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ARTICLE INFO ABSTRACT

This paper presents a systematic review of life cycle assessment (LCA) studies evaluating the environmental
performance of reusable plastic packaging compared with single-use alternatives. A structured search in Web of
Science and Scopus identified 245 publications from 2000 to 2025, of which 55 met relevance, quality, and
transparency criteria. These were grouped into original LCA studies and LCA review papers to support an un-
biased assessment, and then analyzed to identify key application areas, methodological trends, and factors
influencing environmental outcomes.

The review shows that polypropylene (PP), high-density polyethylene (HDPE), and polyethylene terephthalate
(PET) are the most commonly assessed polymers in reusable systems. Although reusable packaging has been
studied across several sectors, notable gaps persist in cosmetics, beverages, and delivery applications. In contrast,
studies on food and fresh produce generally report environmental benefits when sufficient reuse cycles are
applied. However, the comparability of existing findings is constrained by methodological inconsistencies,
including narrow selections of impact categories, inconsistent end-of-life (EOL) modelling methodology, and
omission of important life cycle stages such as backhaul transport and secondary packaging.

Two parameters emerge as central to determining the environmental performance of reusable packaging
systems: the number of reuse cycles and the configuration of reconditioning activities, including washing,
refilling, and return logistics. Reported reuse cycle assumptions vary widely across studies, highlighting the need
for more realistic and application-specific definitions. Overall, the review underscores the potential environ-
mental benefits of reusable plastic packaging while emphasizing the need for more consistent methodological
choices to support reliable and comparable LCA outcomes.
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1. Introduction

Packaging —as a critical component across all industries
(Ait-Oubahou et al., 2019) — is the essential fusion of science, technol-
ogy, and art. It serves a critical role in protecting products, extending
shelf life, simplifying logistics, driving sales, and ensuring consumer
satisfaction (Verma et al., 2021). The scale of this global market was
demonstrated with a value of USD 1.08 trillion in 2024 and projections
to grow to USD 1.45 trillion by 2032, representing a compound annual
growth rate of 3.93%. In 2024, the Asia Pacific region was the dominant
force, accounting for 38.43% of the global market share (Fortune

Business Insights, 2025).

A packaging system usually consists of three layers. Primary pack-
aging is in direct contact with the product and protects it from
contamination and leakage. Secondary packaging helps with retail
handling and bundling and has expanded rapidly with the rise of e-
commerce, making it the largest packaging segment today (Fortune
Business Insights, 2025). While tertiary packaging ensures that goods
can be transported and stored efficiently, at the global scale, plastic
packaging represented the largest material share, exceeding 590 million
metric tons of consumption. This was followed by paper and paperboard
at around 460 million metric tons, while glass and metal reached

Abbreviations: EOL, End-of-Life; LCA, Life Cycle Assessment; WOS, Web of Science; ABS, Acrylonitrile Butadiene Styrene; PET, Polyethylene Terephthalate; HDPE,
High-Density Polyethylene; PP, Polypropylene; PBT, Polybutylene Terephthalate; EPE, Expanded Polyethylene; rPET, Recycled Polyethylene Terephthalate; rHDPE,
Recycled High-Density Polyethylene; EPS, Expanded Polystyrene; HIPS, High-impact Polystyrene; PE, Polyethylene; rPE, Recycled Polyethylene; PUR, Polyurethane;
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roughly 300 million and 150 million metric tons, respectively (MG
Market Growth Reports, 2026).

Consequently, this industry generates a significant waste stream.
Reliable global figures are limited, but EU data give an indication of the
scale: in 2023, the EU produced 79.7 million tonnes of packaging waste.
Paper and cardboard were the largest fraction (40.4%), followed by
plastics (19.8%), glass (18.8%), and wood (15.8%) (Eurostat, 2025).

To address these challenges, the EU has gradually built a regulatory
framework around the waste hierarchy. While the concept dates back to
the 1970s, the most influential policies emerged in the 1990s, especially
the Packaging and Packaging Waste (PPW) Directive. It aims to reduce
the environmental impact of packaging and ensure smooth functioning
of the European market (Da Cruz et al., 2014). According to its targets, at
least 70% of all packaging waste must be recycled by 2030 (eurostat,
2025). At the European level, this transition is being reinforced
through policies such as the Waste Framework Directive(Waste
Framework Directive, 2024) and the proposed Packaging and Pack-
aging Waste Regulation (PPWR) (THE EUROPEAN PARLIAMENT,
2025). The PPWR further integrates sustainability criteria based on
life cycle thinking by requiring packaging to be recyclable by design and
at scale by 2035, introducing minimum recycled content targets, and
supporting reuse and refill systems as part of the broader objective of
achieving climate neutrality by 2050. In this context, reusable pack-
aging systems are attracting increasing attention (Budhiraja et al.,
2025).

Efforts to reduce the impacts of packaging have focused on several
strategies, including material reduction, the use of recycled content,
substitution with renewable materials, and improvements in design for
recycling (Mudgal et al., 2024). These approaches align with the three
central principles of the circular economy: reduce, reuse, and recycle
(See Fig. 1).

Yet, recycling of plastic packaging is still constrained by high costs,
technical limitations, and consumer behavior (Chen et al., 2021).
Consequently, reusable packaging has gained increasing attention as a
more effective route to reduce material consumption, energy use, and
emissions (Coelho et al., 2020). Studies estimate that at least 20% of
plastic packaging could be replaced by reusable systems (Lendal and
Wingstrand, 2019; World Economic Forum, 2017). Policy actions have
followed this trend: the Single-Use Plastics Directive targets various
disposable items, including cutlery, coffee cups, stirrers, and straws,
signaling a shift away from throw-away formats (European Parliament,
2019).

Reusable packaging is already used in various applications and
forms, as indicated in Fig. 2. However, switching from single-use to
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reusable packaging often requires redesigning the supply chain to
include reverse logistics (except in consumer-refill systems). This shift
can change economic optima, stakeholder roles, logistics processes, and
organizational structures. In this model, retailers act as a funnel, man-
aging both the forward flow of products and the return flow of reusable
packaging (Coelho et al., 2020).

Despite growing interest, academic research on reusable packaging
remains uneven. Much of the literature focuses on takeaway food con-
tainers, cups, and boxes, with an emphasis on waste reduction more than
on comprehensive life cycle assessments (Shokri et al., 2014). Further-
more, research beyond the food and beverage sector is scarce, leaving
significant knowledge gaps for cosmetics, household products, agricul-
ture, logistics, and e-commerce applications (Yadav et al., 2024).

This review aims to address these gaps by examining reusable plastic
packaging across a broader range of industries. It provides an updated
overview of the environmental assessment methods applied, the in-
dicators used, and the findings reported to date. By identifying areas
where evidence remains limited, the paper highlights key directions for
future research.

This review is particularly relevant now, as the PPW Directive be-
comes more demanding and industries are under growing pressure to
rethink packaging systems. The findings can help researchers identify
open questions, and they can support policymakers and companies in
making more informed decisions about product design, regulation, and
investment in reuse systems. Ultimately, this work contributes to
building a stronger evidence base for the transition toward more sus-
tainable and effective reusable packaging.

2. Materials and methods

A systematic literature review was carried out using the Web of
Science (WOS) and Scopus databases. The search was conducted in
several stages to ensure that all relevant studies at the intersection of
LCA and reusable plastic packaging were captured. The search strategy
combined keywords reflecting both the methodology and the topic of
interest. In WOS, a combined Semantic and Boolean search was used
with the following search strings: TS = (life cycle assessment OR LCA OR
environmental assessment OR environmental impacts) AND (reusable
plastic packaging OR returnable plastic packaging OR refillable plastic
packaging). Moreover, the literature search in Scopus was conducted
using the following search strings: TITLE-ABS KEY ((reusable plastic
packaging OR returnable plastic packaging OR refillable plastic pack-
aging) OR (life cycle assessment OR LCA)).

As LCA has evolved substantially over past years, this paper focuses
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Fig. 1. Intervention in plastic and associated basic CE principle. The illustration is based on information from (Rabiu and Jaeger-Erben, 2024).
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Fig. 2. Current developments of reusable packaging systems ((Coelho et al., 2020)).

on papers published between 2000 and 2025 in order to ensure meth-
odological consistency and relevance. Earlier studies were excluded
because LCA practice prior to 2000 often relied on non-standardized
frameworks, limited databases, and less mature impact assessment
methods, which may compromise comparability with more recent
studies. Therefore, to avoid analysis of very early studies whose meth-
odological limitations are likely already criticized and improved in
subsequent research, the journal papers before 2000 are not considered
in this review study. In this study, all the selected studies are peer-
reviewed journal papers, published in English and the latest search to
collect the related papers was conducted in August 2025. Fig. 3

The initial search yielded a total of 245 peer-reviewed publications:
198 from Web of Science and 47 from Scopus. After removing 36 du-
plicates, 209 papers remained. These publications were screened based
on title, abstract, author keywords, and source. Papers were marked as
relevant if they addressed at least one of the following themes:

e Types and applications of reusable plastic packaging used
internationally.

e EOL treatment options for reusable plastic packaging.

e Environmental assessments of reusable plastic packaging.

Using these criteria, 141 papers were excluded. Most of which
focused on topics outside the scope of this review, such as:

e Recycling of plastic packaging instead of reuse systems.

e Studies on single-use packaging rather than reusable systems.

o Refillable systems made from non-plastic materials (e.g., glass).

e Analyses of polymer chemistry without consideration of full pack-
aging systems.

e Consumer behavior or social science-oriented studies.

The remaining 68 papers underwent a full-text review. During this
more detailed analysis, an additional 13 papers were excluded due to the
following reasons:

e Poor data quality: Studies which did not explain about life cycle
inventory step, and did not mention the source of data used in the
modeling clearly were excluded.

e Lack of transparency or failed to justify the basic assumption (e.g.,
unjustified modelling choices such as unclear system boundaries,
impact assessment methods, or functional units).

e Unrelated scope of the study (e.g., focusing more on social aspects of
reusable packaging or using a material type other than plastic for
reusable packaging). It should be mentioned that this reason was also
a main factor to exclude the paper in previous screening process,
however, it was not obvious in title or abstract section therefor the
authors overlooked them till this step.

Following all screening steps, 55 papers were identified as relevant
and were included in the final analysis. These publications were used to
address the following research questions:

RQ1: What is the current state of environmental assessment for
reusable plastic packaging?

RQ2: Which sectors or applications have been overlooked in existing
environmental studies?

RQ3: What methodological choices are used in LCA studies of reus-
able plastic packaging?

RQ4: How comprehensive, reliable, and comparable are the existing
LCA studies?

RQ5: How does the environmental performance of reusable plastic
packaging compare with the representative single-use alternatives in
different sectors?

To address the research questions, each of the 55 selected publica-
tions was analyzed in detail. The review examined the publication year,
sectoral focus, and type of reusable packaging system. Methodological
aspects were also assessed, including the scope of each LCA, the stan-
dards followed, the modeling tools used, and the technical features
defined under ISO 14,040/44. These elements were evaluated to
determine the overall robustness, transparency, and comparability of
the studies.

To avoid bias in the assessment, the publications were first catego-
rized into two groups:

(i) original LCA studies (34 publications).
(i) LCA review papers (21 publications).

The first group of publications was used to address research ques-
tions 1, 2, 3, 4, and 5. These studies were evaluated based on the
methodological quality of their LCA modeling in accordance with ISO
14,040/44. The assessment covered: (1) the reliability and transparency
of the LCA, (2) the quality of inventory data sources, (3) the defined
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system boundaries and covered life cycle stages, (4) the impact assess-
ment methods and selected impact categories, and (5) the presentation
and interpretation of results.

The second group was used to address research questions 1 and 2 by
examining the aim and scope of each review and identifying their main
focus areas. This also helped avoid repetition by ensuring that the pre-
sent review emphasized findings that were not covered in these existing
review papers.

Finally, the findings were synthesized to evaluate the environmental
advantages and drawbacks of reusable packaging across different in-
dustries, identify potential areas for improvement, and ultimately
answer the research questions Fig. 4.

3. Environmental assessment studies on reusable plastic
packaging

Publications assessing the environmental impact of reusable pack-
aging systems in different industrial sectors and applications gained
momentum only in 2020 onwards (see Fig. 5). The number of publica-
tions increased through years to reach 10 publications in 2024, with the
expectation of obtaining more reliable publications in the current year

(2025) due to growing interest and also establishment of new prohibi-
tive laws in plastic packaging application. in this field. Analyzing the
number of papers published in each specific industry reveals that the
environmental analysis of packaging started to be recognized by re-
searchers considerably after year 2019, with a stronger focus on food
packaging and also packaging for fruit and vegetable products.
Furthermore, there is a consequential increase in the number of review
papers. This rise after 2019 can be explained by the growing political,
industrial, and societal pressure related to plastic pollution, including
new EU regulations, bans on single-use plastics, and corporate com-
mitments to recycled content. These developments increased the ur-
gency of conducting LCAs on packaging, especially food-related
applications where material changes directly affect safety and shelf life.

To characterize the current state of scientific development on the
environmental analysis of reusable packaging, the main industrial sec-
tors represented in the 55 reviewed publications were examined. Nearly
one-third of the studies (27%, 15 papers) focused on packaging for fruits
and vegetables, making it the most extensively analyzed sector. Food
product packaging emerged as the second most frequently studied
category, accounting for 22% of the publications. Within this group, 11
studies assessed reusable packaging for general food products, while
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Fig. 5. Distribution of publications per year for the 55 reviewed studies (Note: the data for 2025 represent a partial year, as the literature search was conducted in
August 2025).

only one study examined reusable packaging for beverages. In contrast, significantly fewer studies addressed reusable packaging
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for delivery services (Camps-Posino et al., 2021; Koskela et al., 2014;
Ross and Evans, 2003; Tan et al., 2023; Zhou et al., 2024) and cosmetics
(Gatt and Refalo, 2022; Helmes et al., 2022). This limited attention
highlights a clear gap in the existing literature and underscores the need
for further research to address unresolved environmental questions
within these underexplored sectors.

Publications under the second category (LCA review papers) were 21
papers in total. These were analyzed based on their focus. Among which,
12 publications aimed to review the current status of scientific devel-
opment on LCA studies and presented the outcomes (Ahamed et al.,
2021; Alhazmi et al., 2021; Deeney et al., 2023; Dolci et al., 2025;

Resources, Conservation & Recycling Advances 31 (2026) 200350

Espinoza-Orias and Lundquist, 2025; Gao et al., 2025; Gomez and
Escobar, 2022; Kousemaker et al., 2021; Marson et al., 2023; Miller,
2022; Palsson and Olsson, 2023; Sabate and Kendall, 2024), another 4
publications discussed the technical aspects of LCA modeling and
methods to improve the modeling process (Fan et al., 2023; Nordahl and
Scown, 2024; Pellengahr et al., 2023; Spierling et al., 2020), and 5
studies focused on studying the current status of circularity in plastic
packaging field (Karayilan et al., 2021; Mahmoudi and Parviziomran,
2020; Mastellone, 2020; Schmidt and Laner, 2023; Shamsuddoha and
Kashem, 2024).

Table 1
A summary of information extracted from reviewed papers.
References Software Database Data Standards System boundary
quality”
(Gatt and Refalo, 2022) SimaPro Ecoinvent Medium 1SO 14,040 and 14,044 cradle-to-grave
(Helmes et al., 2022) SimaPro Ecoinvent Low 1SO 14,040 and 14,044 use-to-grave
(Thomassen et al., 2024) SimaPro Ecoinvent, Medium 1SO 14,040 and 14,044 cradle-to-grave
Agribalyse
(Greenwood et al., 2021) SimaPro Ecoinvent, Industry Low 1SO 14,040 and 14,044 cradle-to-grave
data 2.0
(Ceballos-Santos et al., SimaPro Ecoinvent High ISO 14,040 and 14,044 cradle-to-grave
2024)
(Kim et al., 2023) SimaPro Ecoinvent High Not mentioned cradle-to-cradle
(Snyder and Park, 2024) SimaPro Ecoinvent Low 1SO 14,040 and 14,044 cradle-to-grave
(Hitt et al., 2023) Self-developed model (using Ecoinvent Low Not mentioned cradle-to-grave
SimaPro database)
(Battini et al., 2016) Self-developed model Ecoinvent Low Not mentioned cradle-to-grave
(Yadav et al., 2024) SimaPro Ecoinvent Medium 1SO 14,040 and 14,044 cradle-to-grave
(Camps-Posino et al., GaBi GaBi Low 1SO 14,040 and 14,044 cradle-to-grave
2021)
(Tan et al., 2023) GaBi Ecoinvent Medium 1SO 14,040 and 14,044 cradle-to-grave
(Rasines et al., 2024) SimaPro Ecoinvent, ELCD Medium 1SO 14,040 and 14,044 cradle-to-grave
(Singh et al., 2006) Self-developed model Self-developed Medium ISO 14,040 and 14,041, SETAC 15technical cradle-to-grave
database framework
(Boschiero et al., 2019) SimaPro Ecoinvent High 1SO 14,040 and 14,044 post-harvest gate-to-gate
(Tua et al., 2019) SimaPro Ecoinvent High 1SO 14,040 and 14,044, Product cradle-to-grave
Environmental Footprint (PEF) Guide
(Levi et al., 2011) Self-developed model Ecoinvent Medium 1SO 14,040 and 14,044 cradle-to-grave
(Tua et al., 2017) SimaPro Ecoinvent Medium 1SO 14,040 and 14,044 cradle-to-grave
(Accorsi et al., 2022) SimaPro Ecoinvent, ELCD High 1SO 14,040 and 14,044 cradle-to-grave
(Albrecht et al., 2013) GaBi GaBi Medium 1SO 14,040 and 14,044 cradle-to-grave
(Silva et al., 2024) SimaPro Ecoinvent High 1SO 14,040 and 14,044 cradle-to-gate
(Accorsi et al., 2014) Manual calculation based on Ecoinvent Medium 1SO 14,040 and 14,044 cradle-to-grave
1SO 14,040
(Zhou et al., 2024) Manual calculation based on Ecoinvent Medium 1SO 14,040 and 14,044 cradle-to-grave
1SO 14,040
(Alzubi et al., 2022) OpenLCA ELCD Medium 1SO 14,040 and 14,044 cradle-to-grave
(Abejon et al., 2020) GaBi GaBi Medium 1SO 14,040 and 14,044 cradle-to-grave
(Ross and Evans, 2003) Manual calculation based on Self-collected High *ISO 14,040 cradle-to-grave
1SO 14,041 database *ISO 14,041
*ISO 14,042
*ISO 14,043
(Lopez-Galvez et al., SimaPro Ecoinvent Medium 1SO 14,040 and 14,044 cradle-to-grave
2021)
(Blanca-Alcubilla et al., GaBi GaBi Medium Not mentioned cradle-to-grave
2020)
(Hilmarsdottir et al., SimaPro Ecoinvent High 1SO 14,040 and 14,044 1.Cradle-to-grave (for
2024) base case)
2.Cradle-to-cradle (for
other scenarios)
(Koskela et al., 2014) Manual calculation based on Ecoinvent Medium ISO 14,040 and 14,044 cradle-to-grave
1SO 14,040
(Sasaki et al., 2022) MiLCA v2.0 IDEA v2.0 Low Not mentioned cradle-to-grave
(Bernstad Saraiva et al., SimaPro Ecoinvent Medium ISO 14,040 and 14,044 cradle-to-grave
2016)
(Gallego-Schmid et al., GaBi GaBi Medium 1SO 14,040 and 14,044 cradle-to-grave
2018) Ecoinvent
(Lo-Iacono-Ferreira et al., SimaPro Ecoinvent Medium *1SO 14,067 cradle-to-grave
2021) *ISO 14,044
*ISO 14,026

*1SO 14,071

@ Data quality was based on the source of collected data: High: primary data sources; Medium: mix between primary and secondary data sources; Low: only based on
secondary data sources (e.g., ecoinvent database, another study and/or literature review).
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4. Review of structural completeness and credibility

The quality and reliability of the implemented LCA model were
assessed by first evaluating the general modeling structure for its
comprehensiveness, accuracy, and transparency. Subsequently, key data
indicative of the LCA study's overall status were collected. This process
provided an unbiased perspective on the reliability of the studies and
established an equitable basis for comparing the findings across different
LCAs.

Table 1 summarizes the key features in all reviewed papers from the
first category (original LCA studies). More than half of the studies (52%)
used SimaPro to model the LCA and 80% of the studies selected ecoin-
vent database as their secondary data source. However, there were a few
papers that either chose different software (e.g., Gabi or OpenLCA) and
databases (e.g., Gabi, ELCD), or define their own calculation methods
and database.

The quality of data was evaluated based on the type of data sources
used. It should be emphasized that data quality is not representing the
technical quality of LCA modeling but only assessing the quality of
collected data based on data sources. Therefore, data were classified as
high quality when primarily derived from primary data sources, medium
quality when based on a combination of primary and secondary sources,
and low quality when relying predominantly on secondary data sources.
Using this classification, 24% of the analyzed original LCA studies were
identified as high-quality data, while 56% were categorized as medium
quality. Given the holistic nature of LCA and the requirement to collect
data across multiple processes, life cycle stages, and scenarios, studies
using high and medium quality data sources were considered to provide
an acceptable level of data quality for this review. In contrast, 21% of the
studies relied mainly on secondary data sources (e.g., Econinvent, other
LCA study and/or another literature review). These were therefore
categorized as low quality, introducing a greater degree of uncertainty
into their results. This study characterization is included in Table 1.

85% of the original LCA studies (34 publications) clearly commu-
nicate the employed standards to be ISO 14,040 and 14,044. However,
five studies apply an LCA framework that is consistent with ISO 14,040/
14,044, but does not explicitly mention adherence to these standards.

The last column of Table 1 shows an overall view of the system
boundaries for the reviewed studies to illustrate the level of compre-
hensiveness of the conducted study. 80% of the papers are defining a
cradle-to-grave system boundary. This represents a good level of
completeness because based on official definition, a cradle-to-grave
system boundary covers the whole processes from production of a
product to the EOL phase (e.g., disposal, reuse, or recycling) (Circular
Ecology, 2023). Only one paper extends this system boundary to
cradle-to-cradle (Kim et al., 2023). According to (Circular Ecology,
2023) in cradle-to-cradle system boundary, the product can be readily
reused or recycled at the end of the initial life. There is also one study
that limits its scope to the use-to-grave phase (with a main focus on EOL)
(Helmes et al., 2022), and another that considers the gate-to-gate phase
(focusing primarily on packaging and product storage) (Boschiero et al.,
2019).

5. Critical analysis to the applied methods
5.1. Methodological characteristics

Table 2 presents the key technical features of the reviewed original
LCA studies. In some cases, the applied approaches and selected impact
categories were not explicitly reported; however, they could be inferred
from the descriptions provided in the papers.

Several studies applied more than one impact assessment method,
primarily because their research objectives require the evaluation of
specific environmental impacts that are not fully covered by a single
assessment method. For example, (Hitt et al., 2023) and (Boschiero
et al., 2019) combined the IMPACT 2002 and CED 1.8 methods to
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Table 2

Methodological characteristics of the reviewed papers: CC: climate change, OD:
ozone depletion, IR: ionizing radiation, PHOF: photochemical ozone formation,
PM: particulate matter, NCHT: non cancer human toxicity, CHT: cancer human
toxicity, AC: acidification, FE: freshwater eutrophication, ME: marine eutro-
phication, TA: terrestrial acidification, TE: terrestrial eutrophication, FEC:
freshwater ecotoxicity, TEC: terrestrial ecotoxicity, MEC: marine ecotoxicity,
LU: land use, WU: water use, FR: fossil resource use, MMRU: mineral and ma-
terial resource use, CED: Cumulative energy demand, HH: human health, ES:
Ecosystems, TSW: Total solid waste, UAP: Urban air pollution.

References Impact Impact assessment EOL modelling
assessment categories approach
method

(Gatt and Refalo, ReCiPe 2016- HH, ES Cut-off

2022) endpoint (H)
(Helmes et al., 2022) ReCiPe 2016- 3 categories (CC, Avoided burden

midpoint (H) FR, MMRU)
(Thomassen et al., EF 3.0 ' 16 categories (CC, Avoided burden
2024) IR, OD, PHOF, PM,

NCHT, CHT, AC,
FE, ME, TE, FEC,
LU, WU, FR,
MMRU)

18 categories (CC,
OD, IR, PM, PHOF
(terrestrial
ecosystems &
human health), TA,
FE, ME, TEC, FEC,
MEC, NCHT, CHT,
LU, MMRU, FR,
WU)

6 categories (CC,
AC, EF, ME, WU,
FR)

18 categories (CC,
OD, IR, PM, PHOF
(terrestrial
ecosystems &
human health), TA,
FE, ME, TEC, FEC,
MEC, NCHT, CHT,

(Greenwood et al., ReCiPe 2016-
2021) midpoint (H)

Avoided burden

(Ceballos-Santos EF 3.1 Avoided burden

et al., 2024)

ReCiPe 2016-
midpoint (H)

(Kim et al., 2023) Cut-off (with
partial energy-
recovery credit

for incineration)

LU, MMRU, FR,
wu)
(Snyder and Park, TRACI 2.1 10 categories (OD, Cut-off
2024) CC, AC, FE & ME,
NCHT, CHT, FR,
PHOF, FEC &MEC
& TEC, PM)
(Hitt et al., 2023) 1.IMPACT 3 categories (CED, Cut-off
2002+v2.15 CC, WU)
2.IPCC 2021
3. ReCiPe
2016-
midpoint (H)
(Battini et al., 2016) EPD (SEMC)*? 1 category (CC) Cut-off

ReCiPe 2016-
midpoint (H)

(Yadav et al., 2024) 18 categories (CC, Avoided burden
OD, IR, PM, PHOF

(terrestrial

ecosystems &

human health), TA,

FE, ME, TEC, FEC,

MEC, NCHT, CHT,

LU, MMRU, FR,
WU)
(Camps-Posino EF 3.0 1 category (CC) Avoided burden
et al., 2021)
(Tan et al., 2023) CML 2001 9 categories (CED, Avoided burden
PM, FE & TE, ME,
AC, CC, EP, FEC,
MEC)
(Rasines et al., EF 3.1 8 categories (CC, Hybrid (50/50
2024) PHOF, PM, AC, FE, allocation)
LU, FR, MMRU)
(Singh et al., 2006) Not clarified 3 categories (CC, Cut-off (with
CED, TSW) partial energy-

(continued on next page)
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Table 2 (continued)
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Table 2 (continued)

References Impact Impact assessment EOL modelling References Impact Impact assessment EOL modelling
assessment categories approach assessment categories approach
method method
recovery credit ME, FEC, MEC,
for incineration) TEC, CHT, NCHT)
(Boschiero et al., 1.IPCC 2007 2 categories (CC, Out of scope of (Gallego-Schmid CML 2001 12 categories (CED, Avoided burden
2019) 2. CED 1.8 CED) system boundary et al., 2018) MMRU, FR, AC, FE
(Tua et al., 2019) 1. ILCD? 15 categories (CC, Avoided burden & ME & TE, CC,
2. CED 1.8 OD, NCHT, CHT, CHT, FEC, MEC,
PM, PHOF, AC, TE, TEC, OD, PHOF)
FE, ME, FEC, (Lo-Iacono-Ferreira IPCC 2007 1 category (CC) Avoided burden
MMRU, FR, WU, et al., 2021)
CED) 1 . o
(Levi et al., 2011) EPD (SEMC) 6 categories (CC, Avoided burden 5 The Environmental Footprint indicator set.
OD, AC, FE& ME & Environmental Product Declaration (EPD) method recommended by the
TE, FR & MMRU, Swedish Environmental Management Council (SEMC).
PHOF) 3 International Reference Life Cycle Data System.
(Tua et al., 2017) ILCD 14 categories (CC, Avoided burden
AC, OD, PHOF, TE, . . . L
FE, ME, FEC, NCHT, quantify the cumulatlYe energy deman.d (CED), as their main impact
CHT, PM, WU, assessment methods did not include this category. The IMPACT 2002
MMRU, CED) apply a combined midpoint and damage approach to link all LCA results
(Accorsietal., 2022) - 1.CML 2302 11 categories (CC,  Cut-off to four damage categories via 14 midpoint impact categories (Jolliet
2.Eco-indicatr OD, NCHT& CHT,
99 (8) FEC& MEC& TEC, Ct. al., 2003.). The CED 1.8 methods., on the.other hand, calculates the
3. ReCiPe PHOF, AC, FE & ME direct and indirect energy used during the life stages of a product and
2016- & TE, FR, MMRU, categorizes into renewable and non-renewable energy sources
midpoint (H) LU, WU) (Boschiero et al., 2019). The consistency of applying multiple methods
(Albrecht et al,, CML 2002 6 categories (CC, Avoided burden was evaluated in accordance with ISO 14,044 (International
2013) AC, PHOF, MMRU L o . .
& FR. CED. FE & Organization for Standardization, 2006b), which states that if the
ME) selected characterization model is insufficient to meet the defined goal
(Silva et al., 2024) 1. CML-IA 8 categories (CC, Not modelled and scope, additional methodologies may be adopted. Therefore, the use
baseline, AGC, FE & ME, (Out of scope) of multiple impact assessment methods is fully aligned with ISO 14,044.
i' ;}I;QVZARE ZH&F’(YI\QI;’ MMRU Except for the study by Singh et al. (2006) — which is a life cycle
2008 ’ inventory study and only quantifies the CO;.¢q emissions —and the study
midpoint by Alzubi et al. (2022) — which did not clearly mention the impact
(Accorsietal., 2014)  IPCC 2007 1 category (CC) Avoided burden assessment method — all other papers explained the selected impact

(Zhou et al., 2024)

(Alzubi et al., 2022)

(Abejon et al., 2020)

(Ross and Evans,
2003)

(Lopez-Galvez et al.,
2021)

(Blanca-Alcubilla
et al., 2020)
(Hilmarsdéttir et al.,
2024)

(Koskela et al.,
2014)

(Sasaki et al., 2022)

(Bernstad Saraiva
et al., 2016)

ReCiPe 2016-
midpoint (H)

Not specified

1.CML 2001
2.IMPACT
2002+v2.1

Manual
calculation

1.CML
2.CED

EF

CML

ReCiPe 2011-
midpoint (H)

LIME2

(endpoint
method)

ILCD

11 categories (CC,
FE, FEC, MEC, TEC,
CHT & NCHT,
PHOF, OD, LU, AC,
PM)

9 categories (AC,
CC, FEG, FE, LU,
oD, PM, WU,
MMRU)

7 categories (CC,
OD, AC, FE& ME&
TE, PHOF, CED,
wu)

3 categories (FR,
CC, PHOF)

11 categories (CC,
OD, PHOF, MMRU,
AC, FE & ME & TE,
FEC, MEC, TEC,
CHT, CED)

1 category (CC)

11 categories
(MMRU, FR, CC,
OD, CHT, FEC,
MEC, TEC, PHOF,
AC, FE & ME & TE)
7 categories (CC,
AC, FE, PHOF, PM,
LU, FR)

13 categories (CC,
PHOF, AC, OD, FE
& ME & TE, LU,
CHT, FEC & MEC &
TEC, WU, CED,
MMRU, TSW, UAP)
11 categories (CC,
OD, PHOF, AC, FE,

Avoided burden

Not modelled

(Out of scope)

Avoided burden

Avoided burden

Avoided burden

Only landfill
emissions
EOL Recycling

Avoided burden

Only landfill and
incineration
emissions

Avoided burden

assessment method, the chosen impact categories and the EOL model-
ling approach. The review shows that these methodological choices have
a substantial influence on the reliability and accuracy of the LCA results.
For example, Yadav et al. (2024) demonstrated that the interpretation of
LCA outcomes strongly depends on the selected impact categories. In
their study, although some categories—such as climate
change—decreased for reusable PP food packaging, other categories
increased. Specifically, the reusable container, when used 10, 30, or 100
times under different EOL scenarios (recycling and incineration),
showed higher impacts for marine eutrophication, freshwater eutro-
phication, ionizing radiation, human carcinogenic toxicity, mineral
resource scarcity, and human non-carcinogenic toxicity compared with
single-use alternatives. These increases were primarily attributed to
emissions from the washing stage.

In line with ISO 14,044 (International Organization for
Standardization, 2006b), the selection of impact categories must be
justified and consistent with the study’s goal. The methodology used by
Rasines et al. (2024) provides a good example of a transparent and
scientifically grounded selection process, where the authors applied a
weighting analysis and retained only those impact categories with a
weighting score above 80%.

Kim et al. (2023) reported LCA results for 18 impact categories;
however, the interpretation focused primarily on climate change. Their
comparison of environmental performance across categories revealed
that water consumption increased substantially in one of the reusable
packaging scenarios, offering no environmental advantage over
single-use packaging. Notably, the study showed that replacing recycled
aggregates with virgin aggregates significantly reduce the water con-
sumption of the reusable option. This finding underscores not only the
importance of selecting impact categories fairly but also the need for a
holistic perspective in LCA studies to capture diverse environmental
dimensions of a product or service. In this study (Kim et al., 2023),
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considering different impact categories through a holistic system
boundary allowed highlighting the negative aspects of recycling pro-
cesses and also recognized that “material production” and “recon-
ditioning transportation” processes cause the most considerable
environmental impacts for respectively 1 and 300 cycles. This shows
that 1. recycling practice is not always the most preferable waste man-
agement strategy for all impact categories, 2. the selected life cycle
stages in the system boundary plays an important role on the calculated
environmental impacts.

Overall, a considerable number of the reviewed papers restricted
their analysis to a limited range of impact categories, most often climate
change (see Appendix B). Although some studies reported results for a
wider set of categories, they did not provide further interpretation or
discussion of these results (Ceballos-Santos et al., 2024; Greenwood
et al., 2021; Helmes et al., 2022).

It is important to note that several authors acknowledged these
limitations. For instance, Boschiero et al. (2019) clarified that their
conclusions were based solely on the selected impact categories and did
not represent the full set available within the chosen impact assessment
method. In contrast, other studies justified their selection of impact
categories based on the stated goals of the research, following ISO 14,
044. A representative example is the study by Camps-Posino et al.
(2021), focusing exclusively on CO.eq emission of the modelled prod-
uct. Although aligned with the study’s goal, this work is more accurately
characterized as a carbon footprint analysis rather than a full LCA, as it
considered only one impact category Fig. 6.

Moreover, the selection of the EOL modeling approach represents an
additional source of methodological inconsistency among the reviewed
studies. Before evaluating how EOL modeling was applied in the
analyzed papers, a brief explanation of the two most commonly used
EOL approaches is provided in this section. To calculate the environ-
mental impacts of a EOL stage of a product or service, cut-off and
avoided burden approach can be employed which are common and well-
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developed in LCA studies. Cut-off approach considers no burden from
the activities beyond the life cycle of the product or service. This means
the burden of processes like raw material extraction, transportation, or
use phase are attributed to the product or service, but burden of recy-
cling activities is assigned to the product that used the recycled aggre-
gates in some other system boundaries. On the other hand, avoided
burden approach allocates the burden of recycling activities to the
product generating the recycled materials (Hermansson et al., 2022).
A good practice for EOL modeling can be described as follow:

First, the selected EOL approach (cut-off or avoided burden) should

be explicitly justified based on the goal of study.

e Studies are encouraged to report results for both EOL approaches
whenever possible, in order to evaluate the sensitivity of compara-
tive conclusions to allocation choices.

e Assumptions regarding reuse cycles and the practices related to
recycling at the end of the final use cycle should be transparently
documented and consistently applied.

e System boundaries should be clearly defined to ensure that all rele-

vant reuse-related processes, such as reverse logistics, washing, and

redistribution, are included.

The implications of recycling credits and waste management

modelling on comparative results should be explicitly discussed to

avoid biased interpretations in favor of either reusable or single-use
systems.

The overview of the EOL modeling approaches presented in Table 2
shows that most of the reviewed studies adapted the avoided burden
approach. Under this approach, the burdens and credits associated with
waste management processes—such as recycling, landfilling, and
incineration—are included within the system boundary of the LCA. In
contrast, some studies applied a cut-off approach, in which no burdens
or credits from waste management processes are assigned to the

Cut-off approach:
Plastic Packaging A Plastic Packaging B Plastic Packaging C
I T it e T I et I ittt b
i b ] '
i - o Recycled 1 |
1 . Reusa?leplastlc ' i polymer Reusable plastic Use . | oL |y e i
' Material packaging Use ! ! EOL ,| agaregate packaging Phase T > '
' extraction manufacturing Phase ! ' manufacturing ! ' !
| [ Vi |
: o Material a v '
! e extraction b |
1 [ o 1
e e e e e e e e e e e e e e e e e e e e e e e ——————_————————_———————————————— R !
Cut-off point Cut-off point
Avoided burden approach:
Plastic Packaging A Plastic Packaging B Plastic Packaging C

CoT T A 1 |
' D Recycled :: 1
\ Reusable plastic I ecycle . " |
| Material packaging Use i polymer Reusable plastic Use EOL :: P eesee |
\ extraction manufacturing Phase EoL o > aggregate packaging . Phase :: |
\ i manufacturing :: I
1 ! I
i i Material o " |
! 2 i N " \
I [ extraction :. )
: . :\_ ___________________________________________________ l:_________________J
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i avoidedvirgin 1

|
i aggregate :
. 1

Fig. 6. Visualized Illustration of cut-off and avoided burden approach (Insight from(Husmann et al., 2025)).
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modeled packaging. This fundamental difference in modeling the EOL
stage, which is inherently a multi-output process, can lead to substantial
variation in LCA results and, consequently, may result in divergent or
even misleading interpretations and conclusions.

ISO 14,040 (International Organization for Standardization, 2006a)
provides clear guidance for modeling multi-output processes. Section
4.3.4.1 of this standard states that “whenever several alternative allo-
cation procedures seem applicable, a sensitivity analysis shall be con-
ducted to illustrate the consequences of the departure from the selected
approach.” The same section further recommends avoiding allocation
altogether by applying system expansion (i.e., the avoided burden
approach) or subdivision. Additionally, Section 4.3.4.3 specifies that
these allocation procedures apply to EOL processes, particularly recy-
cling and reuse.

Therefore, when modeling the EOL stage of a product, sensitivity
analyses are essential to assess whether the choice of EOL modeling
approach significantly influences the LCA results. Despite this require-
ment, as shown in Table 2, this analysis was not identified in the
reviewed studies. However, some studies applied scenario analyses by
varying EOL parameters such as recycling or disposal shares (e.g.,
Camps-Posino et al., 2021; Yadav et al., 2024). none of the reviewed
papers performed such analyses. In most cases, the selected EOL meth-
odology was merely stated, without strong justification for the choice
and without conducting sensitivity analyses to verify that the selected
approach did not substantially affect the final results.

5.2. Coverage of the life cycle stages

Because the inclusion or omission of life cycle stages in reusable
plastic packaging systems can significantly influence environmental
performance outcomes, Table A. 1 in appendix A reviews the extent to
which the analyzed studies covered the relevant phases of the life cycle.
The considered stages were: raw materials extraction, packaging pro-
duction, secondary and tertiary packaging production, logistics, recon-
ditioning, and EOL treatment methodology. Most of the analyzed studies
did not consider all the key life cycle stages in their assessment. In some
cases, however, excluded stages were justified appropriately. For
instance, Gatt & Refalo (2022) omitted backhaul transportation because
the reusable blush powder case they modeled allows the consumer to
replace the powder pan at home, eliminating the need for return
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transport. Similarly, Snyder & Park (2024) excluded backhaul trans-
portation in their study of reusable food packaging on a university
campus. In this context, students are already present on campus for
reasons unrelated to dining, so additional return trips for packaging are
not part of the system under study.

However, several publications (29 out of 34 studies, 85% of the
reviewed studies) excluded life cycle stages that are relevant and should
not have been omitted—such as the production of secondary and ter-
tiary packaging—thereby reducing the accuracy of the results. Koskela
et al. (2014) demonstrated that secondary packaging, together with
packaging weight and transportation distance, can significantly influ-
ence the environmental performance of packaging systems. Excluding
such stages therefore risks misrepresenting the true environmental im-
pacts of reusable packaging.

As indicated in Fig. 7, 85% of the reviewed studies (29 out of 34)
included the raw material extraction stage of the primary packaging in
the LCA models. The five studies that excluded this stage did not provide
a scientific justification. In contrast, the packaging manufacturing stage
was included in 100% of the reviewed studies, while the inclusion rate
drops to 24% for secondary or tertiary packaging production and 82%
for reconditioning stages (e.g., washing, filling).

Logistics were modelled in all reviewed papers except in Tua et al.
(2019), Levi et al. (2011), and Silva et al. (2024), where trans-
portation was only partially included (e.g., limited to transport from
manufacturer to warehouse), due to data limitations or without clear
justification. This is notable given that several studies emphasized the
significant contribution of transportation to overall environmental
performance (Accorsi et al., 2014; Battini et al., 2016; Hitt et al., 2023;
Rasines et al., 2024; Snyder and Park, 2024; Tan et al., 2023).

While 76% of reviewed studies are considering backhaul trans-
portation stage, its importance is explicitly demonstrated by Hitt et al.
(2023) study, who demonstrated that the environmental advantages of
reusable plastic packaging are highly sensitive to assumptions regarding
backhaul transport. Their analysis showed that if as little as 5% of cus-
tomers make dedicated trips solely to return containers, the reusable
system can exceed the life cycle greenhouse gas emissions and primary
energy use of single-use alternatives.

The EOL stage of the packaging is predominantly included and
clearly described across the reviewed papers. However, Boschiero et al.,
2019 and Silva et al., 2024 excluded this stage from the study as it was

Share of reviewed studies including different life cycle stages (%)

Raw material extraction

100%

EOL practices

Reconditioning

Backhaul logistics

Packaging manufacturing

Secondary and tertiary
packaging manufacturing

Logistics

Fig. 7. Percentage of reviewed studies including different life cycle stages in the system boundary.



M. Doostdar et al.

out of the study’s scope. While the study by Alzubi et al., 2022 did not
consider this stage, despite its significance. Nevertheless, the methodo-
logical approaches used to model this stage are often insufficiently
applied. The main scenarios for EOL stage are often landfilling,

Table 3
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incineration, or recycling which is usually justified through national
statistics (Kim et al., 2023; Snyder and Park, 2024) or reference to
existing literature (Thomassen et al., 2024). Several studies considered
the distribution of waste flows as a varying parameter in the scenarios to

Overview of findings from reviewed papers comparing reusable and single-use plastic packaging.

References Material type Application R>S" R~S®> R<S® Reuse cycles Break-even reuse cycles
(Helmes et al., 2022) PET + rPET Cosmetic v 1 time Not specified
HDPE + rHDPE packaging v Not specified
(Thomassen et al., 2024) PP Food packaging v 5 times *22 times for FR
*16 times for CC
(Greenwood et al.,, 2021) ~ PBT Food packaging v 50 times 4
PP v 4
(Ceballos-Santos et al., HDPE Food packaging v 1260 times Not specified
2024)
(Kim et al., 2023) rPET Food packaging v 300 times 7
EPE v 12
(Snyder and Park, 2024) PP Food packaging v 300 times 17
(Hitt et al., 2023) PP Food packaging v 20 times 4 for CC
13 for CED
(Battini et al., 2016) PP Food packaging v various (15, 30, 45 *for short distance 30 times
and 60 times) *for long distance not reached within the study
(Yadav et al., 2024) PP Food packaging v various (10, 30 and 6 times
100 times)
(Camps-Posino et al., PP Delivery packaging v 50 times Not specified
2021)
(Tan et al., 2023) PP Delivery packaging v 50 times Not specified
(Rasines et al., 2024) PP Fruit & vegetables v 140 times *5 times compared to single-use wooden crate
packaging *29 times compared to single-use cardboard crates
(Singh et al., 2006) PP + rPP Fruit & vegetables v Not specified Not specified
packaging
(Boschiero et al., 2019) HDPE Fruit & vegetables v Not specified Not specified
packaging
(Tua et al., 2019) PP + rPP Fruit & vegetables v various (1-125) 3 times
packaging
(Levi et al., 2011) PP Fruit & vegetables v 200 times Not specified
packaging
(Tua et al., 2017) PP + rPP Fruit & vegetables v 50 times Not specified
packaging
(Accorsi et al., 2022) PP + rPP Fruit & vegetables v 100 times 15 times
packaging
(Albrecht et al., 2013) PP Fruit & vegetables v 50 times *40-60 times compared to single-use wooden d box
packaging *5-15 times compared to single-use cardboard box
(Silva et al., 2024) PET + rPET Beverage v Not specified 2 times
packaging
(Accorsi et al., 2014) PP Fruit & vegetables v various (30, 50, and Not specified
packaging 70 times)
(Zhou et al., 2024) *PET+PE for Delivery packaging v 30 times *15 times for returnable bags
returnable bags *7 times for returnable boxes
*PP for returnable
boxes
(Alzubi et al., 2022) PP + rPP Fruit & vegetables v Not specified Not specified
packaging
(Abejon et al., 2020) PP + rPP + HDPE Fruit & vegetables v 100 times Not specified
-+ rHDPE packaging (conservative
scenario)
150 times (Technical
scenario)
(Ross and Evans, 2003) EPS+ HIPS+PE Delivery packaging v Not specified Not specified
(Lopez-Gdlvez et al., PP Fruit & vegetables v 150 times 15 times
2021) packaging
(Blanca-Alcubilla et al., ABS + PS + PP Food packaging v 10 times Not specified
2020)
(Hilmarsdottir et al., HDPE + rHDPE + Food packaging v 96 times Not specified
2024) PUR
(Koskela et al., 2014) HDPE Delivery packaging v 700 times Not specified
(Sasaki et al., 2022) PP Fruit & vegetables v 100 times Not specified
packaging
(Bernstad Saraiva et al., rHDPE + PS Fruit & vegetables v Not specified *Min: 4 times (short distance) for CC
2016) packaging *Max: 35 times (long distance) for CC
(Lo-Iacono-Ferreira PP Fruit & vegetables v various (20, 50, and Not specified
et al., 2021) packaging 100 times)

! Reusable > Single-use.
2 Reusable ~ Single-use.
8 Reusable < Single-use.

11
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study the impact of different EOL scenarios on the environmental per-
formance of the packaging (Camps-Posino et al., 2021; Gatt and Refalo,
2022; Yadav et al., 2024). Nevertheless, a few studies only assume the
distribution of waste flow among different scenarios of recycling,
incineration or landfilling without providing scientific justification (Tan
et al., 2023).

Given the substantial contribution of processes such as trans-
portation and EOL to overall LCA results, and their strong influence on
the interpretation of environmental performance, the exclusion of spe-
cific processes may systematically bias results in favor of either reusable
or single-use packaging systems. For example, excluding raw material
extraction or primary packaging production tends to favor reusable
packaging, as reusable containers are typically heavier and more
material-intensive due to design requirements for durability and mul-
tiple use cycles.

Similarly, the omission or partial modelling of transportation pro-
cesses may bias results in favor of reusable systems, since additional
transport activities (e.g., transport to washing or reconditioning facil-
ities and return logistics) are specific to reuse systems. Although these
additional transport burdens may be partly offset by transportation
processes associated with single-use packaging, such compensation de-
pends on an optimally designed and efficiently operated reuse system.

Moreover, simplified or insufficiently justified EOL modelling may
bias results in either direction, depending on whether recycling credits
and disposal burdens are over- or underestimated under avoided burden
or cut-off approaches. Overall, incomplete system boundaries can lead
to systematic distortions in comparative LCA results, highlighting the
importance of comprehensive and transparent modelling to avoid fa-
voring either reusable or single-use systems by construction.

6. Environmental analysis of reusable plastic packaging in
comparison to single-use plastic packaging

6.1. Most common polymers used in reusable plastic packaging

Across the reviewed literature, a range of material types has been
used to manufacture reusable plastic packaging. This section evaluates
the environmental performance of reusable plastic packaging produced
from the three most commonly assessed polymers: PP, HDPE, and PET.,
consequently the results of other polymer materials (e.g., EPC, HIPS and
PE from (Ross and Evans, 2003)) are not discussed in this section. It
should be noted that studies assessing hybrid common polymer systems
are considered in all relevant sections. For example, the study by
(Helmes et al., 2022), which evaluates the environmental impacts of
both PET and HDPE reusable packaging, is discussed in both the PET and
HDPE sections (double-mentioned). This approach allows the environ-
mental performance of each polymer to be analyzed separately. Table 3
summarizes the comparative environmental impacts of these materials
relative to their single-use counterparts. The table was compiled by
drawing on the dominant conclusions for the selected impact categories
presented in Table 2 to determine whether reusable packaging out-
performed single-use packaging overall. While certain studies identified
scenarios in which a specific packaging type may perform better, such
cases were not representative of the majority of modeled conditions and
were therefore treated as exceptions.

For consistency and comparability, two studies (Gallego-Schmid
et al., 2018; Gatt and Refalo, 2022) were excluded from this assess-
ment. The former was omitted because its LCA results focused primarily
on endpoint impact categories (human health and ecosystems), which
are not aligned with the midpoint-focused assessments in the remaining
studies. The latter was excluded because it compared two reusable
systems (plastic and glass) rather than comparing reusable plastic
packaging with single-use alternatives, and therefore did not provide a
compatible basis for analysis.
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a. PP: This polymer type is the most commonly used material for
reusable packaging production (Accorsi et al., 2014). Among the 32
reviewed studies, 22 considered PP or a mix of PP with other poly-
mers as the primary material for reusable plastic packaging and
compared their environmental performance with single-use alter-
natives ((Abejon et al., 2020; Accorsi et al., 2014, 2022; Albrecht
et al., 2013; Alzubi et al., 2022; Battini et al.,, 2016;
Blanca-Alcubilla et al., 2020; Camps-Posino et al., 2021; Greenwood
et al., 2021; Hitt et al., 2023; Levi et al., 2011; Lo-Iacono-Ferreira
et al., 2021; Lopez-Galvez et al., 2021; Rasines et al., 2024; Sasaki
et al., 2022; Singh et al., 2006; Snyder and Park, 2024; Tan et al.,
2023; Thomassen et al., 2024; Tua et al., 2017, 2019; Yadav et al.,
2024; Zhou et al., 2024)). The overview of the environmental per-
formance of reusable PP plastic packaging, provided in Table 3,
shows that this material generally performs better than single-use
packaging from an environmental perspective. This advantage can
be attributed to the lower emissions during the raw material pro-
duction stage, as reusable packaging can be utilized multiple times
(Zhou et al., 2024).

However, some studies reported a deterioration in the environ-
mental performance of reusable pp packaging compared with
single-use alternatives. For example, Thomassen et al. (2024) who
modelled a reusable PP packaging for rice found that for the defined
functional unit, the climate change and fossil resource depletion
impact are, respectively, two and three times higher than those of a
conventional single-use multilayer PET + LDPE rice packaging. The
study identified reusability and reuse cycle as the most influential
parameters in these impact categories, showing that increasing the
reuse cycles from 5 to 16 and 22 uses allows the reusable pp pack-
aging to outperform its single-use counterpart in climate change and
fossil resources use, respectively.

Similarly, Battini et al. (2016), Levi et al. (2011) and Tua et al.
(2017) also reported that single-use packaging can environmen-
tally perform better for all or part of the selected impact categories.
Battini et al. (2016) proposed an improved form of single-use
corrugated fiberboard boxes with removable films and compared
its environmental impacts with a reusable pp crate to transfer fruit
and vegetables under different scenarios for supply chain and
transportation distance. The study showed that reusable crate out-
performs single-use ones at short transport distance. However,
increasing the transportation distance, the environmental benefits of
reusable crate diminish and eventually reverse, primarily due to the
higher weight of reusable crates. Levi et al. (2011) and Tua et al.
(2017) similarly emphasized on the critical role of transportation
distance on the environmental performance of packaging; for
example, Levi et al. (2011) found that reusable PP packaging per-
forms better than single-use packaging only when the transportation
distance is below 1200 km.

b. HDPE: seven out of the 32 reviewed studies considered HDPE or a

blend of HDPE with other polymers, as the primary material for
reusable (Abejon et al., 2020; Bernstad Saraiva et al., 2016;
Boschiero et al., 2019; Ceballos-Santos et al., 2024; Helmes et al.,
2022; Koskela et al., 2014; Hilmarsdottir et al., 2024). In Helmes
et al. (2022), despite a very low reuse cycles (i.e., only one reuse
cycle), HDPE reusable shampoo bottles outperformed single-use
HDPE shampoo bottle in terms of environmental performance. In
contrast, Ceballos-Santos et al. (2024) reported that HDPE reusable
crates used for fish distribution have a similar environmental per-
formance compared to single-use Expanded polystyrene (EPS) crates.
Nonetheless, several parameters were identified as influential in this
comparison. For instance, by considering a washing facility located
on-site, the reusable crates show a substantial improvement in
environmental impacts, enabling them to outperform single-use
crates. On the other hand, since transportation distances were kept
constant across scenarios in this study, the weight of the crates
became a decisive factor, favoring single-use EPS, which weigh only
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0.20 kg compared to 1.20 kg for reusable crates. Overall, the study
concluded that for distances exceeding 160 km, single-use and
reusable crates perform similarly in environmental terms.

c. PET: Across the reviewed studies, four focused on PET as the primary
material for reusable plastic packaging (Helmes et al., 2022; Kim
et al., 2023; Silva et al., 2024; Zhou et al., 2024). Each of these
studies included a proportion of recycled polyethylene terephthalate
(rPET) in the packaging composition and consistently reported that
PET-based reusable systems outperform comparable single-use op-
tions (see Table 3). This enhanced environmental performance is
largely driven by replacing virgin PET with rPET, which substantially
lowers the impacts associated with PET aggregate production—a
major hotspot in packaging life cycles (Silva et al., 2024). Silva
et al. (2024) assessed the environmental performance of produc-
tion of a novel recycled PET (called rPET flake), a virgin PET and a
rPET which was produced conventionally (called rPET pellets). The
results showed that except for water consumption and Eutrophica-
tion impact categories, production of virgin PET presents the highest
environmental impacts. Comparison of the LCA results for the three
PET production pathways shows that, relative to virgin PET pro-
duction, rPET flakes achieve an average reduction of 79% of all
impact categories, while production of rPET pellets provide only
about a 10% reduction.

Notably, these environmental benefits remain strong even when
number of reuse cycles are low. PET reusable packaging can outperform
single-use equivalents with only two reuse cycles for beverage pack-
aging (Silva et al., 2024), one reuse for cosmetic packaging (Helmes
et al.,, 2022), and seven reuse cycles for food packaging (Kim et al.,
2023).
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6.2. Reusable plastic packaging versus single-use plastic packaging across
different sectors

Fig. 8 presents a comparative overview of the environmental per-
formance of reusable plastic packaging and single-use packaging across
different sectors for the selected impact categories listed in Table 2. The
bar chart in the lower section illustrates the share of studies reporting
whether reusable plastic packaging performs better (green), worse (red),
or equal (yellow) compared to single-use packaging. However, this
comparison is indicative rather than exact, because as presented in
Table 2, the selected impact categories differ among studies. Conse-
quently, the interpretation of the results is limited to the selected impact
categories and may not represent the full environmental profile. On the
other hand, several studies investigate different parameters or scenarios
and the results are presented based on these defined parameters or
scenarios. Only the most representative findings for each study were
included in Fig. 8.

The pie charts above each bar illustrate how the 32 reviewed studies
are distributed across different sectors. Fruit and vegetable packaging
accounts for the largest portion (15 studies), followed by food packaging
(10 studies). In contrast, cosmetics, delivery, and beverage packaging
represent much smaller shares—with 1, 5, and 1 study respectively. This
distribution shows that comparative LCAs of reusable versus single-use
packaging have been heavily concentrated in the food and fruit-and-
vegetable sectors, while applications in cosmetics and beverages
remain relatively understudied. Overall, the findings point to a clear
environmental benefit of reusable systems, yet also expose a notable
research imbalance across packaging types. However, the limited
number of available studies on cosmetic, beverage, and delivery pack-
aging highlight this important fact that the interpretations presented in
this section should be treated with caution, as they are based on a small

Reusable vs. single-use plastic packaging: environmental performance comparison
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sample size.

The results indicate that reusable packaging most of the time has a
lower environmental impact. Specifically, in cosmetic and beverage
packaging, analyzed studies conclude that reusable plastic packaging
options outperform single-use ones. However, this depends on the
number of minimum reuse cycles needed to have the reusable plastic
packaging system outperforming single-use ones. In beverage pack-
aging, the minimum required reuse cycles were calculated as 2 times
(Silva et al., 2024), while for cosmetics packaging, no minimum reuse
cycle was specified.

Similarly, 63.64% of food packaging studies (minimum reuse cycles
ranging from 4 (Greenwood et al., 2021) to 30(Battini et al., 2016)
times) and 66.67% of fruit and vegetable packaging studies (minimum
reuse cycles ranging from 3 (Tua et al., 2019) to 40 (Albrecht et al.,
2013) times) show better performance for reusable packaging systems.
This trend is even stronger for delivery packaging, where 80% of studies
(with minimum reuse cycle of 7 times (Zhou et al., 2024)) show
improved performance. However, only one study on food packaging (or
9% of reviewed studies on food packaging sector) finds no significant
differences between the two systems (Ceballos-Santos et al., 2024).

It should be noted that the results discussed above were not filtered
according to study quality, which may influence the robustness of their
interpretation. Therefore, the findings were re-evaluated using only the
highly ranked studies (overall quality score >85%) based on the
assessment presented in Appendix B. When the analysis is restricted to
these studies, the overall trend remains consistent: reusable systems
outperform single-use packaging only after a minimum number of ro-
tations is achieved. For example, (Yadav et al., 2024) reports lower
impacts for reusable takeaway food containers after approximately six
reuse cycles, while (Tua et al., 2019) shows improved performance of
reusable plastic crates after three cycles. Similarly, (Accorsi et al., 2022)
demonstrates that reusable crate logistics networks become environ-
mentally preferable over time as manufacturing burdens are distributed
across multiple rotations, (Hilmarsdottir et al., 2024) identifies lower
impacts for multi-use fish tubs compared with single-use EPS boxes, and
(Gatt and Refalo, 2022) observes substantially reduced impacts for
reusable cosmetic packaging. However, these studies also emphasize
that the benefit is conditional and depends strongly on transport dis-
tance, return efficiency, and system performance (Accorsi et al., 2022).
It should be clarified that (Gallego-Schmid et al., 2018), although
showing the same general trend of improved performance for reuse,
compares reusable plastic containers with single-use glass packaging
rather than single-use plastic packaging. In line with these findings,
(Lopez-Galvez et al., 2021) shows that reusable plastic crates exhibit
lower environmental impacts than single-use cardboard and wooden
boxes across all assessed impact categories, provided that a minimum of
approximately 15 reuse cycles is achieved.

The highly ranked literature further indicates that operational pa-
rameters, rather than packaging material alone, determine environ-
mental performance. (Accorsi et al., 2022) highlights the sensitivity of
results to reverse logistics and distribution transport, and
(Lo-Tacono-Ferreira et al., 2021) shows that reusable systems may
exhibit higher impacts when transport burdens outweigh manufacturing
savings. Consequently, reusable packaging cannot be considered envi-
ronmentally superior by default; it becomes preferable only when suf-
ficient rotations are achieved within an efficient collection and
reprocessing system. The conclusions derived from the full dataset
therefore remain valid but should be interpreted as conditional: reuse
generally reduces impacts only under well-functioning operational
conditions.

6.3. Critical factors and their impacts on LCA results
6.3.1. EOL approach

It should be noted that while interpreting LCA results, the selection
of the EOL approach has a direct influence on LCA outcomes in favor of
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reusable plastic packaging. Although a comparison of LCA results of
reviewed papers across different EOL methodologies is not possible due
to the lack of sensitivity analyses, it is expected that the application of
the cut-off approach tends to underestimate total environmental bur-
dens, as it does not account for the environmental impacts of waste-
management activities. As also shown in Table 3, the studies that
conclude that reusable plastic packaging performs worse than single-use
packaging (all applying cradle-to-grave system boundaries) predomi-
nantly use the avoided burden approach, with the exception of (Battini
et al., 2016; Blanca-Alcubilla et al., 2020; Sasaki et al., 2022).

This is because reusable plastic packaging involves additional pro-
cesses related to reuse activities, such as reverse transportation, washing
operations, and redistribution. In contrast, single-use packaging benefits
from recycling credits after one use cycle, whereas reusable packaging
mainly relies on reuse and receives recycling credits only once, at the
end of the final use cycle. Although the recycling burden increases for
single-use plastic packaging and the avoidance of recycling due to reuse
plays a role in the final LCA results for reusable plastic packaging the
associated credits can outweigh the burdens in some studies and
improve the environmental performance of single-use systems relative
to reusable plastic packaging (Thomassen et al., 2024;Tua et al., 2017;
Levi et al., 2011; Koskela et al., 2014; Bernstad Saraiva et al., 2016;
Lo-Tacono-Ferreira et al., 2021).

6.3.2. Reuse phase and factors impacting it

The review of LCA findings shows that the number of reuse cycles is a
key parameter influencing environmental outcomes. Yadav et al.
(2024), for instance, evaluated multiple reuse scenarios and found
that, under EOL incineration, a 10-cycle scenario reduced global
warming potential (GWP) by 46%, while extending reuse to 100 cycles
led to an 83% reduction relative to a single-use system per functional
unit. Their study also demonstrated that the effectiveness of the return
logistics for empty containers plays a critical role in determining overall
impacts. These results underscore the need to apply realistic and
achievable reuse-cycle assumptions to ensure that modeled LCA out-
comes accurately reflect the true environmental performance of reus-
able packaging systems. In other words, the definition of realistic reuse
cycles ensures that production and transportation burdens are effec-
tively distributed across multiple reuse cycles without underestimating
the impact by reusable packaging systems.

However, the number of reuse cycles can be significantly impacted
by the reuse performance of the material. Material performance is highly
sensitive to factors such as return rates, washing temperatures (which
may accelerate material degradation), application context, weathering,
and handling intensity (Alassali et al., 2021).

For a systematic evaluation, the number of reuse cycles for the 34
studies were assessed in relation to defined reuse cycles in operational
reuse plastic packaging systems (see appendix B). Studies that assume
reuse cycles within empirically supported ranges and provide plausible
operational contexts were highly ranked as realistic (Accorsi et al., 2014;
Helmes et al., 2022; Kim et al., 2023; Rasines et al., 2024; Yadav et al.,
2024; Zhou et al., 2024)). Conversely, studies that either assume unre-
alistically high reuse numbers or do not sufficiently justify reuse cycles
obtained low score for this assumption, as it reflects on study’s credi-
bility (e.g., Singh et al., 2006; Boschiero et al., 2019; Silva et al., 2024;
Alzubi et al., 2022). Analysis of reuse cycles in appendix B, shows
Studies that assume reuse cycles within empirically supported ranges
and provide plausible operational contexts often rank among the
top-performing studies whose results are reliable for further interpre-
tation (e.g., Gatt and Refalo, 2022; Yadav et al., 2024; Tua et al., 2019;
Lo-Tacono-Ferreira et al., 2021).

On the other hand, even studies employing realistic reuse assump-
tions are recommended to include alternative scenarios to improve
robustness and reliability, where plastic packaging under different re-
covery and reconditioning systems can be impacted and results in
lowering the lab-approved number of reuse cycles.
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Achievable reuse cycles are determined by system performance
rather than material durability. In practice, the realized number of ro-
tations depends on recovery probability across each cycle, which is
constrained by both technical design and user behavior.

System design strongly influences survival in circulation. Efficient
reprocessing activities, such as locating centralized washing facilities
near or within distribution centers, reduce handling losses and prema-
ture discarding (Ceballos-Santos et al., 2024; Hitt et al., 2023; Yadav
et al., 2024). Similarly, integrating reverse logistics with forward dis-
tribution transport minimizes additional transport steps and improves
return rates (Accorsi et al., 2022; Hitt et al., 2023; Tan et al., 2023;
Yadav et al., 2024). In contrast, fragmented collection infrastructure,
long return distances, or complex sorting requirements shorten opera-
tional lifetimes regardless of technical durability.

Across most studies, washing operations, virgin granulates produc-
tion, packaging manufacturing, and transportation processes were
identified as the main contributors in environmental impacts (Accorsi
et al., 2022; Camps-Posino et al., 2021; Hitt et al., 2023; Rasines
et al., 2024; Snyder and Park, 2024). However, Snyder & Park (2024)
indicate detergent use as the dominant contributor, noting that other
washing steps had limited influence due to efficient water and energy
use. In some sectors, such as fruit and vegetable packaging, washing was
not a major contributor, primarily due to lower energy requirement or
the absence of specific detergent use. Therefore, some studies in this
sector introduced the washing process as a minor contributor to the
overall life cycle impact of a reusable plastic packaging (Tua et al.,
2017). These findings highlight that in modeling of the washing pro-
cess, factors such as scale of the washing activity, used detergent, or
energy sources can significantly affect the environmental impacts of
reusable plastic packaging.

Single-use plastic packaging sometimes performed environmentally
better than reusable plastic packaging as a result of the lower weight of
the packaging and the exclusion of washing and reverse logistics phases
(Levi et al., 2011; Thomassen et al., 2024; Tua et al., 2017). However,
these factors can be shifted in favor of reusable plastic packaging by
defining optimal reuse cycles, and efficient management of reverse lo-
gistics and washing operations.

7. Conclusions and recommendations

In this review, a clear research gap becomes visible when looking at
how reusable plastic packaging is assessed in comparison to single-use
systems, especially in sectors like cosmetics, delivery services, and
beverages. Studies on food and fresh product packaging generally agree
that reusable plastic packaging options can lead to notable environ-
mental improvements—assuming they are reused enough times. How-
ever, the analysis of published LCA studies reveals notable
methodological inconsistencies—including differences in system
boundaries, assumptions, and impact assessment methods—which limit
the comparability of results and weaken the reliability of overarching
conclusions.

85% of the papers state that they follow the relevant LCA standards,
but many do not fully apply the methodological steps required for
transparent and comprehensive modeling. This is particularly noticeable
in the choice of impact categories and EOL approach. Several studies
rely on only a small set of impact categories without explaining why
others were excluded. Yet literature has shown that results can be highly
sensitive to which categories are chosen (Lopez-Galvez et al., 2021;
Snyder and Park, 2024; Yadav et al., 2024). Climate change is by far the
most commonly assessed category, likely because it is widely recognized
and easier to interpret. In contrast, categories related to marine and
aquatic pollution appear far less often, despite the growing attention on
plastic litter and microplastic contamination in marine ecosystems. It is
therefore recommended that authors provide a more rigorous scientific
justification for the selection of impact categories in LCA studies. In
addition, normalization can support the identification of the most
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relevant impact categories which should be considered in the interpre-
tation of the results.

Another recurring issue is the lack of sensitivity analysis related to
EOL modeling. According to ISO 14,044, such analysis is required when
multiple methodological options are possible, yet none of reviewed
papers neither justify their choice nor explore how using a different
approach would affect the results. Given the strong influence of EOL
modelling on comparative results, future LCA studies should evaluate
both avoided burden and cut-off approaches and explicitly justify the
chosen method based on the aim of the study and the intended repre-
sentation of reuse and recycling processes within the system.

However, even when EOL modelling approaches are clearly
described, the assumptions behind them need careful consideration
because they often rely on idealized recycling conditions that may not
reflect real-world systems. Recycling rates are frequently based on
general values and may overlook regional differences in collection,
sorting, and recycling infrastructure. In addition, reusable plastic
packaging can experience material degradation, contamination, or
quality loss after repeated use and washing, which may limit closed-loop
recycling and lead to downcycling. As a result, avoided burden models
that assume full substitution of virgin material may overestimate EOL
credits. Therefore, EOL benefits in reusable packaging LCAs should be
interpreted cautiously, and studies should transparently report recycling
pathways, substitution factors, material quality, and regional infra-
structure conditions.

Furthermore, the review has shown that many studies omit relevant
life cycle stages. Secondary and tertiary packaging, as well as return
transportation, are many times excluded, despite the major role they
have in determining the environmental performance of reusable plastic
packaging. For instance, return transport distances and structure of
distribution systems can determine whether a reusable system performs
better or worse than its single-use counterpart. Depending on the
defined system boundary, it is recommended that an LCA study includes
specific processes to ensure realistic results and robust interpretation.
For cradle-to-grave system boundaries, it is essential to assess (i) pack-
aging production (including raw material extraction) due to its poten-
tially high energy intensity; (ii) transportation activities (e.g., packaging
transport and product distribution) given their relevance for facility
location and reuse system design; (iii) reconditioning processes, because
of their decisive influence on the comparative environmental perfor-
mance of reusable versus single-use systems, and (iv) EOL processes due
to the potential credits and burdens associated with different modelling
approaches.

Across the reviewed literature two other parameters that stand out as
especially influential are a) the number of reuse cycles and b) the design
of reconditioning activities. More reuse cycles generally lead to better
environmental performance, but only if the assumed numbers are real-
istic for the given application. The fact that reported reuse cycles in
literature range from 1 to >1200 highlights the need for clearer and
more practical guidance. Similarly, the environmental benefits of reus-
able systems depend heavily on how reconditioning is
organized—washing, refilling, and return logistics all need to be effi-
cient to obtain a feasible reusable packaging system. However, it should
be noted that reconditioning practices, particularly washing operations,
are highly sensitive to sector-specific characteristics. Variations in
cleaning requirements can substantially alter the environmental per-
formance of reusable plastic packaging systems. For instance, in the
cosmetics and personal care sector, washing often represents a dominant
contributor to life cycle impacts. Stricter hygiene standards lead to
higher energy demand and more intensive detergent use. In contrast, in
the fruit and vegetable sector, washing typically remains a minor
contributor, as cleaning requirements are less stringent, consequently,
associated energy and detergent inputs are lower. Hence, the interpre-
tation of LCA results for reconditioning processes must explicitly ac-
count for sectoral specifications.

Beyond these parameters, and irrespective of the application sector,
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packaging weight and logistics consistently emerge as influential de-
terminants of environmental performance. Reductions in packaging
mass, the use of centralized or on-site washing facilities, and the inte-
gration of reverse logistics with forward distribution flows can sub-
stantially improve the overall environmental performance of reusable
packaging systems.

Generally, the evidence indicates that the environmental perfor-
mance of reusable packaging systems is highly dependent on system
design and operational conditions, which can deviate based on
geographical location and the implemented strategies and policies.
Favorable outcomes are associated with optimum reuse cycles, efficient
return logistics, and optimized washing processes. Where these condi-
tions are not achieved, environmental benefits may diminish, and in
some cases, reuse systems may not outperform single-use alternatives.

These findings have clear implications for both policymakers and
industry actors. Reuse should not be treated as inherently superior in
every situation. When return rates are low, transport distances are
extended, washing processes require high energy inputs, or the neces-
sary infrastructure is lacking, the anticipated environmental benefits
may not be achieved. Under such conditions, broad or uniform reuse
mandates risk creating unintended trade-offs rather than improvements.
Policy measures and industry strategies should therefore be based on
case-specific environmental assessments and supported by reliable
operational data.

8. Limitations

Despite the comprehensive and systematic approach applied in this
review, several limitations should be acknowledged. First, a geographic
bias is expected, as the geographical location of the modelled reuse
systems was not within the focus of this study, therefore if most of the
reviewed studies originate from European countries, this can reflect
strong policy support for circular economy strategies and reuse infra-
structure within the EU. Consequently, the findings may not be fully
transferable to regions with different waste management systems, return
infrastructures, consumer behavior patterns, or living habits (e.g., Asia
or Latin America).

Second, the reviewed studies focused mostly on conventional plas-
tics, resulting in underrepresentation to emerging materials and inno-
vative system designs. Most studies focus on conventional polymers such
as PET, PP, and HDPE. As a result of the market relevance of emerging
materials and advanced systems (e.g., bio-based plastics, biodegradable
polymers, or hybrid refill systems combining reusable and single-use
components), their environmental assessment requires further
investigation.

Moreover, microplastic emissions and environmental littering were
generally not considered in the reviewed studies, although these aspects
may be particularly relevant when comparing reusable and single-use
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plastic packaging systems.

Additionally, methodological heterogeneity across studies (e.g.,
system boundaries, EOL modeling approaches, reuse cycle assumptions,
and allocation methods) limits direct comparability. Also, due to lack of
primary data in some cases, some studies used secondary or a mix be-
tween primary and secondary data sources. Although this does not mean
a lower quality in LCA modelling per se, it can significantly impact the
studies’ specificity. However, this review critically analyzed methodo-
logical heterogeneity, data sources, and modeling approaches, to
develop a fair basis for comparison.

Furthermore, the reviewed literature may be affected by publication
bias, as studies reporting favorable environmental performance of reuse
systems may be more likely to be published and disseminated than
studies showing limited, context-dependent, or negative environmental
benefits. As a result, the overall trends identified in this review should be
interpreted with caution, particularly when drawing broader conclu-
sions regarding the environmental superiority of reuse systems across
different sectors and applications.
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Table Al presented an overview of life cycle stages which are included in reviewed papers.

Table Al
Overview of included life cycle stages in the reviewed papers.

References RME' PM’ Logistics Sand/or TP®  Backhaul Preparation for EOL

logistics reuse’
(Gatt and Refalo, 2022) v v v X Not needed Not needed v (Landfill & recycling)
(Helmes et al., 2022) X v v X v v v (Incineration & recycling
(Thomassen et al., 2024) X v v v X v v (Landfill & recycling & incineration)
(Greenwood et al., 2021) X v v X v v v (Landfill & recycling
(Ceballos-Santos et al., 2024) v v v v v v v Recycling
(Kim et al., 2023) v v v X v v v (Landfill & recycling & incineration)
(Snyder and Park, 2024) v v v X Not needed v v (Landfill & recycling & incineration)

(continued on next page)
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Table A1 (continued)

References RME' PM’ Logistics Sand/orTP°  Backhaul Preparation for EOL
logistics reuse”

(Hitt et al., 2023) v v v v v v v (Landfill & recycling & incineration
(Battini et al., 2016) X v v X v v v (Landfill & recycling
(Yadav et al., 2024) v v v X v v v (Incineration & recycling
(Camps-Posino et al., 2021) v v v X v v v (Landfill & recycling & incineration)
(Tan et al., 2023) v v v X v X v (Incineration & recycling
(Rasines et al., 2024) v v v X v v v (Landfill & recycling & incineration
(Singh et al., 2006) v v v X v v v (Landfill & recycling & incineration)
(Boschiero et al., 2019) v v v X X X Out of scope
(Tua et al., 2019) v v Partially X v v v (Incineration & recycling)

included
(Levi et al., 2011) v v Partially X v v v (Landfill & recycling

included
(Tua et al., 2017) X v v v v v v (Incineration & recycling)
(Accorsi et al., 2022) v v v v v v v (Incineration & recycling)
(Albrecht et al., 2013) v v v X v v v (Recycling)
(Silva et al., 2024) v v Partially X Not needed v Out of Scope

included
(Accorsi et al., 2014) v v v X v v v (Landfilling & Incineration &

recycling)

(Zhou et al., 2024) v v v X v v v (Incineration & recycling)
(Alzubi et al., 2022) v v v X v X X
(Abejon et al., 2020) v v v X v v v (Incineration & recycling)
(Ross and Evans, 2003) v v v v X Not needed v (Landfill & recycling)
(Lopez-Galvez et al., 2021) v v v X v v v (Landfill & recycling & incineration
(Blanca-Alcubilla et al., 2020) v v v X v v v (Landfill)
(Hilmarsdottir et al., 2024) v v v X v v v (Landfill & recycling & incineration
(Koskela et al., 2014) v v v v v v v (Incineration & recycling)
(Sasaki et al., 2022) v v v X X X v (Landfill & incineration
(Bernstad Saraiva et al., 2016) v v v X v v v (Landfill & recycling & incineration
(Gallego-Schmid et al., 2018) v v v v Not needed v v (Landfill & recycling & incineration
(Lo-Tacono-Ferreira et al., 2021) v/ v v X v v v (Incineration & recycling

! Raw Material Extraction.

2 packaging Manufacturing.

3 Secondary and/or tertiary packaging.
4 For example, washing, filling.

Appendix B

Appendix B presents a semi-quantitative assessment of methodological completeness across the included studies. This assessment is intended to
provide a structured overview of key methodological choices (e.g., system boundaries, impact category coverage, EOL modelling), rather than a
formal data quality or risk-of-bias evaluation. Established tools for systematic reviews (e.g., AMSTAR-2 or ROBIS) were not applied, as the objective of
this study is not to assess bias but to evaluate comparability and methodological consistency across LCA studies.

This structured three-step assessment framework was applied enable a transparent and consistent comparison of studies addressing reuse plastic
packaging systems. The framework combines qualitative data extraction with semi-quantitative scoring, allowing both methodological range and
assumption realism to be evaluated.

1. Data Quality and Source Assessment

Data quality was assessed based on the origin of the data used in each study, recognizing the strong influence of data sources on the robustness of
environmental assessments. A three-level scoring scheme was applied:

e Score 2: Predominant use of primary data.
e Score 1: Mixed use of primary and secondary data (e.g., ecoinvent database, another study and/or literature review).
e Score 0: Reliance on secondary databases only.

This approach reflects the increasing uncertainty associated with more generic data sources and supports differentiation between empirical and
assumption-driven studies.

2. Impact Category Coverage

Studies were further evaluated based on the percentage of mid-point impact categories included, following the ReCiPe methodology. A higher
share of covered mid-point categories was interpreted as an indicator of analytical completeness. For studies that exclusively applied endpoint in-
dicators, this criterion was considered not applicable and therefore excluded from their assessment, as endpoint approaches inherently aggregate mid-
point information.

3. EOL Modelling Approach

The treatment EOL was initially evaluated based on whether studies applied avoided burden approaches, cut-off approaches, or a combination of
both. The original scoring logic assigned:

e Score 2 when more than one approach was applied.

e Score 1 when only one approach was used.
e Score 0 when no EOL approach was defined.
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However, during the review it became evident that except (Alzubi et al., 2022), all studies explicitly defined one EOL modelling approach within
their system boundaries but none of them considered two or more EOL approaches in their LCA model. As a result, this indicator did not provide
meaningful differentiation across studies and was therefore excluded from the final quality assessment.

4. Use of Standards

Compliance with recognized methodological standards was assessed as a binary criterion:

e Score 1 when a study explicitly followed any recognized standard (e.g., ISO 14,040/14,044 or related standards).
e Score 0 when no standard was referenced/defined.

This indicator was retained to reflect transparency and methodological alignment with established assessment practices.
5. Life Cycle Stage Coverage
The inclusion of relevant life cycle stages was assessed to capture system completeness. The following stages were evaluated individually:

e Raw material extraction.

e Packaging manufacturing.

e Secondary and tertiary packaging manufacturing.
e Logistics.

e Reconditioning.

e EOL practice.

Each stage was assigned 1 if included and 0 if excluded. The overall life cycle stage score was then calculated as the average of these individual
scores, allowing partial coverage to be reflected without disproportionately penalizing studies with narrow but well-defined scopes.

6. Assessment of Reuse Cycles

Reuse cycle assumptions were assessed individually, recognizing that realistic reuse potential depends strongly on sector, product type, and
packaging format. Sector-specific reference values were extracted from (Rateau and Forbicini, 2025) and applied as follows:

e Reusable takeaway and food containers: typically designed for 100-200 wash cycles.

e Refillable PET bottles: generally, 10-25 reuse cycles before degradation.

e Reusable food containers/takeaway bowls: maximum 200 cycles.

e Beverage crates: often remain in use for 10-15 years, corresponding to several hundred rotations, with some industry sources indicating lifetimes
exceeding 500 uses under controlled, closed-loop conditions.

Where specific data on the number of reuse cycles was unavailable, estimates were based on comparable applications. For example, values for
refillable PET bottles were used for cosmetic products, given their similar use conditions and safety requirements. In cases where reuse numbers
exceeded reference values only marginally (e.g., Kim et al., 2023; Snyder and Park, 2024), a partial score of 30% was retained, acknowledging that
such assumptions may be valid under specific operational conditions.

Table B1 summarizes the comparative evaluation of the reviewed studies across data quality, impact category coverage, life cycle stage inclusion,
realism of reuse assumptions, and the resulting overall score. The overall evaluation reflects methodological robustness and decision-readiness, rather
than serving as a strict ranking.

Data quality shows substantial variability across the reviewed studies. Only a limited number of studies achieve the highest score (100%), indi-
cating predominant use of primary data or well-documented mixed datasets (e.g., Ceballos-Santos et al., 2024; Kim et al., 2023; Tua et al., 2019;
Accorsi et al., 2022; Hilmarsdottir et al., 2024). In contrast, several studies rely heavily on secondary or tertiary data sources, reflected in scores of 0%,
which substantially lowers their overall evaluation despite strengths in other categories (e.g., Helmes et al., 2022; Snyder and Park, 2024; Sasaki et al.,
2022).

This highlights that data origin remains a key differentiating factor in the robustness of reuse-related environmental assessments.

Coverage of mid-point impact categories varies widely. Some studies include nearly the full set of ReCiPe mid-point indicators (100%),
contributing positively to analytical completeness (e.g. Gatt and Refalo, 2022; Greenwood et al., 2021; Kim et al., 2023; Gallego-Schmid et al., 2018).
Others include only a limited subset, with values below 20%, which constrains the interpretability of their results (Helmes et al., 2022; Battini et al.,
2016; Camps-Posino et al., 2021).

Most studies achieve relatively high scores (typically 67-100%) for life cycle stage inclusion, indicating that raw material extraction,
manufacturing, logistics, reconditioning, and end-of-life processes are generally considered. The inclusion of secondary and tertiary packaging system
was the most neglected among all other stages. Studies with full coverage (100%) tend to achieve higher overall scores, provided that other as-
sumptions are also realistic (e.g., Accorsi et al., 2022; Gallego-Schmid et al., 2018).

The assessment of reuse cycle realism emerges as one of the most influential factors in the overall evaluation. Studies within empirically supported
ranges achieve high scores (90-100%). Conversely, studies that either assume unrealistically high reuse numbers or do not sufficiently justify reuse
cycles receive low or zero scores in this category, significantly reducing their overall evaluation (e.g., Singh et al., 2006; Boschiero et al., 2019; Silva
et al., 2024; Alzubi et al., 2022). This confirms that reuse cycle assumptions are a critical driver of result credibility. Table B2

Table B1
Quality Assessment of the critical factors in reviewed papers.

(continued on next page)
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Table B1 (continued)

Study

(Gatt & Refalo, 2022)

(Helmes et al., 2022)

(Thomassen et al., 2024)

(Greenwood et al., 2021)

Data quality (out of 3)

Medium

Low

Medium

Low

Nr. Of studied impact categories (out
of total nr. Of impact categories per

2 endpoint impact categories, 0 out
of 18 mid-point impact categories

3 out of 18 mid-point
impact categories

6 out of 16 mid-point
impact categories

18 out of 18 mid-point impact
categories

Percentage of mid-point impact
categories included based on recipe

Not relevant

17%

38%

100%

Applied EOL approaches

Cut-off

Avoided burden

Avoided burden

Avoided burden

System boundaries scope

cradle-to-grave

use-to-grave

cradle-to-grave

cradle-to-grave

Applied Standard

ISO 14040 and 14044

ISO 14040 and 14044

ISO 14040 and 14044

ISO 14040 and 14044

Raw material extraction v X X X
Packaging manufacturing N4 N N v
Lifecycle | sec.and ter. Packaging manufacturing | X X NG X
stages
Logistics v v v v
Reconditioning Not needed v N4 v
EOL practice v v v v
Assumed reuse cycles (times) Max 3 1 5 50

Application sector

Cosmetics- Blush compact (a case +
a pan)

shampoo bottles

rice packaging (polymer
type: PP)

Reusable Food container (PP)

Realistic or not?

Yes

Yes

Yes

Yes

(continued on next page)

19



Resources, Conservation & Recycling Advances 31 (2026) 200350

M. Doostdar et al.

Table B1 (continued)

(Ceballos-Santos et al., 2024)

(Kim et al., 2023)

(Snyder & Park, 2024)

High

High

Low

6 out of 16 mid-point impact categories

18 out of 18 mid-point impact categories

10 out of 10 mid-point
impact categories

38%

100%

100%

Avoided burden

Cut-off (with partial energy-recovery credit for incineration)

Cut-off

cradle-to-grave

cradle-to-cradle

cradle-to-grave

ISO 14040 and 14044

Not mentioned

ISO 14040 and 14044

SN N N N RN RS

SN AR IEN DG RN AEN

NN N RN RS

1260

300

300

Reusable plastic crates for fish (HDPE)

Reusable Food container (PP)

Reusable Food container (PP)

No

No

No

(continued on next page)
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Table B1 (continued)

(Hitt et al., 2023)

(Battini et al., 2016)

(Yadav et al., 2024)

(Camps-Posino et
al 2021\

(Tan et al., 2023)

Low

Low

Medium

Low

Medium

3 out of a mix list

1 out of 13 mid-point impact categories

18 out of 18 mid-point

1 out of 16 mid-point

9 out of 11 mid-point

of impact impact categories impact categories impact categories
17-21% 8% 100% 6% 82%
Cut-off Cut-off Avoided burden Avoided burden Avoided burden

cradle-to-grave

cradle-to-grave

cradle-to-grave

cradle-to-grave

cradle-to-grave

Not mentioned

Not mentioned

ISO 14040 and 14044

ISO 14040 and 14044

ISO 14040 and 14044

v X v v v
v v v v v
v X X X X
v v v v v
v v v v X
v v v v v
20 various (15, 30, 45 and 60) various (10, 30 and 100) 50 50

Reusable Food
container (PP)

Reusable PP crates (to transport either
fruits, vegetables or pre-packed meat)

Take a way food container
(PP)

a reusable food
container (PP) and a

reusable plastic
delivery boxes (PP)

Yes

Yes

Yes

Yes

Borderline

(continued on next page)
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Table B1 (continued)

(Rasines et al., 2024)

(Singh et al., 2006)

Medium

Medium

8 out of 16 mid-point impact
categories

3 out of unknown list of impact categories (impact assessment method is not mentioned)

50%

only 3 which makes the range below 40% no matter which impact assessment method is
used

Hybrid (50/50 allocation)

Cut-off (with partial energy-recovery credit for incineration)

cradle-to-grave

cradle-to-grave

ISO 14040 and 14044

SO 14040 and 14041, SETAC 15technical framework

v v
v v
X X
v v
v v
v v
140 Not specified

Reusable PP crates

Reusable PP crates

Yes

No

(continued on next page)
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Table B1 (continued)

(Boschiero et al., 2019)

(Tuaetal., 2019)

(Levi et al., 2011)

High

High

Medium

2 out of 2 midpoint impact
categories

15 out of 17 midpoint impact categories

6 out of 13 mid-point impact
categories

100%

88%

46%

Out of scope of system boundary

Avoided burden

Avoided burden

post-harvest gate-to-gate

cradle-to-grave

cradle-to-grave

ISO 14040 and 14044

ISO 14040 and 14044, Product Environmental Footprint (PEF) Guide

ISO 14040 and 14044

v v v

v v v

X X X

v Partially included Partially included
X v v

Out of scope NG v

Not specified various (1-125) 200

Reusable HDPE bins

Reusable PP crates

Reusable PP crates

No

Yes

Yes

(continued on next page)
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Table B1 (continued)

(Tua et al., 2017)

(Accorsi et al., 2022)

(Albrecht et al., 2013)

(Silva et al., 2024)

(Accorsi et al., 2014)

Medium

High

Medium

High

Medium

6 out of 16 mid-point
impact categories

1 out of 1 mid-point
impact category

6 out of 11 mid-point
impact categories

8 out of a mix list of
impact categories (min

1 out of 1 mid-point
impact category

38%

100%

55%

44%- 73%

100%

Avoided burden

Cut-off

Avoided burden

Not modelled (Out of

A

Avoided burden

cradle-to-grave

cradle-to-grave

cradle-to-grave

cradle-to-gate

cradle-to-grave

ISO 14040 and 14044

ISO 14040 and 14044

ISO 14040 and 14044

ISO 14040 and 14044

ISO 14040 and 14044

X v v v v
v v v v v
v v X X X
N v v Partially included N4
v v v v v
N v v Out of Scope N4
50 100 50 Not specified various (30, 50, and 70)

Reusable PP crates

Reusable PP crates

Reusable PP crates and
reusable PE crates

Reusable water bottles

Reusable Food
container (PP)

Yes

Yes

Yes

No

Yes

(continued on next page)
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Table B1 (continued)

(Zhou et al., 2024)

(Alzubi et al., 2022)

(Abején et al., 2020)

Medium

Medium

Medium

11 out of 18 mid-
point impact

9 out of unknown list
of impact categories

7 out of a mix list of impact categories (min 11 impact
categories, max 14)

61%

50%

50% - 64%

Avoided burden

Not modelled

Avoided burden

cradle-to-grave

cradle-to-grave

cradle-to-grave

ISO 14040 and 14044

ISO 14040 and 14044

ISO 14040 and 14044

v v v
v v v
X X X
v v v
v X v
v X v
30 Not specified *100 (conservative scenario) *150 (Technical scenario)

returnable express
bag (PE or PET) and

Reusable PP crates

Reusable PP crates and HDPE crates

Yes

No

Yes

(continued on next page)
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Table B1 (continued)

(Ross & Evans, 2003)

(Lépez-Galvez et al., 2021)

(Blanca-Alcubilla et al., 2020)

High

Medium

Medium

3 out of unknown list of impact categories (no impact assessment
method is selected because the assessment is done manually)

11 out of 12 mid-point
impact categories

1 out of 16 mid-point impact
categories

17%

92%

6%

Avoided burden

Avoided burden

Only landfill emissions

cradle-to-grave

cradle-to-grave

cradle-to-grave

*1SO 14040, *ISO 14041, *ISO 14042, *I1SO 14043

ISO 14040 and 14044

Not mentioned

v v v
v v v
v X X
v v v
Not needed N4 N4
v v v
Not specified 150 10

It is a reusable protective case for delivery of refrigerators (big
households) polymer type: EPS

Reusable PP crates

Reusable Food container
(ABS, PS, PP) for flight meals

No

Yes

Yes

(continued on next page)
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Table B1 (continued)

(Hilmarsdoéttir et al., 2024)

(Koskela et al., 2014)

High

Medium

11 out of 11 mid-point impact categories

7 out of 18 mid-point impact categories

100%

39%

EOL Recycling

Avoided burden

1.Cradle-to-grave (for base case) & 2. Cradle-to-cradle (for other scenarios)

cradle-to-grave

ISO 14040 and 14044

ISO 14040 and 14044

v v
v v
X v
v v
v v
v v
96 700

Reusable fish tubs (PE)

Reusable HDPE crates (for bread delivery) -
washing is also included

Yes

Borderline

(continued on next page)

27



Resources, Conservation & Recycling Advances 31 (2026) 200350

M. Doostdar et al.

Table B1 (continued)

(Sasaki et al., 2022)

(Bernstad Saraiva et al., 2016)

(Gallego-Schmid et al.,
2018\

(Lo-lacono-Ferreira et al., 2021)

Low

Medium

Medium

Medium

3 endpoint impact categories, 13 out of 13
mid-point impact categories

11 out of 16 mid-point impact
categories

12 out of 11 mid-point
impact categories

1 out of 1 mid-point impact category

100%

69%

100%

100%

Only landfill and incineration emissions

Avoided burden

Avoided burden

Avoided burden

cradle-to-grave

cradle-to-grave

cradle-to-grave

cradle-to-grave

Not mentioned

ISO 14040 and 14044

ISO 14040 and 14044

*1SO 14067, *I1SO 14044, *1SO 14026, *ISO 14071

v v v v
v v v v
X X v X
v v v v
X v v v
v v v v
100 Not specified 50 various (20, 50, and 100)

Reusable PP crates

Reusable HDPE crates

Reusable Food container
(PP)

Reusable PP foldable box

Yes

No

Yes

Yes
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Table B2
Overall evaluation score of the reviewed papers.

Study Data quality Percentage of mid-point impact Overall coverage of  Standard Percentage of Realistic Overall
(out of 3) categories included based on life cycle stages (yes/no) consideration of no of reuse evaluation
ReCiPe 2016 cycles
(Gatt and Refalo, 2022) 50% 100% 83% 100% 100% 87%
(Helmes et al., 2022) 0% 17% 67% 100% 100% 57%
(Thomassen et al., 2024) 50% 38% 83% 100% 100% 74%
(Greenwood et al., 2021) 0% 100% 67% 100% 100% 73%
(Ceballos-Santos et al., 100% 38% 100% 100% 10% 70%
2024)
(Kim et al., 2023) 100% 100% 83% 0% 30% 63%
(Snyder and Park, 2024) 0% 100% 83% 100% 30% 63%
(Hitt et al., 2023) 0% 20% 100% 0% 100% 44%
(Battini et al., 2016) 0% 8% 67% 0% 100% 35%
(Yadav et al., 2024) 50% 100% 83% 100% 100% 87%
(Camps-Posino et al., 0% 6% 83% 100% 100% 58%
2021)
(Tan et al., 2023) 50% 82% 67% 100% 100% 80%
(Rasines et al., 2024) 50% 50% 83% 100% 100% 77%
(Singh et al., 2006) 50% 30% 83% 100% 0% 53%
(Boschiero et al., 2019) 100% 100% 67% 100% 0% 73%
(Tua et al., 2019) 100% 88% 67% 100% 100% 91%
(Levi et al., 2011) 50% 46% 67% 100% 100% 73%
(Tua et al., 2017) 50% 38% 83% 100% 100% 74%
(Accorsi et al., 2022) 100% 100% 100% 100% 100% 100%
(Albrecht et al., 2013) 50% 55% 83% 100% 100% 78%
(Silva et al., 2024) 100% 50% 67% 100% 0% 63%
(Accorsi et al., 2014) 50% 100% 83% 100% 100% 87%
(Zhou et al., 2024) 50% 61% 83% 100% 100% 79%
(Alzubi et al., 2022) 50% 50% 50% 100% 0% 50%
(Abejon et al., 2020) 50% 55% 83% 100% 100% 78%
(Ross and Evans, 2003) 100% 17% 83% 100% 0% 60%
(Lopez-Gélvez et al., 50% 92% 83% 100% 100% 85%
2021)
(Blanca-Alcubilla et al., 50% 6% 83% 0% 100% 48%
2020)
(Hilmarsdottir et al., 100% 100% 83% 100% 100% 97%
2024)
(Koskela et al., 2014) 50% 39% 100% 100% 50% 68%
(Sasaki et al., 2022) 0% 100% 67% 0% 100% 53%
(Bernstad Saraiva et al., 50% 69% 83% 100% 0% 60%
2016)
(Gallego-Schmid et al., 50% 100% 100% 100% 100% 90%
2018)
(Lo-Tacono-Ferreira 50% 100% 83% 100% 100% 87%

et al., 2021)

Overall evaluation scores range from 38% to 98%, indicating a broad spectrum of methodological quality within the reviewed literature. High-
performing studies (above ~85%) combine strong data quality, comprehensive impact and life cycle coverage, and realistic reuse assumptions (e.
g., Accorsi et al., 2022; Hilmarsdottir et al., 2024; Tua et al., 2019).

Mid-range scores (60-75%) typically reflect trade-offs, such as good system boundaries but weaker data quality or partially optimistic reuse as-
sumptions (e.g., (Tan et al., 2023; Rasines et al., 2024;(Zhou et al., 2024). Low scores (below ~50%) are primarily associated with limited data quality
and/or unrealistic reuse modelling, even when impact coverage or system boundaries appear adequate.

To improve readability and provide a quick reference for readers, the overall quality evaluation of the reviewed studies is additionally presented in
Fig. B1. The evaluation was based on several methodological criteria, including data quality, coverage of midpoint impact categories, inclusion of
relevant life cycle stages, application of recognized standards, and the realism of assumed reuse cycles.
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Overall assessment of study quality based on selected methodological criteria
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Fig. B1. Overall quality evaluation of the reviewed LCA studies based on selected assessment criteria.
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