% in
the U.S. and 10-40% in the EU. This trend continues with time as fossil resource use for the
assessed PE applications is projected to increase by a 30% by 2030 from 2020 levels and almost
double by 2050 to 550-660 PJ eq. in the U.S. and to 700-1100 PJ eq. in the EU, while showing a
similar level of increased potential environmental impacts from PE substitution (Figure 5 D and
J and Figure S6). Water-use-related environmental impacts show fewer regional contrasts than
the other impacts. PE packaging resulted in water scarcity of 5-10 billion m® World eq. in the
U.S. and water use of 8.5-13.3 billion m® World eq. in the EU (Figure 5 E and K). Substitutes
for PE may increase these impacts by 70-120% in the U.S. and by 90-130% in the EU,
respectively. Land occupation of PE application in the U.S. was estimated at 270-540 million m?,
whereas in the EU, land use was estimated at 130-200 billion points (Figure 5 F and L). PE
substitution may increase land occupation or use by an order of magnitude, in the U.S. by
>5000% and the EU by >1400%. Full projections for BAU to 2030 are provided in Figure 5, and
to 2050 are provided in Figure S6. These findings highlight that initiatives and regulations
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1  promoting the substitution of single-use plastic can shift or increase potential environmental
2 impacts if not guided by comprehensive, region-specific LCAs.
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Figure 5. Potential annual environmental impacts of PE packaging and alternatives in the U.S. and Europe: A and G) GWP in billion kg CO-
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Using in-depth LCA and PE packaging demand analyses, we demonstrated that replacing
PE-based single-use packaging with alternatives such as paper, glass, or metal can result in
unintended environmental consequences. With few exceptions, these material substitutions
increase greenhouse gas emissions and pose greater potential environmental impacts, including
acidification, eutrophication, and land-use, across numerous applications (see Tables S27 to
S32). Additionally, alternative materials typically result in heavier packaging, a consequence that
can directly conflict with policies, such as the PPWR’s broader objective of minimizing the
overall environmental impacts of packaging (Union, 2025). The increased packaging weight may

increase transportation-related emissions, resource consumption, and logistical inefficiencies.

3.5. Limitations

While the LCA presented here provides valuable insights, it is essential to recognize that such
outcomes are inherently scenario dependent. Though considered trustworthy sources, the
publicly available data used to develop future PE demand scenarios may not reflect historical
growth rates, which were driven mostly by population and GDP growth. The current life-cycle
inventories used to model future scenarios may not fully capture expected changes in electricity
grid mixes, transportation emissions, manufacturing technologies, policy-driven packaging
redesign, lightweighting of alternative materials, reuse infrastructure, recycled-content mandates,
consumer behavior, material supply constraints, and EoL systems. Other methodologies may be
better suited to project a tentative future scenario, such as prospective LCA; nonetheless, the
BAU is still applicable and relevant as a general baseline. While a broad set of potential
environmental impact indicators was included (10 for the U.S. and 6 for the EU), some aspects
and related impacts, such as plastic littering, microplastics, chemicals from additives,
environmental leakage, were excluded due to the lack of standardized LCA methodologies that
can incorporate exposure conditions and pathways at local and regional scales (Cappucci et al.,
2024; Harder et al., 2015), more so when considering regions where littering is still a significant
challenge (Nyberg et al., 2023; Seewoo et al., 2023).

LCAs are limited in their ability to assess potential environmental impacts associated
with micro and macro litter and environmental leakage of materials, including plastics, metals,
paper, glass, and textiles, as well as potential impacts arising from their persistence,

transformation, or degradation products in the environment and long-term ecosystem toxicity.
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These impact pathways have historically been omitted or only partially represented in
conventional LCI databases and consensus LCIA methods (Miller, 2022; Hajjar et al., 2024).
Although recent methodological developments have begun to address some aspects of plastic
pollution and microplastic formation, the scientific basis for their characterization remains
insufficiently mature compared with established LCIA categories such as GWP, acidification,
and eutrophication (Hajjar et al., 2023; Miller, 2022; Saling et al., 2020). Further studies could
explore additional midpoint environmental footprint as they become more robust.

Key assumptions were required in areas with limited empirical data, including packaging
breakage rates, transportation distances, recyclate quality, and shelf life. Product loss was outside
the scope of this study; future work should evaluate the role of packaging performance in
preventing product loss and waste across the supply chain. The U.S. model relied primarily on a
cut-off approach for EoL modeling, potentially affecting certain downstream impact estimates
for recycled materials. Although the sensitivity analysis shows consistent comparative trends
between CFF and cut-off approaches, methodological choices still affect absolute impact
estimates and some midpoint indicators. Therefore, results should be interpreted with the chosen
allocation framework in mind, especially when comparing studies that use different EoL
modeling approaches. Some of the scenario analyses, such as reuse, recycled content, and EoL,
are provided for illustrative purposes; additional studies can be consulted to expand on these
questions (Avery et al., 2027; Darko et al., 2023; Yudison et al., 2026; Zhang et al., 2026).
Future work could also evaluate emerging recycling routes, including the upgrading of waste
plastic pyrolysis oil for use as petrochemical feedstock, since such technologies may affect
recycled-content availability and the environmental profile of PE packaging systems (Darko et
al., 2023; Lim et al., 2025). These limitations underscore the need for improved data availability
and expanded methodological frameworks in future research to ensure more comprehensive and

reliable environmental assessments.

4. Conclusions

This study shows, within the framework and limitations of the analysis, that replacing PE
packaging with alternative materials is not inherently a resource-saving strategy. Across five
packaging uses in the U.S. and Europe, PE packaging generally had lower potential
environmental impacts than paper, glass, and metal options on most midpoint indicators. The

consistency of comparative results across different EoL allocation approaches (CFF and cut-off)
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further supports the robustness of the findings. When scaled to expected market demand,
switching to alternatives would require significantly more material inputs and, in most cases,
increase greenhouse gas emissions, acidification, eutrophication, water use, and land use. These
findings indicate that, under the conditions modeled in this study, material substitution can shift
certain environmental burdens across impact categories rather than uniformly reduce them. This
study further demonstrates that methodological assumptions can influence absolute values of
midpoint indicators, especially for recycling-sensitive midpoint indicators; however, the relative
ranking of packaging alternatives changed minimally between methods. In particular, the
comparison between the European Circular Footprint Formula and cut-off allocation illustrates
the importance of considering regional methodological frameworks when interpreting LCA
results. Rather than promoting a single universally applicable allocation approach, the present
work highlights the need for transparent reporting of modeling assumptions and provides a
framework for comparing packaging systems under the methodologies currently applied within
their respective regions. The results also emphasize that packaging policies should not be based
solely on material assumptions. Strategies to reduce packaging-related environmental impacts
should rely on functionally equivalent, region-specific life-cycle data and consider trade-offs
across impact categories, supply chains, and EoL systems. While higher recycled content, higher
recycling rates, and well-designed reuse systems can lower impacts in certain situations, their
effectiveness depends on logistics, infrastructure, and actual usage patterns. Future research
should better incorporate factors, such as product protection, loss rates, littering, leakage, and
changes in energy and waste management systems. Overall, conserving resources in packaging
requires a whole-system approach rather than just switching to a different material. These results
should not be interpreted as demonstrating overall environmental superiority of any packaging
material, nor as predictive of outcomes under alternative design, reuse, recycling, or

impact-scope assumptions not evaluated here.

Data availability statement
All data are available in the main text or the supplementary materials and references Avery et al.
2025 and Tacker et al. 2025. Further data may be requested from the corresponding authors

under reasonable conditions.

27



© 0O N oo o1 B~ W

10
11
12

13
14
15

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Funding

This work was supported by Exxon Mobil Corporation and/or its affiliates.

Declaration of competing interests

The authors declare the following financial interests/personal relationships, which may be
considered as potential competing interests: Manfred TACKER, Elizabeth AVERY, Emma
LAWRENCE, Tasja HAFNER-KUHN, and Andrin GSTOHL report that financial support was
provided by ExxonMobil Technology and Engineering Company. Manfred TACKER, Elizabeth
AVERY, Emma LAWRENCE, Tasja HAFNER-KUHN, and Andrin GSTOHL report a
relationship with ExxonMobil Technology and Engineering Company that includes consulting or
advisory. Rafael AURAS reports a relationship with ExxonMobil Technology and Engineering
Company that includes advisory. Experience NDUAGU, Luis SOTOMAYOR, Kirti RICHA,
Timothee W. ROUX are employed by Exxon Mobil Corporation or one of its affiliates.

Acknowledgements
The authors thank the subject matter experts for their review of the full 1ISO14040/44 conformant
LCA.

CRediT authorship contribution statement

Manfred TACKER: Methodology, Validation, Formal Analysis, Data Curation, Writing —
original draft, Writing — review & editing, Supervision. Elizabeth AVERY: Methodology,
Validation, Formal Analysis, Investigation, Data Curation, Writing — review & editing,
Supervision, Project administration. Emma LAWRENCE: Methodology, Validation,
Investigation, Writing — review & editing. Tasja HAFNER-KUHN: Investigation, Resources,
Writing — review & editing, Visualization, Project administration. Andrin GSTOHL:
Validation, Formal Analysis, Investigation. Experience NDUAGU: Conceptualization,
Methodology, Validation, Formal Analysis, Investigation, Data Curation, Writing — original
draft, Writing — review & editing, Visualization, Project Administration, Funding acquisition.
Luis SOTOMAYOR: Conceptualization, Methodology, Validation, Data Curation, Writing —
review & editing, Project Administration, Funding acquisition. Kirti RICHA:
Conceptualization, Methodology, Validation, Data Curation, Writing — review & editing,
Visualization, Funding acquisition. Timothee W. ROUX: Conceptualization, Methodology,
Validation, Writing — review & editing, Visualization, Funding acquisition. Rafael AURAS:

28



1  Conceptualization, Methodology, Validation, Formal Analysis, Investigation, Data Curation,

2 Writing — original draft, Writing — review & editing, Visualization.

3

29



A WD

© o ~N O O

10
11

12
13
14
15

16
17
18

19
20
21

22
23
24

25
26
27
28

29
30

References

Amadei, A.M., Sanyé-Mengual, E., Sala, S., 2022. Modeling the EU plastic footprint: Exploring
data sources and littering potential. Resour. Conserv. Recycl. 178, 106086.
https://doi.org/10.1016/J.RESCONREC.2021.106086

Anshassi, M., Sackles, H., Townsend, T.G., 2021. A review of LCA assumptions impacting
whether landfilling or incineration results in less greenhouse gas emissions. Resour.
Conserv. Recycl. 174, 105810. https://doi.org/10.1016/J.RESCONREC.2021.105810

Applied Market Information Ltd. (AMI), 2024. Stretch and Shrink film Global Market 2024.
Bristol, UK.

Applied Market Information Ltd. (AMI), 2018. Demand for plastic sacks by application.

Conference presentation by Karla Tattersall. Bristol, UK.

Avery, E., Lawrence, E., Nduagu, E.I., Richa, K., Sotomayor, L., Roux, T.W., Auras, R., 2027.
An assessment of PE packaging systems and alternatives in the United States:
Understanding impacts of substitute, reduce, reuse and recycle strategies. Environ. Impact
Assess. Rev. 122, 108640. https://doi.org/10.1016/j.eiar.2026.108640

Avery, E., Nduagu, E., Vozzola, E., Roux, T.W., Auras, R., 2025. Polyethylene packaging and
alternative materials in the United States: A life cycle assessment. Sci. Total Environ. 961,
178359. https://doi.org/10.1016/J.SCITOTENV.2024.178359

Bare, J.C., Hofstetter, P., Pennington, D.W., de Haes, H.A.U., 2000. Midpoints versus endpoints:
The sacrifices and benefits. Int. J. Life Cycle Assess. 2000 56 5, 319-326.
https://doi.org/10.1007/BF02978665

Bher, A., Auras, R., 2024. Life cycle assessment of packaging systems: A meta-analysis to
evaluate the root of consistencies and discrepancies. J. Clean. Prod. 476, 143785.
https://doi.org/10.1016/J.JCLEPRO.2024.143785

Bishop, G., Giron-Dominguez, C., Gaffey, J., Henchion, M., Fealy, R., Zimmermann, J.,
Kargupta, W., Styles, D., 2025. A life cycle thinking-based environmental risk framework

for screening sustainable feedstocks in early-stage bioeconomy projects. Resour. Environ.
Sustain. 20, 100201. https://doi.org/10.1016/J.RESENV.2025.100201

CalRecycle, 2022. SB 54: Plastic Pollution Prevention and Packaging Producer Responsibility
Act - CalRecycle Home Page.

30



~N o o B~ w N

(e}

10

11
12
13

14
15

16
17
18
19

20
21
22

23

24
25

26
27
28
29
30

Cappucci, G.M., Neri, P., Ferrari, A.M., Fantke, P., 2024. Evaluating toxicity impacts of local
chemical emissions in Life Cycle Assessment. Int. J. Life Cycle Assess. 29, 669—682.
https://doi.org/10.1007/S11367-023-02262-X/FIGURES/6

Caraceni, F., Abbate, E., Brondi, C., Colonna, M., Dotelli, G., Ballarino, A., 2024. Variability of
the declared recycled content by changing allocation methods: A case study on plastic waste
recycling. Resour. Environ. Sustain. 16, 100154.
https://doi.org/10.1016/J.RESENV.2024.100154

Circular Action Alliance., 2025. Oregon Program Plan [WWW Document]. URL
https://www.oregon.gov/deq/recycling/Documents/CAAApprovedPlan.pdf (accessed
10.1.25).

Circular Place, n.d. Reuse: the challenge of overcoming logistical obstacles [WWW Document].
URL https://circularplace.fr/reuse-the-challenge-of-overcoming-logistical-obstacles/
(accessed 6.2.25).

CMA, 2024. World Analysis - Polyethylene - Chemical Market Analytics By OPIS, a Dow Jones
Company.

Darko, C., Yung, P.W.S,, Chen, A., Acquaye, A., 2023. Review and recommendations for
sustainable pathways of recycling commaodity plastic waste across different economic
regions. Resour. Environ. Sustain. 14, 100134.
https://doi.org/10.1016/J.RESENV.2023.100134

Dolci, G., Puricelli, S., Cecere, G., Tua, C., Fava, F., Rigamonti, L., Grosso, M., 2024. How does
plastic compare with alternative materials in the packaging sector? A systematic review of
LCA studies. Waste Manag. Res. https://doi.org/10.1177/0734242X241241606

Euromonitor_International, 2023. Packaging — Frozen foods. UK.

European Commission, 2021. European Green Deal: research & innovation call. Publ. Off. Eur.
Union. https://doi.org/10.2777/33415

Forster, P., Alterskjaer, K., Smith, C., Colman, R., Damon Matthews, H., Ramaswamy, V.,
Storelvmo, T., Armour, K., Collins, W., Dufresne, J., Frame, D., Lunt, D., Mauritsen, T.,
Watanabe, M., Wild, M., Zhang, H., Pirani, A., Connors, S., Péan, C., Berger, S., Caud, N.,
Chen, Y., Goldfarb, L., Gomis, M., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J.,
Maycock, T., Waterfield, T., Yelek¢i, O., Yu, R., Zhou, B., 2021. The Earth’s Energy

31



~N o o A W DN B

© o

10

11
12

13
14

15
16
17
18

19
20
21

22
23
24

25
26
27

28
29
30

Budget, Climate Feedbacks and Climate Sensitivity, in: Masson-Delmonte, V., Zhai, P.,
Pirani, A., Connors, S.L., Pean, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis,
M.1., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J.B.R., Maycok, T.K., Waterfield, T.,
Yelekci, O., Yu, R., Zhou, B. (Eds.), Climate Change 2021: The Physical Science Basis.
Contribution of Working Group | to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA, pp. 923-1054. https://doi.org/10.1017/9781009157896.009

Freedonia Group, 2020. Stretch & Shrink Film - Market Size, Market Share, Market Leaders,
Demand Forecast, Sales, Company Profiles, Market Research, Industry Trends and

Companies - The Freedonia Group.

Geyer, R., Jambeck, J.R., Law, K.L., 2017. Production, use, and fate of all plastics ever made.
Sci. Adv. 3, e1700782. https://doi.org/10.1126/sciadv.1700782

Glibert, P.M., 2020. Harmful algae at the complex nexus of eutrophication and climate change.
Harmful Algae 91, 101583. https://doi.org/10.1016/J.HAL.2019.03.001

Gonzalez Romero, 1., Buldeo Rai, H., Ortiz Bas, A., Prado Prado, J.C., 2024. Can reusable
packaging revolutionise e-commerce? Unveiling the environmental impact through a
comparative carbon footprint analysis. J. Clean. Prod. 476, 143738.
https://doi.org/10.1016/J.JCLEPRO.2024.143738

Grosso, M., 2022. It’s all about plastics. Waste Manag. Res. 40, 607—608.
https://doi.org/10.1177/0734242X221093821/ASSET/81FF5B78-8B8F-4CA9-8723-
DEE3A258165C/ASSETS/IMAGES/10.1177 _0734242X221093821-IMG1.PNG

Guo, J., Li, R,, Zhang, R., Qi, J., Li, N., Xu, C., Chiu, A.S.F., Wang, Y., Tanikawa, H., Xu, M.,
2025. Shedding light on the shadows: Transparency challenge in background life cycle
inventory data. J. Ind. Ecol. 29, 766—776. https://doi.org/10.1111/jiec.70010

Hajjar, C., Bulle, C., Boulay, A.M., 2023. Life cycle impact assessment framework for assessing
physical effects on biota of marine microplastics emissions. Int. J. Life Cycle Assess. 2023

291 29, 25-45. https://doi.org/10.1007/S11367-023-02212-7

Harder, R., Holmquist, H., Molander, S., Svanstrom, M., Peters, G.M., 2015. Review of
Environmental Assessment Case Studies Blending Elements of Risk Assessment and Life
Cycle Assessment. Environ. Sci. Technol. 49, 13083-13093.

32



N -

o B~ W

10

11
12

13
14
15
16
17
18

19
20

21
22
23

24
25
26
27

28
29
30

https://doi.org/10.1021/ACS.EST.5B03302/ASSET/IMAGES/LARGE/ES-2015-
03302Y_0002.JPEG

Kauertz, B., Drescher, A., 2025. Comparative life cycle assessment of various single- use and
reuse transport packaging. Heidelberg, Germany.

Kirchherr, J., Reike, D., Hekkert, M., 2017. Conceptualizing the circular economy: An analysis
of 114 definitions. Resour. Conserv. Recycl. 127, 221-232.
https://doi.org/10.1016/J.RESCONREC.2017.09.005

Klopffer, W., Grahl, B., 2009. Okobilanz (LCA) - Ein Leitfaden fiir Ausbildung und Beruf.
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
https://doi.org/10.1002/9783527627158

Knoblauch, D., Mederake, L., 2021. Government policies combatting plastic pollution. Curr.
Opin. Toxicol. 28, 87-96. https://doi.org/10.1016/J.COTOX.2021.10.003

Lau, W.W.Y., Shiran, Y., Bailey, R.M., Cook, E., Stuchtey, M.R., Koskella, J., Velis, C.A.,
Godfrey, L., Boucher, J., Murphy, M.B., Thompson, R.C., Jankowska, E., Castillo Castillo,
A., Pilditch, T.D., Dixon, B., Koerselman, L., Kosior, E., Favoino, E., Gutberlet, J., Baulch,
S., Atreya, M.E., Fischer, D., He, K.K., Petit, M.M., Sumaila, U.R., Neil, E., Bernhofen, M.
V., Lawrence, K., Palardy, J.E., 2020. Evaluating scenarios toward zero plastic pollution.
Science (80-. ). 369, 1455-1461. https://doi.org/10.1126/science.aba9475

Lebreton, L., Andrady, A., 2019. Future scenarios of global plastic waste generation and
disposal. Palgrave Commun. 5, 6. https://doi.org/10.1057/s41599-018-0212-7

Lim, S.H., Pham, H.H., Kwon, E.H., Nho, N.S., 2025. Optimizing the use of pyrolysis waste oil
as a feedstock for the naphtha cracking process by hydrotreating and hydrocracking.
Resour. Environ. Sustain. 22, 100277. https://doi.org/10.1016/J.RESENV.2025.100277

Maga, D., Galafton, C., Blémer, J., Thonemann, N., Ozdamar, A., Bertling, J., 2022.
Methodology to address potential impacts of plastic emissions in life cycle assessment. Int.
J. Life Cycle Assess. 27, 469-491. https://doi.org/10.1007/S11367-022-02040-
1/FIGURES/13

Mahmoudi, M., Parviziomran, I., 2020. Reusable packaging in supply chains: A review of
environmental and economic impacts, logistics system designs, and operations
management. Int. J. Prod. Econ. 228, 107730. https://doi.org/10.1016/J.1JPE.2020.107730

33



~N o o B~ w N

(e}

10

11
12
13

14
15
16
17

18
19
20

21
22
23

24
25
26

27
28
29

30

Mallick, P.K., Salling, K.B., Pigosso, D.C.A., McAloone, T.C., 2024. Designing and
operationalising extended producer responsibility under the EU Green Deal. Environ.
Challenges 16, 100977. https://doi.org/10.1016/J.ENVC.2024.100977

Martin, C., Baalkhuyur, F., Valluzzi, L., Saderne, V., Cusack, M., Almahasheer, H.,
Krishnakumar, P.K., Rabaoui, L., Qurban, M.A., Arias-Ortiz, A., Masqué, P., Duarte, C.M.,
2020. Exponential increase of plastic burial in mangrove sediments as a major plastic sink.
Sci. Adv. 6. https://doi.org/10.1126/SCIADV.AAZ5593/SUPPL_FILE/AAZ5593 SM.PDF

Meng, F., Branddo, M., Cullen, J.M., 2024. Replacing Plastics with Alternatives Is Worse for
Greenhouse Gas Emissions in Most Cases. Environ. Sci. Technol. 58, 2716-2727.
https://doi.org/10.1021/ACS.EST.3C05191

Miller, S.A., 2022. The capabilities and deficiencies of life cycle assessment to address the
plastic problem. Front. Sustain. 3, 1007060.
https://doi.org/10.3389/FRSUS.2022.1007060/XML

Miller, S.A., 2020. Five Misperceptions Surrounding the Environmental Impacts of Single-Use
Plastic. Environ. Sci. Technol. 54, 14143-14151.
https://doi.org/10.1021/ACS.EST.0C05295/ASSET/IMAGES/MEDIUM/ES0C05295_0004
.GIF

Muzata, T.S., Matuana, L.M., Rabnawaz, M., 2024. Challenges in the mechanical recycling and
upcycling of mixed postconsumer recovered plastics (PCR): A review. Curr. Res. Green
Sustain. Chem. 8, 100407. https://doi.org/10.1016/J.CRGSC.2024.100407

Nordahl, S.L., Scown, C.D., 2024. Recommendations for life-cycle assessment of recyclable
plastics in a circular economy. Chem. Sci. 15, 9397-9407.
https://doi.org/10.1039/D4SC01340A

Nuojua, S., Pahl, S., Thompson, R., 2022. Ocean connectedness and consumer responses to
single-use packaging. J. Environ. Psychol. 81, 101814.
https://doi.org/10.1016/J.JENVP.2022.101814

Nyberg, B., Harris, P.T., Kane, I., Maes, T., 2023. Leaving a plastic legacy: Current and future
scenarios for mismanaged plastic waste in rivers. Sci. Total Environ. 869, 161821.
https://doi.org/10.1016/j.scitotenv.2023.161821

OECD, 2022. Global Plastics Outlook, Global Plastics Outlook. OECD.

34



A W N R

o ~N o o

10
11
12
13

14
15
16

17
18
19
20

21
22
23

24
25
26
27

28
29
30

https://doi.org/10.1787/AA1EDF33-EN

Oloruntobi, O., Mokhtar, K., Mohd Rozar, N., Gohari, A., Asif, S., Chuah, L.F., 2023. Effective
technologies and practices for reducing pollution in warehouses - A review. Clean. Eng.
Technol. 13, 100622. https://doi.org/10.1016/J.CLET.2023.100622

Pellengahr, F., Ghannadzadeh, A., van der Meer, Y., 2023. How accurate is plastic end-of-life
modeling in LCA? Investigating the main assumptions and deviations for the end-of-life
management of plastic packaging. Sustain. Prod. Consum. 42, 170-182.
https://doi.org/10.1016/J.SPC.2023.09.014

Pira, S., 2024. The Future of Global Flexible Packaging to 2028.

Pottinger, A.S., Geyer, R., Biyani, N., Martinez, C.C., Nathan, N., Morse, M.R., Liu, C., Hu, S.,
Bruyn, M. de, Boettiger, C., Baker, E., McCauley, D.J., 2024. Pathways to reduce global
plastic waste mismanagement and greenhouse gas emissions by 2050. Science (80-. ). 386,
1168-1173. https://doi.org/10.1126/SCIENCE.ADR3837

Ryberg, M.W., Hauschild, M.Z., Wang, F., Averous-Monnery, S., Laurent, A., 2019. Global
environmental losses of plastics across their value chains. Resour. Conserv. Recycl. 151,
104459. https://doi.org/10.1016/J.RESCONREC.2019.104459

Saldafia-Pierard, C., Nguyen, P.M., Debeaufort, F., Vitrac, O., Auras, R., 2025. Impact of
emerging packaging regulations on international trade and product safety with emphasis on
plastic reuse and recycling in Europe and North America. J. Ind. Ecol.
https://doi.org/10.1111/jiec.70079

Saling, P., Gyuzeleva, L., Wittstock, K., Wessolowski, V., Griesshammer, R., 2020. Life cycle
impact assessment of microplastics as one component of marine plastic debris. Int. J. Life
Cycle Assess. 25, 2008-2026. https://doi.org/10.1007/S11367-020-01802-Z/TABLES/7

Schmaltz, E., Melvin, E.C., Diana, Z., Gunady, E.F., Rittschof, D., Somarelli, J.A., Virdin, J.,
Dunphy-Daly, M.M., 2020. Plastic pollution solutions: emerging technologies to prevent
and collect marine plastic pollution. Environ. Int. 144, 106067.
https://doi.org/10.1016/J.ENVINT.2020.106067

Seewoo, B.J., Goodes, L.M., Mofflin, L., Mulders, Y.R., Wong, E.V., Toshniwal, P., Brunner,
M., Alex, J., Johnston, B., Elagali, A., Gozt, A., Lyle, G., Choudhury, O., Solomons, T.,
Symeonides, C., Dunlop, S.A., 2023. The plastic health map: A systematic evidence map of

35



N

© 00 N oo o b~ w

10
11
12

13
14
15

16
17
18
19

20

21
22
23

24
25

26
27

28
29
30

human health studies on plastic-associated chemicals. Environ. Int. 181, 108225.
https://doi.org/10.1016/j.envint.2023.108225

Soares, C.T. de M., Ek, M., Ostmark, E., Gallstedt, M., Karlsson, S., 2022. Recycling of multi-
material multilayer plastic packaging: Current trends and future scenarios. Resour. Conserv.
Recycl. 176, 105905. https://doi.org/10.1016/J.RESCONREC.2021.105905

Stefanini, R., Paini, A., Busti, M., Archetti, M., Buffoli, A., Cangiano, V., 2024. Packaging
Stretch film alternatives in a circular economy perspective: comparison of three scenarios
with a Life Cycle Assessment approach. IFAC-PapersOnLine 58, 457-462.
https://doi.org/10.1016/J.IFACOL.2024.09.254

Stegmann, P., Daioglou, V., Londo, M., van Vuuren, D.P., Junginger, M., 2022. Plastic futures
and their CO2 emissions. Nat. 2022 6127939 612, 272-276. https://doi.org/10.1038/s41586-
022-05422-5

Tacker, M., Hafner-Kuhn, T., Gstohl, A., Nduagu, E., Vozzola, E., Roux, T.W., Auras, R., 2025.
Life cycle assessment of polyethylene packaging and alternatives on the European market.
Clean. Environ. Syst. 17, 100270. https://doi.org/10.1016/J.CESYS.2025.100270

Tan, X., Zou, H., Wang, Z.L., Shui, J., Wang, Y., Chen, C.E., Li, D., Xue, D., Hu, M., Wang, Z.,
2025. Deep dive into the global primary plastic trade over the past thirty-five years and its
policy implications. Resour. Environ. Sustain. 21, 100226.
https://doi.org/10.1016/J.RESENV.2025.100226

Townsend_Solutions, 2024. Global TP Report: Deep Dive Application Analysis. Houston, TX.
Tumu, K., Vorst, K., Curtzwiler, G., 2023. Global plastic waste recycling and extended producer

responsibility laws. J. Environ. Manage. 348.
https://doi.org/10.1016/j.jenvman.2023.119242

UNEP, 2022a. UNEA Resolution 5/14 entitled “End plastic pollution: Towards an international

legally binding instrument.” Dakar.

UNEP, 2022b. Single-use supermarket food packaging and its alternatives: Recommendations

from life cycle Assessments.

Union, E.P. and C. of the E., 2025. Regulation (EU) 2025/40 of the European Parliament and of
the Council of 19 December 2024 on packaging and packaging waste, amending Regulation
(EU) 2019/1020 and Directive (EU) 2019/904, and repealing Directive 94/62/EC. Off. J.

36



A w0 DN

o1

10

11
12
13

14
15
16
17

18
19
20
21

22
23

Eur. Union L.

United Nations Environment Programme, 2021. Single-use Plastic Products (SUPP) and their
alternatives: Recommendations from Life Cycle Assessments. Nairobi, Kenya.
https://doi.org/978-92-807-3841-4

Wang, S., 2025. Revisiting the Common but Differentiated Responsibility Principle in the
Prevention and Control of Marine Plastic Pollution. Int. J. Mar. Coast. Law 40, 423-443.
https://doi.org/10.1163/15718085-BJA10231

Wikstrom, F., Verghese, K., Auras, R., Olsson, A., Williams, H., Wever, R., Gronman, K.,
Kvalvag Pettersen, M., Mgller, H., Soukka, R., 2019. Packaging Strategies That Save Food:
A Research Agenda for 2030. J. Ind. Ecol. 23, 532-540. https://doi.org/10.1111/JIEC.12769

Yudison, D.P.Y., Bher, A., Auras, R., 2026. Leveraging Life Cycle Assessment for Informing
Packaging Eco-Design and Eco-Modulation. Sustain. Dev. 1-20.
https://doi.org/10.1002/sd.70659

Zeilerbauer, L., Fischer, J., Fazeni-Fraisl, K., Mager, M., Lindorfer, J., Paulik, C., 2024. Life
cycle assessment of mechanical recycling of low-density polyethylene into film products —
towards the need for life cycle thinking in product design. Resour. Conserv. Recycl. 209,
107807. https://doi.org/10.1016/J.RESCONREC.2024.107807

Zhang, X., Tang, Y., Wang, J., Zhang, W., Nduagu, E., Kirti, R., Roux, T., Chen, W.-Q., 2026.
Material flow analysis of End-of-Life disposition of polyethylene-based packaging and
alternatives in China. Resour. Conserv. Recycl. 231, 108927.
https://doi.org/10.1016/J.RESCONREC.2026.108927

37



Highlights

e PE packaging often had lower potential environmental impacts than alternatives.
e Replacing PE with alternatives could increase packaging mass by up to fourfold.

e PE substitution may raise packaging GHG emissions 190% in the U.S. and 50% in

Europe.
e Reuse, recycling, and PCR impacts depend strongly on logistics and infrastructure.

e Packaging policy should rely on functionally equivalent, region-specific LCA.
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