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Abstract
Purpose  Life cycle assessment (LCA) can help evaluate the environmental impacts of processes and products over their life 
cycle. However, the LCA community largely agrees that current assessment methods need further development to consider 
plastic pollution-related impacts on ecosystems. The present review identifies the knowledge gaps that need to be filled to 
develop characterization factors (CFs) considering the fate, exposure, and effects of plastic pollution within different envi-
ronmental compartments and implement them in life cycle impact assessment (LCIA).
Methods  A systematic literature review was carried out in the databases Web of Science and Scopus regarding the evalua-
tion of plastic pollution in LCIA, followed by snowball sampling. In total, 59 relevant documents were found. Approaches 
regarding the modelling of fate, exposure, effects, and overall impacts were extracted, summarized, and critically analyzed 
to present the status of knowledge and deduct knowledge gaps.
Results  Fate of plastic emissions considers their redistribution between environmental compartments, fragmentation, and 
degradation. Several approaches have been applied to model the redistribution of macro- and microplastics in different envi-
ronmental compartments, but fragmentation has not been sufficiently integrated. There is one approach we found in literature 
related to degradation which is widely used. Exposure and effects have been modelled for the pathways entanglement, uptake, 
and greenhouse gas emissions. Additionally, seabed smothering and the transport of invasive species via plastic debris have 
been identified as pathways but their corresponding effects have yet to be quantified. For the marine compartment, all exist-
ing knowledge has been applied to LCIA. On the contrary, for the freshwater and terrestrial compartments, knowledge from 
the field of risk assessment still needs to be integrated.
Conclusions  Knowledge is accessible for all fate processes for macro- and microplastics and has mostly been incorporated 
and applied to LCIA. On the contrary, not all exposure pathways have been adequately addressed. Especially for the ter-
restrial environment, a suitable definition of sub-compartments, a proper analysis of exposure pathways, and the translation 
of existing effect knowledge into EFs are lacking.

Keywords  Plastic pollution · Life cycle impact assessment · Characterization factor · Terrestrial · Marine · Fate factor · 
Exposure factor · Effect factor

1  Introduction

Despite recent efforts of politicians, companies, non-gov-
ernmental organizations, and individuals to reduce plastic 
pollution in the natural environment, plastics continue to 
accumulate in several environmental compartments world-
wide (Li et al. 2016, 2020; Bergmann et al. 2019) with nega-
tive impacts on biodiversity and ecosystem services (Stein-
metz et al. 2016; Horton et al. 2017; Wong et al. 2020). Life 
cycle assessment (LCA) is commonly used to determine and 
compare potential environmental impacts of processes and 
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products over their entire life cycle by means of characteri-
zation factors (CFs) (ISO 14040:2009/Amd 1:2020 2009, 
ISO 14044:2006/Amd 2:2020 2006). CFs are specific to an 
elementary flow from the technosphere to the biosphere, 
which can be a resource used (extracted from the biosphere 
to be used in the technosphere) or a substance emitted (from 
the technosphere to the biosphere) and indicate its contribu-
tion to a specific environmental problem expressed as an 
impact category (Woods et al. 2021). To assess impacts in 
LCA, four aspects need to be considered (Jolliet et al. 2003, 
Woods et al. 2021; Maga et al. 2022): (i) quantified emis-
sions, such as greenhouse gases (GHG) or plastic pieces, 
(ii) the fate of the emission in the environment, including its 
redistribution between environmental (sub-)compartments 
and possibly geographic regions, fragmentation, and degra-
dation, (iii) exposure pathways and probabilities of exposure 
of organisms to the emission, and (iv) the effects of such 
exposure on the well-being of the organism, population, and 
ecosystem. The first aspect is addressed when compiling the 
life cycle inventory (LCI) data that quantifies the emissions 
related to unit processes; the remaining aspects are consid-
ered by the life cycle impact assessment (LCIA).

The LCA community largely agrees that current LCIA 
methods need further development to consider plastic-emis-
sion-related environmental impacts (Sonnemann and Val-
divia 2017, Akdogan and Guven 2019, Schwarz et al. 2024), 
which are currently not considered in the most frequently 
used impact assessment methods (such as the Product Envi-
ronmental Footprint (European Commission 2022), ReCiPe 
(Huijbregts et al. 2017), or IMPACT World + (Bulle et al. 
2019)). Several research groups have addressed parts of the 
impact assessment method (e.g., Rosenbaum et al. 2008, 
Henderson et al. 2011, Fantke et al. 2018, Boulay et al. 2021, 
Woods et al. 2021). Nevertheless, a systematic methodol-
ogy for assessing plastic pollution impacts on ecosystems in 
LCIA based on fate (FFs), exposure (XFs), and effect (EFs) 
factors is still lacking (Akdogan and Guven 2019, Allen 
et al. 2022, Sabate and Kendall 2024).

The present review aims to identify the knowledge gaps 
currently hindering the development of CFs considering fate, 
exposure, and effects of plastic pollution on ecosystems in 
all environmental compartments. The sub-objectives of this 
review are to (i) highlight existing knowledge and models 
regarding FFs, XFs, and EFs that can be used in LCIA to 
assess the impacts of plastic emissions on ecosystems and 
(ii) deduct knowledge gaps that currently hinder the develop-
ment of suitable CFs and further research needs to provide a 
more complete assessment of the environmental impacts of 
plastic emissions. Hence, the current review focuses on the 
impact assessment phase within LCA rather than inventory 
compilation. It can be assumed that plastic pollution also has 
impacts on other areas of protection, such as human health, 
resource availability, or the economic, cultural, or natural 

value of structures (e.g., Beaumont et al. 2019, Yose et al. 
2023) but these are out of scope of the current research. 
Our review contributes to the growing body of knowledge 
by addressing the research sub-objectives and adds to two 
recently published works, namely Sabate and Kendall (2024) 
who focused on LCAs of plastics related to their production 
and end-of-life but did not discuss plastic leakage in detail, 
and Xayachak et al. (2024) who focused on human health 
impacts and summarized polymer types, sizes, sources, and 
exposure pathways.

2 � Methods

To identify existing knowledge regarding the integration of 
plastic pollution impacts in LCIA, a systematic literature 
review was carried out following the PRISMA 2020 require-
ments (Page et al. 2021). The databases Web-of-Science and 
Scopus were searched in early November 2024 using the 
following search terms in the article titles, abstracts, and 
keywords:

LCA OR “life cycle”

AND  	� *plastic OR *plastics OR polymer

AND  	� “characterization factor*” OR “char-
acterisation factor*” OR “characteri-
zation model*” OR “characterisation 
model*” OR “fate factor*” OR “fate 
model*” OR “effect factor*” OR 
“effect model*” OR "exposure factor*"

AND Source type	� Research article OR review

AND Language	� English

Book chapters, conference proceedings, and short com-
munications were excluded since they have not been sub-
jected to peer review. Likewise, documents in languages 
other than English were excluded. All resulting documents 
were read by one researcher and classified as relevant or 
irrelevant according to their content. Documents that do not 
present fate, exposure, or effect factors or models for plastic 
pollution were excluded from further analysis. Likewise, 
articles describing the results of an experiment investigat-
ing a single effect or mechanism were excluded. No further 
exclusion criteria were applied. The search process is visu-
alized in Fig. 1. By explicitly stating the search term and 
exclusion criteria in this review article, the authors make the 
search reproducible, reducing the risk of bias in the phrasing 
of the search term and the determination of the relevance of 
the documents.
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From the identified documents, information regard-
ing the modelling of fate, exposure, effects, and overall 
impacts was extracted, summarized, and analyzed to pre-
sent the status of knowledge and deduct knowledge gaps. 
Afterwards, a snowball sampling approach was followed 
to include studies regarding the identified knowledge gaps 
that are not directly related to LCIA but contain informa-
tion that can be adapted to LCIA purposes. That means 
documents cited in the identified documents were also 
screened and included if they provide information that can 
be used to deduct CFs for plastic emissions. The snowball 
sampling was continued until the saturation point, where 
adding more documents no longer provided new insights. 
It became clear that many existing models are designed for 
risk assessment rather than specifically for use in LCIA. 
That is the reason why many documents were identified 
during the snowball approach (37 documents) compared 
to the initial search with the term “LCA” or “life cycle” 
(22 documents).

3 � Results

The search rendered 41 peer-reviewed research and review 
articles in the initial search and 63 during the snowball 
sampling (see Fig. 1). After applying the exclusion crite-
ria, the resulting 59 documents were summarized and criti-
cally analyzed. The metadata of the relevant documents is 
presented in Table S1 in the Supplementary Material (e.g., 
year of publication, environmental compartments and size 
of emission considered (macro- or micro-/nanoplastics), 
etc.). Literature typically distinguishes macroplastics with 
at least one dimension greater than 5 mm and microplas-
tics with all dimensions ≤ 5 mm. The latter is sometimes 
further divided into micro- and nanoplastics (all dimen-
sions ≤ 1 µm). The review includes information for all 
three size classes.

More than half of the relevant documents were pub-
lished in the last three years (since 2022) and only 20% 
are older than five years. Most documents were published 

Fig. 1   Literature screening and inclusion process
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in the International Journal of Life Cycle Assessment and 
the journal Science of the Total Environment (8 docu-
ments each), followed by the journal Environmental Pol-
lution (4 documents). 32 documents describe (parts of) 
fate models and 34 address exposure and/or effects. 14 
documents apply to macroplastics only, 27 to microplastics 
only, and 18 apply to both size classes or do not specify the 
size class. No document specifically targets nanoplastics. 
Instead, they are either implicitly included or explicitly 
excluded in the models. 28 documents include an LCA 
or aim at an integration of knowledge into LC(I)A. We 
drafted a framework for the characterization of plastic 
impacts in LCIA (see Fig. 2) based on Saling et al. (2020), 
Woods et al. (2021), and Piao et al. (2024), which we used 
to structure the existing knowledge regarding plastic pol-
lution impacts on the environment (see Fig. 2).

Plastics of different sizes are emitted (also referred to as 
‘released’) to different environmental compartments, where 
they are redistributed (transported or transferred within and 
between environmental (sub-)compartments), fragment 
(break down into smaller pieces), and degrade (polymer 
chains break, molecular mass decreases, and monomers 
mineralize (Andrady 2011, Gewert et al. 2015, Pauli et al. 
2017)). Degradation causes GHG emissions (CO2, CH4, 
and non-methane volatile organic compounds (NMVOC)), 
contributing to global warming and photochemical ozone 
creation. Organisms get exposed to the plastic pieces that are 
not (yet) degraded via the following pathways as displayed 
in Fig. 2:  entanglement, uptake (ingestion, adsorption and 
absorption), rafting, and smothering. As a result, organisms 
suffer toxic or physical effects or indirect plastic pollu-
tion induced impacts, e.g., global warming, photochemical 
ozone creation, or acidification, ultimately reducing species 
diversity, leading to deteriorated structure and functioning 
of the ecosystem. Physical effects on biota occur internally 
within the digestive tract and externally by entanglement, 

smothering, or adsorption to the outer membranes (e.g., 
epidermis). Smothering refers to the inhibition of gas 
exchange on the seabed by larger plastic items, leading to 
anoxic or hypoxic conditions (Woods et al. 2016 and 2021). 
The cause-effect pathways displayed in Fig. 2 are based on 
the aquatic environment. For the terrestrial environment, 
no cause-effect chain has been suggested yet. As a starting 
point, we assume that all aquatic pathways are generally also 
possible in the terrestrial environment. Nevertheless, it is 
necessary to validate this assumption and determine whether 
additional pathways exist for the terrestrial environment, to 
be comprehensive. For example, entanglement may be less 
prominent in the terrestrial environment, but the uptake 
pathway of microplastics may need to be extended to cover 
also plants, not just animals (Shafea et al. 2023).

While information is available for most fate processes, 
no documents presented information regarding the expo-
sure pathways and corresponding effects of emissions of 
dissolved organic carbon from plastic emissions, rafting, 
and smothering. We synthesized all results and depicted 
the status of knowledge regarding (3A) fate and (3B) expo-
sure pathways and corresponding effects and its integration 
into LCIA in Fig. 3. A limited application in LCIA refers 
to knowledge applied superficially, e.g., by using factors 
developed for a different compartment or factors based on 
expert opinion.

3.1 � Fate modelling

The fate of plastic emissions in the environment considers 
(i) their redistribution between environmental (sub-) com-
partments, (ii) their fragmentation, and (iii) their degrada-
tion in these compartments. Woods et al. (2021) and Maga 
et al. (2022) considered the initial environmental compart-
ments (the environmental compartment where a plastic item 
is first emitted): air, soil/terrestrial, freshwater, and marine 

Fig. 2   Framework for the assessment of plastic pollution impacts on ecosystem quality
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water. Maga et al. (2022) defined the final compartments 
(the compartments where emissions accumulate and per-
sist) as marine water, marine and river sediment, and soil/
terrestrial, although the provided FFs do not differ between 
marine and river sediment due to a lack of data. Research-
ers collaborating as the MarILCA working group address 
the final compartment of marine water only. Contrary to 
Maga et al. (2022), Corella Puertas et al. (2022 and 2023) 
and Piao et al. (2024) considered sedimentation a removal 
mechanism; therefore, the sediment was not considered a 
compartment. Schwarz et al. (2019) and Hajjar et al. (2023) 
further detailed the resolution of the aquatic compartment, 
including distribution and removal mechanisms in several 
sub-compartments at the continental and global scale. Like-
wise, the SimpleBox4Plastics (SB4P) model for microplas-
tics by Quik et al. (2023) considers two scales (regional and 
continental) with seven compartments each (air, lake water, 
freshwater, seawater, natural soil, agricultural soil, and other 
soil) and three zones (moderate, arctic, and tropical) with 
three compartments each (air, water, and soil). The SB4P 
model was not initially aimed at an integration into LCIA 
but has been adopted by other researchers, e.g., Schwarz 
et al. (2024).

3.1.1 � Redistribution

Plastic redistribution has been modelled in terrestrial and 
aquatic environments with an emphasis on the aquatic 
compartment (22 of 28 documents vs. 13 addressing redis-
tribution on soil) and microplastics (21 documents vs. 13 
addressing macroplastics). Most redistribution models are 
specific to either macro- or microplastics. However, there 

is currently no fate model regarding the redistribution of 
plastic chemical additives.

Terrestrial environment  Three approaches can be found in 
the literature to model the redistribution of macroplastic 
emissions to the terrestrial environment: one based on the 
emission’s proximity to the ocean, one based on the emis-
sion’s weight, and one based on the topography at the point 
of emission. Jambeck et al. (2015) assumed that 15—40% of 
mismanaged plastic waste generated within a 50 km distance 
from a coast is transferred to the ocean. For each country, 
the value within this range is an expert judgment consider-
ing local weather conditions, topography, vegetation, and 
removal infrastructure. While the initial model did not target 
an application to LCIA, several authors have used the redis-
tribution rates in fate models for both macro- and microplas-
tics (Croxatto Vega et al. 2021; Woods et al. 2021; Maga 
et al. 2022; Stafford et al. 2022; Tang et al. 2022; Galafton 
et al. 2023), despite the simplistic approach and the lack of 
scientific proof for the range or the influencing factors. Simi-
larly, the approach by Civancik-Uslu et al. (2019) is a sim-
plification: it assigns a higher impact score to a higher risk 
of redistribution, even though there is no scientific evidence 
that redistribution itself is harmful. More scientific models 
consider the topography at the point of emission by dividing 
the analyzed geographic area into a grid of evenly sized cells 
and determining a redistribution probability and direction for 
each cell. The redistribution probability is based on (sub-)
surface runoff (Lebreton et al. 2017; Meijer et al. 2021; 
Mellink et al. 2022 and 2024), remobilization probability 
of deposited plastics during floods (Lebreton et al. 2017), 
and wind speed (Meijer et al. 2021; Mellink et al. 2022 

Fig. 3   Status of knowledge integration into LCIA regarding (A) fate and (B) exposure pathways for three different environmental compartments
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and 2024) compared to corresponding thresholds, which 
depend on the land use and terrain slope. The redistribution 
direction depends on the average wind direction for wind 
transport and the distance-weighted difference in elevation 
above sea level for water transport. Terrestrial redistribution 
models assume that hydrological processes further redistrib-
ute plastics transported to rivers and that the emissions do 
not re-enter the terrestrial compartment. Although Lebreton 
et al. (2017) only consider positively buoyant plastics, their 
approach has been used as part of LCIA methodology by 
Woods et al. (2021), Tang et al. (2022), and Hajjar et al. 
(2023). Contrarily, the more sophisticated models of Meijer 
et al. (2021) and Mellink et al. (2022 and 2024) have not 
yet been applied to LCIA. Despite being quite complex and 
time-consuming to apply, the latter models appear to depict 
the redistribution of macroplastics from soil to freshwater 
most accurately. Their temporal and spatial resolutions can 
be adapted to match corresponding fate, exposure, and effect 
models. A limiting factor is that small-scale obstacles (e.g., 
hedges where plastics can get stuck, creating hotspots) are 
not considered. Simplifying this approach, Croxatto Vega 
et al. (2021) modeled the redistribution of microplastics 
from soil to the air depending on the wind speed at a certain 
location using a national average for different land use cat-
egories and the emission’s size (which is, in turn, depend-
ent on the degradation speed). Based on these results, we 
conclude that only values based on expert opinion (Jambeck 
et al. 2015; Civancik-Uslu et al. 2019) have been integrated 
into LCIA methodology for macroplastics emitted to soil.

A model of the redistribution of microplastics emitted 
to soil is the SB4P model (Quik et al. 2023), a multimedia 
mass balance modeling system in which the plastic masses 
in the environmental compartments are the steady-state solu-
tions of mass balance equations for all compartments. The 
model considers the redistribution mechanisms (i) transport 
between compartments, such as surface runoff and erosion 
of soil grain, (ii) removal by transport outside the system, 
(iii) hetero-aggregation with colloidal natural particles or 
attachment to larger particles, and (iv) removal by degrada-
tion. The model has been applied to LCIA by Schwarz et al. 
(2024). None of the terrestrial-focused models suggests a 
vertical redistribution of macro- or microplastics into deeper 
soil layers or a transport by groundwater, although experi-
ments by Mintenig et al. (2019), Panno et al. (2019), Weber 
and Opp (2020), and Chia et al. (2021) showed microplas-
tic occurrence in groundwater, requiring such downward 
transport.

Freshwater  Newbould et  al. (2021) and Nakayama and 
Osako (2023) modeled the redistribution of macroplastics by 
rivers. The former focused on macroplastic trapping along 
meander bends, in overhanging vegetation, or along channel 

banks and divided the stream into a set of equally sized cells 
with different probabilities of trapping based on riverbed 
properties. The latter considered advection, dispersion, dif-
fusion, and settling. Neither has been integrated into LCIA 
methodology.

For the redistribution of microplastics from freshwater 
systems (especially rivers) to the marine environment, sev-
eral models describe both horizontal and vertical transport, 
as well as homo-/hetero-aggregation and sedimentation 
(burial) (e.g., Nizzetto 2016, Besseling et al. 2017; Zhao 
and You 2022; Domercq et al. 2022; Nakayama and Osako 
2023). However, these models demand highly accurate 
hydrological and/or emission-specific input data, resulting in 
limited applicability (Mennekes and Nowack 2023). Instead, 
Mennekes and Nowack (2023) suggested a more generic 
hydrological model for larger scales, which has not yet been 
applied to LCIA. In the same year, Quik et al. (2023) pre-
sented the SB4P model, which has been applied to LCIA 
by Schwarz et al. (2024). Piao et al. (2024) also focused on 
microplastics in freshwater but only considered sedimenta-
tion and resuspension. Zhao and You (2022) were the only 
ones addressing redistribution from river water to the air by 
bursting bubbles. Nevertheless, depending on the surface 
area of the geographic region considered, atmospheric depo-
sition may be neglected (Mennekes and Nowack 2023). Syn-
thesizing these results, the redistribution of microplastics in 
freshwater shows two outcomes: one part highlights the need 
to evaluate the suitability of the model of Mennekes and 
Nowack (2023) for integration into LCIA, while the other 
part reflects the successful integration of the SB4P model.

Marine water  In the marine compartment, for macroplas-
tics, Maga et al. (2022) focused on the emission’s buoyancy 
based on its density only and disregarded other redistribution 
mechanisms without an explanation. Høiberg et al. (2024) 
model geographic redistribution using a Lagrangian trans-
port model based on particle positions recorded for a total of 
five years. The models for microplastics distinguish vertical 
transport (sinking, re-surfacing, and sedimentation; Hajjar 
et al. 2023; Quik et al. 2023) and horizontal transport by 
waves and wind (Hajjar et al. 2023; Schwarz et al. 2019), as 
well as hetero-aggregation/attachment, and sediment burial, 
and have all been integrated into LCIA.

3.1.2 � Fragmentation

Fragmentation refers to the breaking of plastic emissions 
into smaller pieces without mineralization. Fragmen-
tation, therefore, increases the number of pieces in the 
environment but not their total mass. Fragmentation has 
been modelled by Koelmans et al. (2017), Saling et al. 
(2020), Kaandorp et al. (2021), and Hajjar et al. (2023) 
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for the marine compartment, Nakayama et al. (2023) for 
freshwater, and Croxatto Vega et al. (2021) for emissions 
to soil. The SB4P model (Quik et al. 2023) applies to all 
environmental compartments. Koelmans et  al. (2017) 
assumed that all macro- and microplastic emitted to the 
ocean fragments over time (including degradation, abra-
sion, and fragmentation) with mass-based rates propor-
tional to the emission’s surface area. The model of Crox-
atto Vega et al. (2021) includes a so-called degradation 
module, which is, in fact, a fragmentation module because 
it considers photo-degradation (UV damage to polymer 
surfaces by polymer type and plastic product usage result-
ing in surface-driven fragmentation) as well as oxidation. 
In the model of Saling et al. (2020), fragmentation occurs 
first, breaking the microplastic emission down into parti-
cles of 100 µm, at which point in time degradation starts 
without splitting the particles any further, thus maintain-
ing the same number of fragmented particles until they are 
entirely mineralized. The fragmentation rate is based on 
weight loss data retrieved from literature (Artham et al. 
2009; Sudhakar et al. 2007), neglecting the possibility 
that (some of) the weight loss might be due to degrada-
tion instead of fragmentation. For the degradation rate, 
no specific source is cited. The resulting FF indicates the 
number of fragmented particles at a point in time depend-
ing on the time horizon, regardless of the particle’s size 
(≤ 100 µm), shape (spheres, irregular fragments, or fib-
ers), or mass. The SB4P model (Quik et al. 2023) sug-
gests default fragmentation rates found by Koelmans et al. 
(2017) and Kaandorp et al. (2021). The researchers collab-
orating as the MarILCA working group consider fragmen-
tation as a mechanism that alters an emission’s size class 
(e.g., removes microplastics (1 µm – 5 mm) and at the 
same time forms nanoplastics < 1 µm) (Hajjar et al. 2023). 
Woods et al. (2021) point out that the fragmentability, e.g. 
the longevity of a plastic emission in a certain size class, 
influences an emission’s transport and possibly impacts. 
Redondo-Hasselerharm et al. (2024) stress this by pointing 
out the different size thresholds for ingestion and tissue 
translocation. Fragmentability depends on the shape and 
polymer type of the emission. For example, thinner emis-
sions are more likely to fragment than thicker ones due to 
their reduced mechanical robustness (Hajjar et al. 2023). 
Different polymer types also influence the susceptibility 
to fragmentation (Song et al. 2017 and 2020). Fragmenta-
tion might change an emission’s shape from film or fiber 
to particle (Alkema et al. 2022), which would influence 
the degradation speed used in the models of Maga et al. 
(2022) and Corella Puertas et al. (2023). However, both 
author groups neglect fragmentation. As a result, none of 
the existing fate models considers the effects of fragmenta-
tion on redistribution and degradation.

3.1.3 � Degradation

All existing models assume a surface-driven degradation. 
That means the degradation time in a specific compartment 
depends on the emission’s polymer type, size, and shape. 
Regarding the shape, the emission can be characterized as 
1-dimensional (films), 2-dimensional (fibers), or 3-dimen-
sional (nearly spherical pellets or particles) according to 
the object’s smallest dimension, which dominates its fate. 
Corella Puertas et al. (2023) included a surface area correc-
tion factor accounting for the difference in surface roughness 
and porosity of real-life microparticle emissions compared 
to the idealized model of a sphere. The size refers to the 
emission’s smallest dimension (a film’s thickness or a fiber 
or particle’s diameter, respectively). Degradation rates for 
the most widely used commodity polymer types have been 
summarized by Chamas et al. (2020) based on different deg-
radation experiments in the compartments landfill/compost/
soil (buried), water (with exposure to light), biological (in a 
laboratory with enzymes or microbes), and sunlight (com-
parable to the soil surface), deducing specific surface deg-
radation rates (SSDRs) in µm/year, distinguishing between 
test samples with and without fillers and additives. They 
also calculated the expected half-lives of the polymer types. 
This method was also applied and extended by Salieri et al. 
(2021), Maga et al. (2022), Corella Puertas et al. (2022 and 
2023), Galafton et al. (2023), Quik et al. (2023), Schwarz 
et  al. (2024), and Piao et  al. (2024) but none of these 
research groups searched degradation rates systematically. 
Besides, some researchers included experiments that test 
the degradability according to certain test protocols (e.g., 
in industrial compost) but not the actual degradation under 
(near-)natural conditions. Synthesizing the information, 
the approach to determine surface-driven degradation rates 
developed by Chamas et al. (2020) is well integrated within 
LCIA for micro- and macroplastics within all compartments. 

Additionally to excluding values from experiments 
under non-natural conditions, Maga et al. (2022) apply 
a data quality assessment to assess data uncertainty and 
only consider the dataset(s) with the lowest coefficient of 
variation per polymer and compartment. The data quality 
assessment considers the dataset’s reliability, complete-
ness (alignment of the experiment to real-world condi-
tions and degree of degradation measured), temporal and 
geographic correlation, and applied measurement method. 
Contrarily, Corella Puertas et al. (2022 and 2023) worked 
with three different degradation rates that are primarily 
based on conservative assumptions regarding the slowest 
degradation rate for the slow scenario (0.001 µm year−1 
for most polymer types) and the highest value of the lit-
erature review for the fast scenario. For the medium deg-
radation scenario per polymer type, they use the geometric 
mean of the degradation rates found in literature, without 
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considering uncertainty. This approach neglects differ-
ences in dataset quality and aspects such as the geographic 
representativeness of a dataset. For example, Hajjar et al. 
(2023) point out the effect of UV intensity, water tem-
perature, and oxygen diffusion on degradation rates, which 
vary geographically and seasonally. Stafford et al. (2022) 
developed a simpler model that calculates the persistence 
of an emission in the environment based on the biodegra-
dability (not actual biodegradation) according to standards 
for industrial composting, seawater, and anaerobic sludge 
at temperatures that are not realistically reached in the 
environment.

3.2 � Modelling exposure and effects

For CFs to link a certain plastic emission to environmen-
tal impacts, they need to consider the exposure of organ-
isms to the emission and the corresponding effects. The 
exposure refers to the share of plastic in an environmental 
(sub-)compartment that is bioavailable to cause effects 
in organisms and varies with the emission’s shape, size, 
concentration, and the organism’s behavior (e.g., playful 
animals are more likely to get entangled in lost/abandoned 
fishing gear) (Lawson et al. 2015). Besides, organisms 
can be exposed to plastics via the dietary route, specifi-
cally by consuming other organisms that have previously 
ingested plastic (Zhu et al. 2019). The corresponding XF 
varies between 0 and 1. Assessing the exposure to plastic 
emissions is challenging because they are diverse in sizes, 
shapes, and composition (polymer types and additives), 
they change properties over time due to fragmentation and 
degradation, and their abundance in nature is extremely 
variable on spatial scales (Koelmans et  al. 2017  and 
2022). Likewise, the bioavailability of plastic additives 
may change over time, fostered by ageing and fragmenta-
tion (e.g., Artham et al. 2009) and ingestion leading to 
exposure of the plastic to gastrointestinal gut fluids (e.g., 
Koelmans et al. 2013). Koelmans et al. (2014) developed 
a corresponding model to quantify the uptake of additives 
from ingested plastic by marine organisms but found that 
the uptake of bisphenol A and nonylphenol in lugworm 
and cod via plastic ingestion was negligible.

The EF addresses the adverse effects caused by the 
exposure of organisms to plastic emissions, such as mor-
tality or reduced reproductivity. We discuss XFs and EFs 
together since they are often combined into joint exposure-
effect factors (XEFs) (e.g., Lavoie et al. 2021; Høiberg 
et al. 2024). In these cases, the XF is set to 1 (all emitted 
plastic is directly bioavailable). Only for additives, XFs 
still need to be developed, e.g., based on Bridson et al. 
(2023).

3.2.1 � Gas emissions during degradation

Croxatto Vega et al. (2021) linked plastic pollution impacts 
to global warming via the emission of GHG during miner-
alization. They applied gas production rates calculated by 
Royer et al. (2018), who conducted experiments to quantify 
the production of hydrocarbon gases from emitted plastics 
under natural conditions. Similarly, Zhao and You (2022) 
estimated GHG emissions from degradation based on the 
assumed polymer type per microplastic shape (fibers: 100% 
Polyethylene Terephthalate (PET), fragments: 34% PET 
and 66% Polyethylene (PE), foam: 100% Polystyrene), cor-
responding hydrocarbon gas emission rates, and correspond-
ing CFs taken from the ecoinvent V3.8 Database. Likewise, 
Piao et al. (2024) linked microplastics in sediment and sink-
ing from water to the sediment to global warming caused by 
the GHG emissions resulting from anaerobic and aerobic 
biodegradation, respectively. The quantities of emitted GHG 
were derived based on the theoretical amount of CO2 that 
would be produced during the complete degradation of the 
emission based on its carbon content and the SSDRs based 
on Chamas et al. (2020), adapted by Maga et al. (2022) and 
Corella-Puertas et al. (2023). The authors pointed out the 
trade-off between the reduced persistence of biodegradable 
plastics in the environment on the one hand and GHG pro-
duction during their degradation on the other hand, which 
stresses the impact of weighting different impact categories. 
As for global warming, Croxatto Vega et al. (2021) and Zhao 
and You (2022) estimated NMVOC emissions from deg-
radation and applied CFs of existing LCIA methodologies 
to estimate potential photochemical ozone creation impacts 
(van den Oever et al. 2024).

3.2.2 � Entanglement

For the marine compartment, Woods et al. (2019) quantified 
the effects of chronic entanglement in macroplastics based 
on the share of species per group that inhabits a certain geo-
graphic region and has been reported entangled (e.g. Gall 
and Thompson 2015). The effects were expressed in terms 
of a potentially affected fraction of species (PAF) per unit 
of marine floating plastic density (g km−2) and are spatially 
and species-specific. This unit is gaining more attention 
(see Fantke et al. 2018); however, cannot directly be linked 
to mass-based LCI data. Note that the model covers float-
ing marine debris only, neglecting the effects of submerged 
plastic objects. Høiberg et al. (2022 and 2024) refined the 
entanglement factors of Woods et al. (2019) by better match-
ing the spatial dispersion of plastic debris and species dis-
tributions. Contrary to the fate models described above, the 
presented XEFs for entanglement are not specific to the 
polymer type, size (any diameter larger than 4.75 mm), and 
shape of the emission, as data regarding the total current 
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pressure was taken from Eriksen et al. (2014), who provided 
data for all polymer types, sizes, and shapes combined. How-
ever, it may be questioned whether entanglement is entirely 
independent of the size and shape of floating marine litter 
(Woods et al. 2021) and the type of product such as fishing 
gear, and it is definitely species-dependent.

3.2.3 � Uptake

The uptake of plastics by animals can lead to physical 
impacts such as intestinal tract obstruction and, conse-
quently, starvation, growth, hormone production, fitness, 
behavior changes, reproduction, and more (Gall and Thomp-
son 2015). Similarly, smaller microplastics can also be taken 
up by plants (Li et al. 2020) and affect plant responses, e.g., 
inhibit growth and nutrient uptake by physical blockage. 
Besides, the uptake of plastics can cause ecotoxicity effects. 
Over 1300 chemicals of concern are known to be marketed 
for use in plastics and 29 – 66% of the chemicals used or 
found in well-studied plastic types are of concern (Wagner 
et al. 2024). Therefore, physical effects can only be distin-
guished from ecotoxic effects if experiments are conducted 
with non-additivized polymer types and additives separately. 
In practice and unlike the researchers collaborating as the 
MarILCA working group, we assume that a variety of mix-
tures affects the organisms and it is a joint impact by the par-
ticle fractions and the chemicals shedded from the particles 
(Vijver 2019). The uptake of macroplastics has not been dis-
cussed in literature because these fragments are most likely 
too large to be absorbed. Thus, all available knowledge refers 
to microplastics. 

EFs for the exposure pathway via ingestion by animals 
or uptake by plants are typically calculated based on a com-
parison of exposure concentrations and threshold effect con-
centrations (Koelmans et al. 2020) using species sensitivity 
distributions (SSDs). SSDs can be based on acute or chronic 
physical toxicity data from laboratory tests performed on 
single species (Lavoie et al. 2021; Loubet et al. 2022; Li 
et al. 2023). Such tests may result in acute or chronic ECx 
values (median effect concentration; the concentration at 
which x % of the effect occurs), LCx values (lethal con-
centration; the concentration at which x % of the exposed 
population dies), LOEC values (lowest observed effect con-
centration; the lowest tested concentration with effects that 
differ statistically significantly from the control), or NOEC 
values (no observed effect concentration; the tested con-
centration immediately below the LOEC without a statisti-
cally significant effect compared to the control). Conver-
sion factors are applied to convert acute into chronic values. 
According to the USEtox model, which is typically used in 
LCIA to characterize aquatic toxicity effects, EFs need to be 
based on data from at least three different species covering 
at least three trophic levels to be considered representative 

of the whole ecosystem (Rosenbaum et al. 2008). XEFs are 
given in potentially affected species (PAF) m3 kg−1. Lavoie 
et al. (2021), Salieri et al. (2021), Tang et al. (2022), and 
Casagrande et al. (2024a) calculated EFs using the hazard-
ous concentration HC50 (concentration at which 50% of the 
tested species are potentially affected), obtained as the geo-
metric mean of EC50 values (HC50EC50). For future calcula-
tions, Owsianiak et al. (2023) recommend using the HC at 
the 20th percentile using chronic EC10-equivalents to resem-
ble concentrations found in the environment more closely.

The approaches for calculating (X)EFs vary in (i) the tox-
icological dose descriptors studied, (ii) the endpoints consid-
ered, and (iii) the compartments considered. Regarding the 
dose descriptors, 15 out of 17 studies used NOEC values, 12 
studies used EC50 values and LOEC values, respectively, and 
9 used LC50 values. 5 studies consider all four dose descrip-
tors. If the shape of the dose–response curve is known, all 
toxicological dose descriptors can be recalculated from each 
other. The disparity in available dose descriptors influences 
the results: In the study of Lavoie et al. (2021), the exclusion 
of LOEC and NOEC values led to a change of the EF from 
82.28 PAF m3 kg−1 to 72.9 PAF m3 kg−1. Regarding the 
endpoints considered, the most frequent one is reproduction, 
followed by mortality and growth (see Table S2). Regarding 
the compartment in focus, some studies focus on a single 
compartment, e.g., marine (2 studies), freshwater (2 studies) 
or soil (5 studies). However, 8 studies present XEFs based 
on a combination of marine and freshwater species to meet 
the USEtox requirement for sufficient data. Uptake effects 
of microplastics have been quantified by Gall and Thomp-
son (2015) and Everaert et al. (2018) for marine water, and 
Adam et al. (2019) for freshwater. Their findings have been 
translated into XEFs for physical effects on biota by Lavoie 
et al. (2021) for the aquatic compartment in general and Sali-
eri et al. (2021) for freshwater. Likewise, Tang et al. (2022), 
Casagrande et al. (2024a), and Holmquist et al. (2018) con-
verted data regarding impacts caused by the uptake of plastic 
additives in the aquatic environment into EFs for ecotoxicity. 
According to Lavoie et al. (2021), uptake effects are inde-
pendent of the emission’s shape and size (within the range 
of microplastics). Terrestrial uptake effects have been quali-
tatively described by Shafea et al. (2023) and quantified by 
Jacques and Prosser (2021), Wang et al. (2022), Tunali et al. 
(2023), and Redondo-Hasselerharm et al. (2024). However, 
this information has not yet been translated into XEFs for 
the terrestrial environment.

Based on the shape and size of microplastics used in 
toxicity experiments, EFs for the uptake pathway might be 
underestimated. Redondo-Hasselerharm et al. (2023) and 
Casagrande et al. (2024b) analyzed the match between the 
physical properties of plastics used in ecotoxicity experi-
ments and to calculate EFs on the one hand and plastics 
ingested by organisms on the other hand. Casagrande et al. 
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(2024b) observed that experiments were more frequently 
conducted with regularly shaped plastics (beads or pellets, 
together 72%) rather than fibers and fragments, represent-
ing 63% and 22% of shapes found in the natural environ-
ment, respectively. They referred to studies indicating that 
irregularly shaped plastics take longer to be egested as they 
adhere to tissue surfaces (Choi et al. 2018; Kolandhasamy 
et al. 2018; Gonçalves et al. 2019) and may, therefore, cause 
more damage than regularly shaped microplastics. Besides, 
Casagrande et al. (2024b) pointed out that the share of 
polymer types used in experiments differs from the one of 
production and, thus, emission. Likewise, Koelmans et al. 
(2020) pointed to a nonalignment of microplastic particles 
used in effect tests regarding their sizes, shapes, and polymer 
types. To solve this, they provided a method to correct for 
such differences. Synthesizing the results, we conclude that 
generic EFs that apply to several different polymer types 
only accurately reflect actual effects if the polymer type and 
shape composition of the experimental data resembles the 
one found in the environment.

De Ruijter et  al. (2020) and Redondo-Hasselerharm 
et al. (2023) recommend applying a quality assurance and 
alignment to experimental data used to determine uptake 
effects. Redondo-Hasselerharm et al. (2023) first assigned 
data quality scores of 0, 1, or 2 to 20 criteria in 4 categories: 
particle characterization, experimental design, applicability 
for risk assessment, and ecological relevance. For the SSD, 
they only chose datasets with a summed score of at least 20 
out of 40 and non-zero values for 5 particular criteria. As 
a second step, they aligned these datasets by rescaling their 
size range and effective concentration to be more environ-
mentally relevant and consider bioaccessibility under real-
world conditions.

3.3 � Characterizing impacts

Impacts can be assessed at midpoint (problem) or endpoint 
(damage) levels (Huijbregts et al. 2017). While midpoint 
indicators address immediate environmental effects and 
are more accessible to calculate due to their proximity to 
the impact source, endpoint indicators provide a holistic 
view of the long-term consequences that is more relevant 
for decision- and policymaking and communication to non-
LCA practitioners. It is still unclear whether plastic pollution 
impacts require the definition of a new (midpoint) impact 
category or whether they can entirely be integrated into 
existing impact categories. Several authors integrate plastic 
pollution into existing categories. Other researchers define a 
new midpoint impact category called ‘plastic litter’ or ‘plas-
tic pollution’. For example, Saling et al. (2020) presented 
a CF at the midpoint level for the marine compartment in 
the unit of pellet equivalent points compared to the refer-
ence unit of PE beads. The CF depends on the number and 

shape of fragments created during a specific time period. In 
general, the CF is lower for emissions that fragment more 
slowly and whose fragments degrade relatively fast, keeping 
the concentration of fragments low. The authors used this CF 
as a starting point for further optimization and do not outline 
a possible conversion to endpoint impacts or an integration 
with other approaches, such as the USEtox-based approach 
to integration uptake effects.

Two other approaches used normalization factors to set 
plastic pollution impacts in relation to other impacts. Zang-
helini et al. (2020) and Galafton et al. (2023) normalized 
plastic pollution impacts based on an average global plastic 
pollution and applied different weighting factors. Contrarily, 
in the methodology applied by Civancik-Uslu et al. (2019), 
Stefanini et al. (2021), and Gao and Wan (2022), the result-
ing scores are divided by the maximum value of the inves-
tigated alternatives. These approaches can, therefore, only 
be applied when comparing different alternatives and do not 
allow a comparison across studies.

The integration of aquatic plastic pollution impacts into 
an existing impact assessment methodology was demon-
strated by Corella Puertas et al. (2022). They combined their 
fate model with the XEF of Lavoie et al. (2021) after con-
verting this XEF according to the recommendation of Ows-
ianiak et al. (2023). Corella Puertas et al. (2022) expressed 
impact scores as midpoint CFs in the unit CTUe kgemitted

−1 
(comparative toxic unit for aquatic ecotoxicity impacts 
according to the USEtox model (Fantke et al. 2017)), which 
is equivalent to PAF m3 d kg−1, and as endpoint CFs fol-
lowing the methodology used in ImpactWorld + (Bulle et al. 
2019). Likewise, Salieri et al. (2021) applied their newly 
developed XEF based on Adam et al. (2019) to FFs based on 
degradation rates extracted from Chamas et al. (2020). Alter-
natively, all USEtox-based (X)EFs can be converted into 
endpoint effects expressed as the potentially disappeared 
fraction of species (PDF) m3 d kg−1 by applying a severity 
factor (Jolliet et al. 2003; Bulle et al. 2019; Owsianiak et al. 
2023), which was done by Schwarz et al. (2024) and Piao 
et al. (2024).

4 � Discussion

When conducting the systematic literature search using 
the search term listed above, including “life cycle” or 
“LCA”, only 23 of 59 relevant papers were identified (see 
Fig. 1). The remaining documents were found during the 
snowball sampling, making it evident that a lot of relevant 
literature is not targeted at the application in LCIA but at 
other areas, such as risk assessment. Some of the pertain-
ing information collected by environmental scientists and 
ecotoxicologists has been applied to LCIA methodologies 
by integrating it into FFs, XFs, or EFs. For example, for 
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the marine environment, all documents not directly target-
ing LCIA applications have been incorporated into other 
studies to inform LCIA methodologies, leaving no rele-
vant knowledge from other fields unutilized in LCIA. This 
means that redistribution rates or ecotoxic effects have 
either been incorporated into methodologies through their 
application in LCA studies or deemed unsuitable with a 
justified explanation. On the contrary, documents were 
available for freshwater and the terrestrial environment 
that address the fate, exposure, or effects of macro- and 
microplastics but have not yet been applied to LCIA (see 
Table S1 in the Supplementary Information). An obstacle 
to the integration of risk assessment data in LCIA lies in 
the different focuses of the data gathering: while toxicity 
experiments usually apply a receptor perspective, LCA 
follows an emitter perspective (Askham et al. 2023). It 
is, therefore, necessary to translate or convert the avail-
able information for use in LCIA. It should be noted that 
impacts on human health, e.g., particulate matter forma-
tion via the inhalation of air-borne plastics by humans 
(Croxatto Vega et al. 2021), as well as other risks that are 
atypical for LCIA, such as increased flood risk caused by 
drains clogged by plastic litter (Njeru 2006; van Emmerik 
and Schwarz 2020), are outside the scope of this review.

While it seems that the redistribution of both macro- and 
microplastics can be modelled in all relevant compartments 
based on existing knowledge, note that the models’ resolu-
tions and definitions of the compartments vary. Although 
higher resolutions of the compartments provide more detail 
(e.g., dividing the marine compartment into benthic, pelagic, 
shoreline, etc.), they also reduce practicability for LCA 
practitioners. Besides, the sensitivity of LCA results to the 
choice of resolution has not yet been investigated. Addition-
ally, while sub-compartments have been suggested for the 
soil on different scales based on the land use (natural soil, 
agricultural soil, urban soil (Quik et al. 2023)), there is no 
scientific evidence that this distinction resembles the drivers 
of fate, exposure, and effect mechanisms in the terrestrial 
compartment, which may instead lie in, e.g., the flora, fauna, 
climate zone (temperatures, rainfall), surrounding (e.g., 
windbreakers/corridors), etc. Similarly, the existing models 
apply the common distinction of macro- and microplastics 
but do not specifically address nanoplastics. It has also not 
been investigated whether the size limits used to distinguish 
macro- from micro- and nanoplastics are indeed the most 
appropriate ones for LCIA. For example, the probability of 
tissue translocation by plastics is significantly higher for 
plastics sized < 83 µm (Redondo-Hasselerharm et al. 2023), 
which does not correspond to the common size categories. 
Once all relevant exposure pathways are sufficiently under-
stood, the LCA community can evaluate whether it would be 
useful to deviate from the common size categories to better 
address the resulting effects.

4.1 � Characterization of aquatic plastic pollution 
impacts

The existing knowledge regarding the marine environ-
ment contains information regarding the redistribution, 
fragmentation, and degradation of both macro- and micro-
plastics, as well as exposure, entanglement, and uptake 
(ingestion) effects (see Table S1 in the Supplementary 
Information). However, some of the EFs for the uptake 
pathway were developed for the aquatic environment in 
general (including marine and freshwater) due to a lack 
of data. As effects are usually studied on either marine 
or freshwater species, with sufficient data available, it 
would be recommended to develop separate EFs per 
compartment.

The aquatic fate models neglect geographic redistribu-
tion, which would be necessary to account for regional 
impacts, be compatible with entanglement effect models, 
and increase relevancy for policymakers (Høiberg et al. 
2024). As a starting point, Hajjar et al. (2023) point out 
mechanisms governing the horizontal transport of micro-
plastics in the marine compartment. The integration of 
geographic transfer into the redistribution model would 
enhance compatibility with spatially explicit EFs, such 
as the entanglement factors developed by Høiberg et al. 
(2024). Besides, the LCA community needs to make deci-
sions regarding the treatment of sedimentation as a com-
partment or redistribution mechanism, including a distinc-
tion between sedimentation and deep burial.

For the aquatic environment, three aspects are unre-
solved: First, the XEF regarding the entanglement pathway 
needs to be further detailed to consider the size and shape 
of emissions, and the unit needs to be adapted to make it 
compatible with the results of the fate modelling. Regard-
ing the integration with environmental impacts, it needs 
to be determined how the differentiation of effects on the 
five species groups can be considered. Second, regarding 
the uptake pathway, XFs addressing the migration of addi-
tives from plastic emissions over time depending on their 
degradation are lacking (e.g., based on Luo et al. (2022) 
and Markic et al. (2020)). Additionally, the trophic transfer 
of plastics is neglected within the EFs. Third, the impact 
category addressing the formation of biofilms, more spe-
cifically the transport of invasive species or other harmful 
pollutants on plastic emissions, has only partly been inves-
tigated (Ziccardi et al. 2016), and representative XEFs are 
lacking. Concluding, these knowledge gaps do not hinder 
the development of CFs and are already being addressed 
by various research groups. As case studies have shown, it 
is already possible to characterize aquatic plastic pollution 
impacts as part of an LCA (Corella-Puertas et al. 2023; 
Schwarz et al. 2024).
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4.2 � Characterization of terrestrial plastic pollution 
impacts

According to the Organisation for Economic Cooperation 
and Development, 90.7% of plastic in 2019 was emitted 
to soil, of which only 32% was redistributed to the aquatic 
environment (2022), leaving roughly two-thirds of all plastic 
emissions on soil. This finding is supported by material flow 
analysis, e.g., Schwarz et al. (2023). In 2016, Nizzetto et al. 
pointed out the lack of scientific attention paid to plastic 
emissions on soil. While current European Union projects 
place emphasis on this, such as the PAPILLONS project 
(European Union (Ed) n.d), data is still being created and 
has not yet been published nor curated in large amounts.

The models of Mellink et al. (2022) and Quik et al. (2023) 
can be adapted to address the redistribution of macro- and 
microplastics, respectively, from soil to other compartments, 
and degradation rates have been summarized by, e.g., Cha-
mas et al. (2020) and Croxatto Vega et al. (2021). What 
is still needed is the integration of the macroplastic redis-
tribution model (Mellink et al. 2022) to LCIA, as well as 
the development of XEFs for the terrestrial compartment. 
As our literature review showed, knowledge regarding the 
effects of terrestrial plastic pollution on different ecotoxi-
cological endpoint indicators (e.g., mortality, reproduction, 
oxidative stress, morphotoxicity, cytogenotoxicity) for dif-
ferent target organisms (e.g., soil itself, plants, animals) is 
available. Nevertheless, this knowledge is not yet in a form 
that could be used for (X)EFs. Besides, the USEtox model 
used for the (X)EFs for the aquatic environment currently 
only applies to aquatic species, and common LCIA methods 
do not include an impact category accounting for terrestrial 
ecotoxicity. Therefore, even with structured information 
regarding ECx or LCx values of different polymer types, 
sizes, and/or shapes in the terrestrial environment, such as 
provided by Redondo-Hasselerharm et al. (2024), the trans-
lation of such data into XEFs is not as straightforward as the 
information regarding the aquatic environment. Additionally, 
the relevant impact pathways for the terrestrial environment 
are yet to be determined, e.g., entanglement might be less 
relevant here than in aquatic environments. It is, therefore, 
currently not possible to characterize possible terrestrial 
plastic pollution impacts in LCIA. Likewise, but with less 
pollution accumulating, exposure and impacts in sediments 
have not yet been comprehensively addressed. When devel-
oping XEFs for the terrestrial compartment, the similarity 
between sediments and soil may be used to justify applying 
findings from one to the other.

4.3 � Implications for further research

Based on the distribution of emitted plastics, the most 
imminent implication for further research is to integrate all 

existing knowledge into a macroplastic fate model and to 
determine the most relevant impact pathways for the ter-
restrial environment. Based on these findings, XEFs should 
be developed for the most relevant impact pathways to 
enable a more comprehensive assessment of plastic pollu-
tion impacts in LCA, including the terrestrial compartment. 
Regarding the fate model, independent of the environmental 
compartment, the LCA community needs to make certain 
decisions regarding a suitable surface-area correction fac-
tor for real-life emissions compared to idealized shapes, 
the regarded time horizon, as well as a uniform suggestion 
of size classes and values for polymer types with unknown 
degradation speed. Besides, more research is necessary to 
incorporate fragmentation into the fate model. The inclusion 
of fragmentation models may result in the adoption of an 
amount-based approach (number of particles) in exposure 
and effect modelling rather than or additionally to the cur-
rently predominant mass-based approach, as applied, e.g., in 
the risk assessment approach of Jacques and Prosser (2021).

While assessing data quality and uncertainty in LCA is 
more common regarding LCI data, it would also be relevant 
for the elements of the characterization factor, which are based 
on experiments under varying conditions. For example, deg-
radation tests may be conducted in the laboratory only mim-
icking natural conditions and isolating certain mechanisms. 
In cases where data is limited, using all available data is 
necessary to fulfill requirements such as posed by the USE-
tox methodology. Where data is more abundant, data may 
be chosen based on a quality assessment (Maga et al. 2022; 
Redondo-Hasselerharm et al. 2023) or results may indicate the 
full range between the minimum and maximum value (Corella 
Puertas et al. 2022). Both approaches lead to limitations 
regarding the consistency within the method as certain CFs 
would entail a higher uncertainty than others based on data 
availability. Curating sufficient data and applying consistent 
data quality assessment is necessary to enable comprehensive 
uncertainty analysis in LCA, not only focusing on LCI data.

From the larger perspective, the question arises, which is 
the most appropriate way to set the resulting impact scores of 
plastic pollution in relation to other impact categories and, 
thus, provide a larger context. Previous case studies have 
presented impact scores at the midpoint (Saling et al. 2020; 
Zanghelini et al. 2020; Galafton et al. 2023; Civancik-Uslu 
et al. 2019; Stefanini et al. 2021; Gao and Wan 2022) and end-
point level (Corella-Puertas et al. 2023; Schwarz et al. 2024). 
Nevertheless, the former requires a normalization and highly 
subjective weighting of impact categories to obtain informa-
tion at a level suitable for decision-making. For the latter, the 
existing methodology cannot account for terrestrial impacts.

For all aspects of the impact assessment framework, there 
needs to be a balance between accurate representation of the 
physical, biological, and chemical processes in the environ-
ment on the one hand and the practicability of derived CFs 
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and the ease of comprehension and interpretation of the 
results on the other. For LCA practitioners, this is especially 
relevant during inventory modelling (e.g., regarding the exact 
composition of plastic emissions as additives are not always 
specified in detail, and their shape and size may be unknown) 
and interpretation of results, including sensitivity and uncer-
tainty analysis and hotspot identification. This is crucial for 
stakeholders that make policies or decisions based on LCA 
outcomes when communicating the results and underlying 
assumptions and uncertainties and deriving solutions.

4.4 � Limitations of the available models

All mentioned existing models and approaches entail limi-
tations and uncertainties addressed in the respective docu-
ments. For example, literature-based degradation data used 
in the fate models stems from experiments with varying 
degrees of representation of natural conditions, varying 
accuracy and suitability of measurement methods, and vary-
ing experiment duration to account for seasonal or otherwise 
temporal changes in degradation speed. Besides, the authors 
of such experiments may or may not know and specify the 
exact composition of the plastic emission(s) investigated, 
including all additives, and the composition of the micro-
organisms available in the studied environment that might 
facilitate degradation. Similarly, regarding the effects of 
plastics and additives, experiments were conducted under 
different test conditions in different geographic regions and 
with organisms at different life stages, and conversion fac-
tors were applied in many cases to obtain ECx values and to 
convert acute to chronic values. The selection of data points 
used to calculate the EFs can influence the EFs for some 
additives by one order of magnitude, as becomes apparent 
when comparing the results of Casagrande et al. (2024a) to 
those of Tang et al. (2022) and the USEtox database. Addi-
tionally, EFs for the uptake pathway are largely based on 
experiments measuring effects at the individual level (e.g., 
mortality, growth, reproduction) rather than at the popula-
tion level (e.g., abundance) and almost never based on the 
community level (e.g., biodiversity, species composition).

Another limitation is the compatibility of LCI data, FFs, 
XFs, and EFs. Whereas LCI data is usually mass-based, 
FFs according to the methodology developed by Maga et al. 
(2022) are given as kgPPe kgemitted

−1 (PPe referring to plastic 
pollution equivalents), which can be interpreted, e.g., as the 
amount of time 1 kg of plastic persists in the environment 
(in years) or as the plastic mass that persists in the environ-
ment for one year (in kg). However, this unit is not typical in 
LCIA and integration with XFs and EFs is not intuitive. In 
the methodology of Corella Puertas et al. (2022 and 2023), 
FFs were presented as kgcompartment day kgemitted

−1 and the 
results of the SB4P model (Quik et al. 2023) for microplas-
tics are given as the Predicted Environmental Concentration 

of microbeads in g/m3 or particles/m3. None of these is 
directly compatible with EFs for the entanglement pathway, 
which were expressed as PAF per unit of marine floating 
plastic density (g km−2) (Woods et al. 2019; Høiberg et al. 
2024). While workarounds can be found for modelling the 
foreground system in LCA, this incompatibility hinders the 
inclusion of plastic pollution impacts in LCA databases. As 
a result, case studies tend to underestimate plastic pollution 
impacts. The problem of the connectivity between LCI data 
and LCIA methods is further enhanced by the need to report 
certain impacts geospatially explicitly, which is usually not 
considered in available databases.

5 � Conclusions

The status of knowledge availability and integration into 
LCIA varies for different environmental compartments, 
emission sizes, fate processes, and exposure pathways. Nan-
oplastics have not been explicitly addressed but are covered 
by many of the microplastic models. Nevertheless, it must 
be investigated whether the size limits used to distinguish 
macro- from micro- and nanoplastics are indeed the most 
appropriate ones for LCIA. Besides, since different impact 
pathways apply to different size classes, fragmentation needs 
to be better integrated into LCIA. Regarding redistribution, 
the status of knowledge integration into LCIA is slightly 
better for microplastics than for macroplastics. For the lat-
ter, models are available for the terrestrial environment and 
freshwater but have not yet been applied to LCIA. For the 
marine environment, horizontal redistribution has been 
modelled but the inclusion of vertical transfer is still very 
simplistic. For degradation, knowledge has been applied to 
LCIA for all compartments and size classes. The status is 
worse for exposure and effects: The pathways of emissions 
of dissolved organic carbon, rafting, and smothering have 
been identified, but not assessed sufficiently. Entanglement 
effects have been quantified for the marine environment but 
not for freshwater and the terrestrial environment. Besides, 
an integration with existing fate models has yet to be devel-
oped. Uptake effects of microplastics (not additives) are the 
only ones that have been successfully integrated into LCIA 
for the aquatic environment. For the terrestrial environment, 
they have only been described and measured but not yet 
applied to LCIA. In general, the terrestrial environment lacks 
a suitable definition of sub-compartments, a proper analysis 
of exposure pathways, and the translation of existing effect 
knowledge into EFs. As a result, it is only possible to assess 
the fate and effects resulting from GHG emissions during 
degradation and microplastic uptake by organisms in the 
aquatic environment but not in the terrestrial environment.



1007The International Journal of Life Cycle Assessment (2025) 30:994–1010	

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11367-​025-​02446-7.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. 

Data availability  All data generated or analyzed during this study are 
included in this published article and its supplementary information 
files.

Declarations 

Conflicts of interest  The authors have no competing interests to de-
clare that are relevant to the content of this article.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Adam V, Yang T, Nowack B (2019) Toward an ecotoxicological risk 
assessment of microplastics: Comparison of available hazard 
and exposure data in freshwaters. In Environ Toxicol Chem 
38(2):436–447. https://​doi.​org/​10.​1002/​etc.​4323

Akdogan Z, Guven B (2019) Microplastics in the environment: A criti-
cal review of current understanding and identification of future 
research needs. In Environ Pollut 254:113011. https://​doi.​org/​10.​
1016/j.​envpol.​2019.​113011

Alkema LM, van Lissa CJ, Kooi M, Koelmans AA (2022) Maximiz-
ing Realism: Mapping Plastic Particles at the Ocean Surface 
Using Mixtures of Normal Distributions. In Environ Sci Technol 
56(22):15552–15562. https://​doi.​org/​10.​1021/​acs.​est.​2c035​59

Allen S, Allen D, Karbalaei S, Maselli V, Walker TR (2022) 
Micro(nano)plastics sources, fate, and effects: What we know 
after ten years of research. In J Hazard Mater Adv 6:100057. 
https://​doi.​org/​10.​1016/j.​hazadv.​2022.​100057

Andrady AL (2011) Microplastics in the marine environment. In Mar 
Pollut Bull 62(8):1596–1605. https://​doi.​org/​10.​1016/j.​marpo​
lbul.​2011.​05.​030

Artham T, Sudhakar M, Venkatesan R, Madhavan Nair C, Murty 
KVGK, Doble M (2009) Biofouling and stability of synthetic 
polymers in sea water. In Int Biodeterior Biodegrad 63(7):884–
890. https://​doi.​org/​10.​1016/j.​ibiod.​2009.​03.​003

Askham C, Pauna VH, Boulay AM, Fantke P, Jolliet O, Lavoie J et al 
(2023) Generating environmental sampling and testing data for 
micro- and nanoplastics for use in life cycle impact assessment. 
Sci Total Environ 859:160038. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2022.​160038

Beaumont N, Aanesen M, Austen MC, Börger T, Clark JR, Cole M, 
Hooper T, Lindeque PK, Pascoe C, Wyles KJ (2019) Global 
ecological, social and economic impacts of marine plastic. In 

Mar Pollut Bull 142:189–195. https://​doi.​org/​10.​1016/j.​marpo​
lbul.​2019.​03.​022

Bergmann M, Mützel S, Primpke S, Tekman MB, Trachsel J, Gerdts 
G (2019) White and wonderful? Microplastics prevail in snow 
from the Alps to the Arctic. In Sci Adv 5(8):eaax1157. https://​
doi.​org/​10.​1126/​sciadv.​aax11​57

Besseling E, Quik JTK, Sun M, Koelmans AA (2017) Fate of nano- and 
microplastic in freshwater systems: A modeling study. In Environ 
Pollut. https://​doi.​org/​10.​1016/j.​envpol.​2016.​10.​001

Boulay AM, Verones F, Vázquez-Rowe I (2021) Marineplastics 
in LCA: current status and MarILCA’s contributions. In Int 
JLife Cycle Assess 26(11):2105–2108. https://​doi.​org/​10.​1007/​
s11367-​021-​01975-1

Bridson JH, Abbel R, Smith DA, Northcott GL, Gaw S (2023) 
Release of additives and non-intentionally added substances 
from microplastics under environmentally relevant conditions. 
In Environ Adv 12:100359. https://​doi.​org/​10.​1016/j.​envadv.​
2023.​100359

Bulle C, Margni M, Patouillard L, Boulay A-M, Bourgault G, de 
Bruille V et al (2019) IMPACT World+: a globally region-
alized life cycle impact assessment method. In Int J Life 
Cycle Assess 24(9):1653–1674. https://​doi.​org/​10.​1007/​
s11367-​019-​01583-0

Casagrande N, Silva CO, Verones F, Sobral P, Martinho G (2024a) 
Ecotoxicity effect factors for plastic additives on the aquatic 
environment: a new approach for life cycle impact assessment. 
In Environ Pollut 341:122935. https://​doi.​org/​10.​1016/j.​envpol.​
2023.​122935

Casagrande N, Verones F, Sobral P, Martinho G (2024b) Physical prop-
erties of microplastics affecting the aquatic biota: A review. In 
Environ Adv 17:100566. https://​doi.​org/​10.​1016/j.​envadv.​2024.​
100566

Chamas A, Moon H, Zheng J, Qiu Y, Tabassum T, Jang JH et al (2020) 
Degradation Rates of Plastics in the Environment. In ACS Sus-
tainable Chem Eng. https://​doi.​org/​10.​1021/​acssu​schem​eng.​
9b066​35

Chia RW, Lee J-Y, Kim H, Jang J (2021) Microplastic pollution in soil 
and groundwater: a review. In Environ Chem Lett 19(6):4211–
4224. https://​doi.​org/​10.​1007/​s10311-​021-​01297-6

Choi JS, Jung Y-J, Hong N-H, Hong SH, Park J-W (2018) Toxicologi-
cal effects of irregularly shaped and spherical microplastics in a 
marine teleost, the sheepshead minnow (Cyprinodon variegatus). 
In Mar Pollut Bull 129(1):231–240. https://​doi.​org/​10.​1016/j.​
marpo​lbul.​2018.​02.​039

Civancik-Uslu D, Puig R, Hauschild M, Fullana-I-Palmer P (2019) Life 
cycle assessment of carrier bags and development of a littering 
indicator. In Sci Total Environ 685:621–630. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2019.​05.​372

Corella Puertas E, Guieu P, Aufoujal A, Bulle C, Boulay A-M (2022) 
Development of simplified characterization factors for the assess-
ment of expanded polystyrene and tire wear microplastic emis-
sions applied in a food container life cycle assessment. In J Ind 
Ecol. https://​doi.​org/​10.​1111/​jiec.​13269

Corella-Puertas E, Hajjar C, Lavoie J, Boulay A-M (2023) MarILCA 
characterization factors for microplastic impacts in life cycle 
assessment: Physical effects on biota from emissions to aquatic 
environments. In J Cleaner Prod 418:138197. https://​doi.​org/​10.​
1016/j.​jclep​ro.​2023.​138197

Croxatto Vega G, Gross A, Birkved M (2021) The impacts of plastic 
products on air pollution - A simulation study for advanced life 
cycle inventories of plastics covering secondary microplastic 
production. In Sustain Prod Consumption 28:848–865. https://​
doi.​org/​10.​1016/j.​spc.​2021.​07.​008

de Ruijter VN, Redondo-Hasselerharm PE, Gouin T, Koelmans AA 
(2020) Quality Criteria for Microplastic Effect Studies in the 
Context of Risk Assessment: A Critical Review. In Environ Sci 

https://doi.org/10.1007/s11367-025-02446-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/etc.4323
https://doi.org/10.1016/j.envpol.2019.113011
https://doi.org/10.1016/j.envpol.2019.113011
https://doi.org/10.1021/acs.est.2c03559
https://doi.org/10.1016/j.hazadv.2022.100057
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1016/j.ibiod.2009.03.003
https://doi.org/10.1016/j.scitotenv.2022.160038
https://doi.org/10.1016/j.scitotenv.2022.160038
https://doi.org/10.1016/j.marpolbul.2019.03.022
https://doi.org/10.1016/j.marpolbul.2019.03.022
https://doi.org/10.1126/sciadv.aax1157
https://doi.org/10.1126/sciadv.aax1157
https://doi.org/10.1016/j.envpol.2016.10.001
https://doi.org/10.1007/s11367-021-01975-1
https://doi.org/10.1007/s11367-021-01975-1
https://doi.org/10.1016/j.envadv.2023.100359
https://doi.org/10.1016/j.envadv.2023.100359
https://doi.org/10.1007/s11367-019-01583-0
https://doi.org/10.1007/s11367-019-01583-0
https://doi.org/10.1016/j.envpol.2023.122935
https://doi.org/10.1016/j.envpol.2023.122935
https://doi.org/10.1016/j.envadv.2024.100566
https://doi.org/10.1016/j.envadv.2024.100566
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1007/s10311-021-01297-6
https://doi.org/10.1016/j.marpolbul.2018.02.039
https://doi.org/10.1016/j.marpolbul.2018.02.039
https://doi.org/10.1016/j.scitotenv.2019.05.372
https://doi.org/10.1016/j.scitotenv.2019.05.372
https://doi.org/10.1111/jiec.13269
https://doi.org/10.1016/j.jclepro.2023.138197
https://doi.org/10.1016/j.jclepro.2023.138197
https://doi.org/10.1016/j.spc.2021.07.008
https://doi.org/10.1016/j.spc.2021.07.008


1008	 The International Journal of Life Cycle Assessment (2025) 30:994–1010

Technol 54(19):11692–11705. https://​doi.​org/​10.​1021/​acs.​est.​
0c030​57

Domercq P, Praetorius A, MacLeod M (2022) The Full Multi: An open-
source framework for modelling the transport and fate of nano- 
and microplastics in aquatic systems. In Environ Modell Soft-
ware 148:105291. https://​doi.​org/​10.​1016/j.​envso​ft.​2021.​105291

Eriksen M, Lebreton LCM, Carson HS, Thiel M, Moore CJ, Borerro JC 
et al (2014) Plastic Pollution in the World’s Oceans: More than 
5 Trillion Plastic Pieces Weighing over 250,000 Tons Afloat at 
Sea. In PLoS One 9(12):e111913. https://​doi.​org/​10.​1371/​journ​
al.​pone.​01119​13

European Commission (Ed.) (2022): Developer Environmental Foot-
print (EF). EF reference package 3.1 (transition phase). Available 
online at https://​eplca.​jrc.​ec.​europa.​eu/​LCDN/​devel​operEF.​xhtml

European Union (Ed.) (n.d): PAPILLONS. The project. Available 
online at https://​www.​papil​lons-​h2020.​eu/​the-​proje​ct/.

Everaert G, van Cauwenberghe L, de Rijcke M, Koelmans AA, Mees 
J, Vandegehuchte M, Janssen CR (2018) Risk assessment of 
microplastics in the ocean: Modelling approach and first con-
clusions. In Environ Pollut 242(Pt B):1930–1938. https://​doi.​org/​
10.​1016/j.​envpol.​2018.​07.​069

Fantke P, Aurisano N, Bare J, Backhaus T, Bulle C, Chapman PM et al 
(2018) Toward harmonizing ecotoxicity characterization in life 
cycle impact assessment. In Environ Toxicol Chem 37(12):2955–
2971. https://​doi.​org/​10.​1002/​etc.​4261

Fantke, Peter; Bijster, Marian; Guignard, Cécile; Hauschild, Michael; 
Huijbregts, Mark; Jolliet, Olivier et al. (2017): USEtox® 2.0 
Documentation (Version 1.1).

Galafton C, Maga D, Sonnemann G, Thonemann N (2023) Life 
cycle assessment of different strawberry production methods 
in Germany with a particular focus on plastic emissions. In Int 
J Life Cycle Assess 28(6):611–625. https://​doi.​org/​10.​1007/​
s11367-​023-​02167-9

Gall SC, Thompson RC (2015) The impact of debris on marine life. 
In Mar Pollut Bull 92(1–2):170–179. https://​doi.​org/​10.​1016/j.​
marpo​lbul.​2014.​12.​041

Gao AL, Wan Y (2022) Life cycle assessment of environmental impact 
of disposable drinking straws: A trade-off analysis with marine 
litter in the United States. In Sci Total Environ 817. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2022.​153016.

Gewert B, Plassmann MM, MacLeod M (2015) Pathways for degrada-
tion of plastic polymers floating in the marine environment. In 
Environ Sci: Processes Impacts 17(9):1513–1521. https://​doi.​org/​
10.​1039/​C5EM0​0207A

Gonçalves C, Martins M, Sobral P, Costa PM, Costa MH (2019) An 
assessment of the ability to ingest and excrete microplastics by 
filter-feeders: A case study with the Mediterranean mussel. In 
Environ Pollut 245:600–606. https://​doi.​org/​10.​1016/j.​envpol.​
2018.​11.​038

Hajjar C, Bulle C, Boulay A-M (2023) Life cycle impact assessment 
framework for assessing physical effects on biota of marine 
microplastics emissions. In Int J Life Cycle Assess. https://​doi.​
org/​10.​1007/​s11367-​023-​02212-7

Henderson AD, Hauschild MZ, van de Meent D, Huijbregts MAJ, 
Larsen HF, Margni M, McKone TE, Payet J, Rosenbaum RK, 
Jolliet O (2011) USEtox fate and ecotoxicity factors for com-
parative assessmentof toxic emissions in life cycle analysis: 
sensitivity to key chemicalproperties. In Int J Life Cycle Assess 
16(8):701–709. https://​doi.​org/​10.​1007/​s11367-​011-​0294-6

Høiberg MA, Woods JS, Verones F (2022) Global distribution of poten-
tial impact hotspots for marine plastic debris entanglement. In 
Ecol Indic 135:108509. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2021.​
108509

Høiberg MA, Stadler K, Verones F (2024) Disentangling marine 
plastic impacts in Life Cycle Assessment: Spatially explicit 

Characterization Factors for ecosystem quality. In Sci Total Envi-
ron 949:175019. https://​doi.​org/​10.​1016/j.​scito​tenv.​2024.​175019

Holmquist H, Lexén J, Rahmberg M, Sahlin U, Palm JG, Rydberg T 
(2018) The potential to use QSAR to populate ecotoxicity charac-
terisation factors for simplified LCIA and chemical prioritisation. 
In Int J Life Cycle Assess 23(11):2208–2216. https://​doi.​org/​10.​
1007/​s11367-​018-​1452-x

Horton AA, Walton A, Spurgeon DJ, Lahive E, Svendsen C (2017) 
Microplastics in freshwater and terrestrial environments: Evalu-
ating the current understanding to identify the knowledge gaps 
and future research priorities. In Sci Total Environ 586:127–141. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2017.​01.​190

Huijbregts MAJ, Steinmann ZJN, Elshout PMF, Stam G, Verones 
F, Vieira M et al (2017) ReCiPe2016: a harmonised life cycle 
impact assessment method at midpoint and endpoint level. In 
Int J Life Cycle Assess 22(2):138–147. https://​doi.​org/​10.​1007/​
s11367-​016-​1246-y

ISO 14040:2009/Amd 1:2020 (2009): Umweltmanagement - Ökobi-
lanz - Grundsätze und Rahmenbedingungen. DIN Deutsches 
Institut für Normung e.V.

ISO 14044:2006/Amd 2:2020 (2006): Umweltmanagement - Ökobi-
lanz - Anforderungen und Anleitungen. DIN Deutsches Institut 
für Normung e.V.

Jacques O, Prosser RS (2021) A probabilistic risk assessment 
of microplastics in soil ecosystems. In Sci Total Environ 
757:143987. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​143987

Jambeck JR, Geyer R, Wilcox C (2015) Plastic waste inputs from 
land into the Ocean. In Science 347(6223):764–768. https://​
doi.​org/​10.​1126/​scien​ce.​12608​79

Jolliet O, Margni M, Charles R, Humbert S, Payet J, Rebitzer G, 
Rosenbaum R (2003) IMPACT 2002+: A new life cycle impact 
assessment methodology. In Int J Life Cycle Assess 8(6):324–
330. https://​doi.​org/​10.​1007/​BF029​78505

Kaandorp MLA, Dijkstra HA, van Sebille E (2021) Modelling size 
distributions of marine plastics under the influence of con-
tinuous cascading fragmentation. In Environ Res Lett 16 (5). 
https://​doi.​org/​10.​1088/​1748-​9326/​abe9ea.

Koelmans AA, Besseling E, Wegner A, Foekema EM (2013) Plastic 
as a Carrier of POPs to Aquatic Organisms: A Model Analysis. 
In Environ Sci Technol 47(14):7812–7820. https://​doi.​org/​10.​
1021/​es401​169n

Koelmans AA, Besseling E, Foekema EM (2014) Leaching of plastic 
additives to marine organisms. In Environ Pollut 187:49–54. 
https://​doi.​org/​10.​1016/j.​envpol.​2013.​12.​013

Koelmans AA, Kooi M, Law KL, van Sebille E (2017) All is not lost: 
deriving a top-down mass budget of plastic at sea. In Environ 
Res Lett 12(11):114028. https://​doi.​org/​10.​1088/​1748-​9326/​
aa9500

Koelmans AA, Redondo-Hasselerharm PE, Mohamed Nor NH, 
Kooi M (2020) Solving the Nonalignment of Methods and 
Approaches Used in Microplastic Research to Consistently 
Characterize Risk. In Environ Sci Technol 54(19):12307–
12315. https://​doi.​org/​10.​1021/​acs.​est.​0c029​82

Koelmans AA, Redondo-Hasselerharm PE, Nor NHM, de Ruijter 
VN, Mintenig SM, Kooi M (2022) Risk assessment of micro-
plastic particles. In Nat Rev Mat 7(2):138–152. https://​doi.​org/​
10.​1038/​s41578-​021-​00411-y

Kolandhasamy P, Su L, Li J, Qu X, Jabeen K, Shi H (2018) Adher-
ence of microplastics to soft tissue of mussels. A novel way to 
uptake microplastics beyond ingestion. In Sci Total Environ 
610–611:635–640. https://​doi.​org/​10.​1016/j.​scito​tenv.​2017.​
08.​053

Lavoie J, Boulay A-M, Bulle C (2021) Aquatic micro- and nano-plas-
tics in life cycle assessment: Development of an effect factor for 
the quantification of their physical impact on biota. In J Ind Ecol. 
https://​doi.​org/​10.​1111/​jiec.​13140

https://doi.org/10.1021/acs.est.0c03057
https://doi.org/10.1021/acs.est.0c03057
https://doi.org/10.1016/j.envsoft.2021.105291
https://doi.org/10.1371/journal.pone.0111913
https://doi.org/10.1371/journal.pone.0111913
https://eplca.jrc.ec.europa.eu/LCDN/developerEF.xhtml
https://www.papillons-h2020.eu/the-project/
https://doi.org/10.1016/j.envpol.2018.07.069
https://doi.org/10.1016/j.envpol.2018.07.069
https://doi.org/10.1002/etc.4261
https://doi.org/10.1007/s11367-023-02167-9
https://doi.org/10.1007/s11367-023-02167-9
https://doi.org/10.1016/j.marpolbul.2014.12.041
https://doi.org/10.1016/j.marpolbul.2014.12.041
https://doi.org/10.1016/j.scitotenv.2022.153016
https://doi.org/10.1016/j.scitotenv.2022.153016
https://doi.org/10.1039/C5EM00207A
https://doi.org/10.1039/C5EM00207A
https://doi.org/10.1016/j.envpol.2018.11.038
https://doi.org/10.1016/j.envpol.2018.11.038
https://doi.org/10.1007/s11367-023-02212-7
https://doi.org/10.1007/s11367-023-02212-7
https://doi.org/10.1007/s11367-011-0294-6
https://doi.org/10.1016/j.ecolind.2021.108509
https://doi.org/10.1016/j.ecolind.2021.108509
https://doi.org/10.1016/j.scitotenv.2024.175019
https://doi.org/10.1007/s11367-018-1452-x
https://doi.org/10.1007/s11367-018-1452-x
https://doi.org/10.1016/j.scitotenv.2017.01.190
https://doi.org/10.1007/s11367-016-1246-y
https://doi.org/10.1007/s11367-016-1246-y
https://doi.org/10.1016/j.scitotenv.2020.143987
https://doi.org/10.1126/science.1260879
https://doi.org/10.1126/science.1260879
https://doi.org/10.1007/BF02978505
https://doi.org/10.1088/1748-9326/abe9ea
https://doi.org/10.1021/es401169n
https://doi.org/10.1021/es401169n
https://doi.org/10.1016/j.envpol.2013.12.013
https://doi.org/10.1088/1748-9326/aa9500
https://doi.org/10.1088/1748-9326/aa9500
https://doi.org/10.1021/acs.est.0c02982
https://doi.org/10.1038/s41578-021-00411-y
https://doi.org/10.1038/s41578-021-00411-y
https://doi.org/10.1016/j.scitotenv.2017.08.053
https://doi.org/10.1016/j.scitotenv.2017.08.053
https://doi.org/10.1111/jiec.13140


1009The International Journal of Life Cycle Assessment (2025) 30:994–1010	

Lawson TJ, Wilcox C, Johns K, Dann P, Hardesty BD (2015) Char-
acteristics of marine debris that entangle Australian fur seals 
(Arctocephalus pusillus doriferus) in southern Australia. In Mar 
Pollut Bull 98(1):354–357. https://​doi.​org/​10.​1016/j.​marpo​lbul.​
2015.​05.​053

Lebreton LCM, van der Zwet J, Damsteeg J-W, Slat B, Andrady AL, 
Reisser J (2017) River plastic emissions to the world’s oceans. 
In Nat Commun 8:15611. https://​doi.​org/​10.​1038/​ncomm​s15611

Li WC, Tse HF, Fok L (2016) Plastic waste in the marine environ-
ment: A review of sources, occurrence and effects. In Sci Total 
Environ 566–567:333–349. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2016.​05.​084

Li P, Wang X, Su M, Zou X, Duan L, Zhang H (2020) Characteristics of 
Plastic Pollution in the Environment: A Review. In Bull Environ 
Contam Toxicol. https://​doi.​org/​10.​1007/​s00128-​020-​02820-1

Li K, Jia W, Xu L, Zhang M, Huang Y (2023) Theplastisphere of bio-
degradable and conventional microplastics fromresidues exhibit 
distinct microbial structure, network and function inplastic-
mulching farmland. In J Hazard Mater 442:130011. https://​doi.​
org/​10.​1016/j.​jhazm​at.​2022.​130011

Loubet P, Couturier J, Horta Arduin R, Sonnemann G (2022) Life cycle 
inventory of plastics losses from seafoodsupply chains: Method-
ology and application to French fish products. In Sci Total Envi-
ron 804:150117. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​150117

Luo H, Liu C, He D, Sun J, Li J, Pan X (2022) Effects of aging on 
environmental behavior of plastic additives: Migration, leaching, 
and ecotoxicity. In Sci Total Environ 849:157951. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2022.​157951

Maga D, Galafton C, Blömer J, Thonemann N, Özdamar A, Bertling 
J (2022) Methodology to address potential impacts of plastic 
emissions in life cycle assessment. In Int J Life Cycle Assess. 
Available online at https://​doi.​org/​10.​1007/​s11367-​022-​02040-1.

Markic A, Gaertner JC, Gaertner-Mazouni N, Koelmans AA (2020) 
Plastic ingestion by marine fish in the wild. Crit Rev Environ 
Sci Technol 50(7):657–697. https://​doi.​org/​10.​1080/​10643​389.​
2019.​16319​90

Meijer LJJ, van Emmerik T, van der Ent R, Schmidt C, Lebreton L 
(2021) More than 1000 rivers account for 80% of global riverine 
plastic emissions into the ocean. In Sci Adv (18). https://​doi.​org/​
10.​1126/​sciadv.​aaz58​03.

Mellink YAM, van Emmerik THM, Mani T (2024) Wind- and rain-
driven macroplastic mobilization and transport on land. In Sci 
Rep 14(1):3898. https://​doi.​org/​10.​1038/​s41598-​024-​53971-8

Mellink Y, van Emmerik T, Kooi M, Laufkötter C, Niemann H (2022) 
The Plastic Pathfinder: A macroplastic transport and fate model 
for terrestrial environments. In Front Environ Sci 10. https://​doi.​
org/​10.​3389/​fenvs.​2022.​979685.

Mennekes D, Nowack B (2023) Predicting microplastic masses 
in river networks with high spatial resolution at country 
level. In Nat Water 1(6):523–533. https://​doi.​org/​10.​1038/​
s44221-​023-​00090-9

Mintenig SM, Löder MGJ, Primpke S, Gerdts G (2019) Low numbers 
of microplastics detected in drinking water from ground water 
sources. In Sci Total Environ 648:631–635. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2018.​08.​178

Nakayama T, Osako M (2023) Development of a process-based eco-
hydrology model for evaluating the spatio-temporal dynamics of 
macro- and micro-plastics for the whole of Japan. In Ecol Modell 
476:110243. https://​doi.​org/​10.​1016/j.​ecolm​odel.​2022.​110243

Newbould RA, Powell DM, Whelan MJ (2021): Macroplastic Debris 
Transfer in Rivers: A Travel Distance Approach. In Frontiers in 
Water 3. Available online at https://​www.​front​iersin.​org/​journ​
als/​water/​artic​les/​10.​3389/​frwa.​2021.​724596.

Nizzetto L, Bussi G, Futter MN, Butterfield D, Whitehead PG (2016) 
A theoretical assessment of microplastic transport in river catch-
ments and their retention by soils and river sediments. In Environ 

Sci: Processes Impacts 18(8):1050–1059. https://​doi.​org/​10.​
1039/​c6em0​0206d

Njeru J (2006) The urban political ecology of plastic bag waste prob-
lem in Nairobi Kenya. In Geoforum 37(6):1046–1058. https://​
doi.​org/​10.​1016/j.​geofo​rum.​2006.​03.​003

Organisation for Economic Cooperation and Development (Ed.) 
(2022): Global Plastics Outlook. Economic drivers, environmen-
tal impacts and policy options. Paris. Available online at https://​
doi.​org/​10.​1787/​de747​aef-​en.

Owsianiak M, Hauschild MZ, Posthuma L, Saouter E, Vijver MG, 
Backhaus T et al (2023) Ecotoxicity characterization of chemi-
cals: Global recommendations and implementation in USEtox. 
In Chemosphere 310:136807. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2022.​136807

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, 
Mulrow CD et al (2021) The PRISMA 2020 statement: an 
updated guideline for reporting systematic reviews. In Syst 
Rev 10(1):89. https://​doi.​org/​10.​1186/​s13643-​021-​01626-4

Panno SV, Kelly WR, Scott J, Zheng W, McNeish RE, Holm N et al 
(2019) Microplastic Contamination in Karst Groundwater Sys-
tems. In Groundwater 57(2):189–196. https://​doi.​org/​10.​1111/​
gwat.​12862

Pauli N-C, Petermann JS, Lott C, Weber M (2017) Macrofouling 
communities and the degradation of plastic bags in the sea: an 
in situ experiment. In R Soc Open Sci 4(10):170549. https://​
doi.​org/​10.​1098/​rsos.​170549

Piao Z, Agyei Boakye AA, Yao Y (2024) Environmental impacts of 
biodegradable microplastics. In Nat Chem Eng. https://​doi.​org/​
10.​1038/​s44286-​024-​00127-0

Quik JTK, Meesters JAJ, Koelmans AA (2023) A multimedia model 
to estimate the environmental fate of microplastic particles. In 
Sci Total Environ 882:163437. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2023.​163437

Redondo-Hasselerharm PE, Rico A, Koelmans AA (2023) Risk 
assessment of microplastics in freshwater sediments guided 
by strict quality criteria and data alignment methods. In J Haz-
ard Mater 441:129814. https://​doi.​org/​10.​1016/j.​jhazm​at.​2022.​
129814

Redondo-Hasselerharm PE, Rico A, Huerta Lwanga E, van Gestel 
CAM, Koelmans AA (2024) Source-specific probabilistic risk 
assessment of microplastics in soils applying quality criteria and 
data alignment methods. In J Hazard Mater 467. https://​doi.​org/​
10.​1016/j.​jhazm​at.​2024.​133732.

Rosenbaum RK, Bachmann TM, Gold LS, Huijbregts MAJ, Jolliet 
O, Juraske R,  Koehler A, Larsen HF, MacLeod M, Margni M, 
McKone TE, Payet J, Schuhmacher M, van de Meent D, Haus-
child MZ (2008) USEtox—the UNEP-SETAC toxicity model. 
Recommended characterisation factors forhuman toxicity and 
freshwater ecotoxicity in life cycle impact assessment. In Int 
J Life Cycle Assess 13(7):532–546. https://​doi.​org/​10.​1007/​
s11367-​008-​0038-4

Royer S-J, Ferrón S, Wilson ST, Karl DM (2018) Production of meth-
ane and ethylene from plastic in the environment. In PLoS One 
13(8):e0200574. https://​doi.​org/​10.​1371/​journ​al.​pone.​02005​74

Sabate K, Kendall A (2024) A review evaluating the gaps inplastic 
impacts in life cycle assessment. In Cleaner EnvironmentalSys-
tems 14:100205

Salieri B, Stoudmann N, Hischier R, Som C, Nowack B (2021) How 
Relevant Are Direct Emissions of Microplastics into Freshwater 
from an LCA Perspective? In Sustainability 13 (17). https://​doi.​
org/​10.​3390/​su131​79922

Saling P, Gyuzeleva L, Wittstock K, Wessolowski V, Griesshammer 
R (2020) Life cycle impact assessment of microplastics as one 
component of marine plastic debris. In Int J Life Cycle Assess. 
https://​doi.​org/​10.​1007/​s11367-​020-​01802-z

https://doi.org/10.1016/j.marpolbul.2015.05.053
https://doi.org/10.1016/j.marpolbul.2015.05.053
https://doi.org/10.1038/ncomms15611
https://doi.org/10.1016/j.scitotenv.2016.05.084
https://doi.org/10.1016/j.scitotenv.2016.05.084
https://doi.org/10.1007/s00128-020-02820-1
https://doi.org/10.1016/j.jhazmat.2022.130011
https://doi.org/10.1016/j.jhazmat.2022.130011
https://doi.org/10.1016/j.scitotenv.2021.150117
https://doi.org/10.1016/j.scitotenv.2022.157951
https://doi.org/10.1016/j.scitotenv.2022.157951
https://doi.org/10.1007/s11367-022-02040-1
https://doi.org/10.1080/10643389.2019.1631990
https://doi.org/10.1080/10643389.2019.1631990
https://doi.org/10.1126/sciadv.aaz5803
https://doi.org/10.1126/sciadv.aaz5803
https://doi.org/10.1038/s41598-024-53971-8
https://doi.org/10.3389/fenvs.2022.979685
https://doi.org/10.3389/fenvs.2022.979685
https://doi.org/10.1038/s44221-023-00090-9
https://doi.org/10.1038/s44221-023-00090-9
https://doi.org/10.1016/j.scitotenv.2018.08.178
https://doi.org/10.1016/j.scitotenv.2018.08.178
https://doi.org/10.1016/j.ecolmodel.2022.110243
https://www.frontiersin.org/journals/water/articles/10.3389/frwa.2021.724596
https://www.frontiersin.org/journals/water/articles/10.3389/frwa.2021.724596
https://doi.org/10.1039/c6em00206d
https://doi.org/10.1039/c6em00206d
https://doi.org/10.1016/j.geoforum.2006.03.003
https://doi.org/10.1016/j.geoforum.2006.03.003
https://doi.org/10.1787/de747aef-en
https://doi.org/10.1787/de747aef-en
https://doi.org/10.1016/j.chemosphere.2022.136807
https://doi.org/10.1016/j.chemosphere.2022.136807
https://doi.org/10.1186/s13643-021-01626-4
https://doi.org/10.1111/gwat.12862
https://doi.org/10.1111/gwat.12862
https://doi.org/10.1098/rsos.170549
https://doi.org/10.1098/rsos.170549
https://doi.org/10.1038/s44286-024-00127-0
https://doi.org/10.1038/s44286-024-00127-0
https://doi.org/10.1016/j.scitotenv.2023.163437
https://doi.org/10.1016/j.scitotenv.2023.163437
https://doi.org/10.1016/j.jhazmat.2022.129814
https://doi.org/10.1016/j.jhazmat.2022.129814
https://doi.org/10.1016/j.jhazmat.2024.133732
https://doi.org/10.1016/j.jhazmat.2024.133732
https://doi.org/10.1007/s11367-008-0038-4
https://doi.org/10.1007/s11367-008-0038-4
https://doi.org/10.1371/journal.pone.0200574
https://doi.org/10.3390/su13179922
https://doi.org/10.3390/su13179922
https://doi.org/10.1007/s11367-020-01802-z


1010	 The International Journal of Life Cycle Assessment (2025) 30:994–1010

Schwarz AE, Ligthart TN, Boukris E, van Harmelen T (2019) Sources, 
transport, and accumulation of different types of plastic litter 
in aquatic environments: A review study. In Mar Pollut Bull 
143:92–100. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2019.​04.​029

Schwarz AE, Lensen SMC, Langeveld E, Parker LA, Urbanus JH 
(2023) Plastics in the global environment assessed through mate-
rial flow analysis, degradation and environmental transportation. 
In Sci Total Environ 875:162644. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2023.​162644

Schwarz AE, Herlaar S, Cohen QM, Quik JTK, Golkaram M, Urbanus 
JH et al (2024): Microplastic aquatic impacts included in Life 
Cycle Assessment. In Resour, Conserv Recycl 209. https://​doi.​
org/​10.​1016/j.​resco​nrec.​2024.​107787.

Shafea L, Yap J, Beriot N, Felde Vincent JMNL, Okoffo ED, Enyoh 
CE, Peth S (2023) Microplastics in agroecosystems: A review of 
effects on soil biota and key soil functions. In J Plant Nutr Soil 
Sci 186(1):5–22. https://​doi.​org/​10.​1002/​jpln.​20220​0136

Song YK, Hong SH, Jang M, Han GM, Jung SW, Shim WJ (2017) 
Combined Effects of UV Exposure Duration and Mechanical 
Abrasion on Microplastic Fragmentation by Polymer Type. In 
Environ Sci Technol 51(8):4368–4376. https://​doi.​org/​10.​1021/​
acs.​est.​6b061​55

Song YK, Hong SH, Eo S, Han GM, Shim WJ (2020) Rapid Produc-
tion of Micro- and Nanoplastics by Fragmentation of Expanded 
Polystyrene Exposed to Sunlight. In Environ Sci Technol 
54(18):11191–11200. https://​doi.​org/​10.​1021/​acs.​est.​0c022​88

Sonnemann G, Valdivia S (2017) Medellin Declaration on Marine 
Litter in Life Cycle Assessment and Management. In Int J 
Life Cycle Assess 22(10):1637–1639. https://​doi.​org/​10.​1007/​
s11367-​017-​1382-z

Stafford W, Russo V, Nahman A (2022) A comparative cradle-to-
grave life cycle assessment of single-use plastic shopping 
bags and various alternatives available in South Africa. In Int 
J Life Cycle Assess 27(9):1213–1227. https://​doi.​org/​10.​1007/​
s11367-​022-​02085-2

Stefanini R, Borghesi G, Ronzano A, Vignali G (2021) Plastic or 
glass: a new environmental assessment with a marine litter 
indicator for the comparison of pasteurized milk bottles. In Int 
J Life Cycle Assess 26(4):767–784. https://​doi.​org/​10.​1007/​
s11367-​020-​01804-x

Steinmetz Z, Wollmann C, Schaefer M, Buchmann C, David J, Tröger 
J et al (2016) Plastic mulching in agriculture. Trading short-term 
agronomic benefits for long-term soil degradation? In Sci Total 
Environ 550:690–705. https://​doi.​org/​10.​1016/j.​scito​tenv.​2016.​
01.​153

Sudhakar M, Trishul A, Doble M, Suresh Kumar K, Syed Jahan S, 
Inbakandan D et al (2007) Biofouling and biodegradation of 
polyolefins in ocean waters. In Polym Degrad Stab 92(9):1743–
1752. https://​doi.​org/​10.​1016/j.​polym​degra​dstab.​2007.​03.​029

Tang Y, Mankaa R, Nangah; Traverso, Marzia, (2022) An effect fac-
tor approach for quantifying the impact of plastic additives on 
aquatic biota in life cycle assessment. In Int J Life Cycle Assess 
27(4):564–572. https://​doi.​org/​10.​1007/​s11367-​022-​02046-9

Tunali M, Adam V, Nowack B (2023) Probabilistic environmental risk 
assessment of microplastics in soils. In Geoderma 430:116315. 
https://​doi.​org/​10.​1016/j.​geode​rma.​2022.​116315

van den Oever AEM, Puricelli S, Costa D, Thonemann N, Lavigne 
Philippot M, Messagie M (2024) Dataset with updated ozone 
depletion characterization factors for life cycle impact assess-
ment. In Data Brief 57:111103. https://​doi.​org/​10.​1016/j.​dib.​
2024.​111103

van Emmerik T, Schwarz A (2020) Plastic debris in rivers. In WIREs 
Water 7(1):e1398. https://​doi.​org/​10.​1002/​wat2.​1398

Vijver MG (2019) The choreography of chemicals in nature; beyond 
ecotoxicological limits. In Chemosphere 227:366–370. https://​
doi.​org/​10.​1016/j.​chemo​sphere.​2019.​04.​068

Wagner M, Monclús L, Arp HPH, Groh KJ, Løseth ME, Muncke J et al 
(2024) State of the science on plastic chemicals. Identifying and 
addressing chemicals and polymers of concern.

Wang W-M, Chen C-Y, Lu T-H, Liao C-M (2022) Soil-dwelling spe-
cies-based biomarker as a sensitivity-risk measure of terrestrial 
ecosystems response to microplastics: A dose–response mod-
eling approach. In Sci Total Environ 833:155178. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2022.​155178

Weber CJ, Opp C (2020) Spatial patterns of mesoplastics and coarse 
microplastics in floodplain soils as resulting from land use and 
fluvial processes. In Environ Pollut 267:115390. https://​doi.​org/​
10.​1016/j.​envpol.​2020.​115390

Wong JKH, Lee KK, Tang KHD, Yap P-S (2020) Microplastics 
in the freshwater and terrestrial environments: Prevalence, 
fates, impacts and sustainable solutions. In Sci Total Environ 
719:137512. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​137512

Woods JS, Veltman K, Huijbregts MAJ, Verones F, Hertwich EG 
(2016) Towards a meaningful assessment of marine ecological 
impacts in life cycle assessment (LCA). In Environ Int 89–90:48–
61. https://​doi.​org/​10.​1016/j.​envint.​2015.​12.​033

Woods JS, Rødder G, Verones F (2019) An effect factor approach 
for quantifying the entanglement impact on marine species of 
macroplastic debris within life cycle impact assessment. In Ecol 
Indic 99:61–66. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2018.​12.​018

Woods JS, Verones F, Jolliet O, Vázquez-Rowe I, Boulay A-M (2021) 
A framework for the assessment of marine litter impacts in life 
cycle impact assessment. In Ecol Indic 129:107918. https://​doi.​
org/​10.​1016/j.​ecoli​nd.​2021.​107918

Xayachak T, Haque N, Lau D, Pramanik BKumar (2024) The miss-
ing link: A systematic review of microplastics and itsneglected 
role in life-cycle assessment. In Sci Total Environ 954:176513. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2024.​176513

Yose P, Thondhlana G, Fraser G (2023) Conceptualizingthe socio-
cultural impacts of marine plastic pollution on humanwell-being 
– A perspective. In Mar Pollut Bull 194:115285. https://​doi.​org/​
10.​1016/j.​marpo​lbul.​2023.​115285

Zanghelini GM, Cherubini E, Dias R, Kabe YHO, Delgado JJS (2020) 
Comparative life cycle assessment of drinking straws in Brazil. 
In J Cleaner Prod 276:123070. https://​doi.​org/​10.​1016/j.​jclep​ro.​
2020.​123070

Zhao X, You F (2022) Life Cycle Assessment of Microplastics Reveals 
Their Greater Environmental Hazards than Mismanaged Poly-
mer Waste Losses. In Environ Sci Technol 56(16):11780–11797. 
https://​doi.​org/​10.​1021/​acs.​est.​2c015​49

Ziccardi LM, Edgington A, Hentz K, Kulacki KJ, Kane Driscoll S 
(2016) Microplastics as vectors for bioaccumulation of hydro-
phobic organic chemicals in the marine environment: A state-
of-the-science review. Environmental toxicology and chemistry 
/ SETAC 35(7):1667–1676. https://​doi.​org/​10.​1002/​etc.​3461

Zhu L, Wang H, Chen B, Sun X, Qu K, Xia B (2019) Microplastic 
ingestion in deep-sea fish from the South China Sea. In Sci Total 
Environ 677:493–501. https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​
04.​380

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.marpolbul.2019.04.029
https://doi.org/10.1016/j.scitotenv.2023.162644
https://doi.org/10.1016/j.scitotenv.2023.162644
https://doi.org/10.1016/j.resconrec.2024.107787
https://doi.org/10.1016/j.resconrec.2024.107787
https://doi.org/10.1002/jpln.202200136
https://doi.org/10.1021/acs.est.6b06155
https://doi.org/10.1021/acs.est.6b06155
https://doi.org/10.1021/acs.est.0c02288
https://doi.org/10.1007/s11367-017-1382-z
https://doi.org/10.1007/s11367-017-1382-z
https://doi.org/10.1007/s11367-022-02085-2
https://doi.org/10.1007/s11367-022-02085-2
https://doi.org/10.1007/s11367-020-01804-x
https://doi.org/10.1007/s11367-020-01804-x
https://doi.org/10.1016/j.scitotenv.2016.01.153
https://doi.org/10.1016/j.scitotenv.2016.01.153
https://doi.org/10.1016/j.polymdegradstab.2007.03.029
https://doi.org/10.1007/s11367-022-02046-9
https://doi.org/10.1016/j.geoderma.2022.116315
https://doi.org/10.1016/j.dib.2024.111103
https://doi.org/10.1016/j.dib.2024.111103
https://doi.org/10.1002/wat2.1398
https://doi.org/10.1016/j.chemosphere.2019.04.068
https://doi.org/10.1016/j.chemosphere.2019.04.068
https://doi.org/10.1016/j.scitotenv.2022.155178
https://doi.org/10.1016/j.scitotenv.2022.155178
https://doi.org/10.1016/j.envpol.2020.115390
https://doi.org/10.1016/j.envpol.2020.115390
https://doi.org/10.1016/j.scitotenv.2020.137512
https://doi.org/10.1016/j.envint.2015.12.033
https://doi.org/10.1016/j.ecolind.2018.12.018
https://doi.org/10.1016/j.ecolind.2021.107918
https://doi.org/10.1016/j.ecolind.2021.107918
https://doi.org/10.1016/j.scitotenv.2024.176513
https://doi.org/10.1016/j.marpolbul.2023.115285
https://doi.org/10.1016/j.marpolbul.2023.115285
https://doi.org/10.1016/j.jclepro.2020.123070
https://doi.org/10.1016/j.jclepro.2020.123070
https://doi.org/10.1021/acs.est.2c01549
https://doi.org/10.1002/etc.3461
https://doi.org/10.1016/j.scitotenv.2019.04.380
https://doi.org/10.1016/j.scitotenv.2019.04.380

	It is time to develop characterization factors for terrestrial plastic pollution impacts on ecosystems in life cycle impact assessment – a systematic review identifying knowledge gaps
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	1 Introduction
	2 Methods
	3 Results
	3.1 Fate modelling
	3.1.1 Redistribution
	3.1.2 Fragmentation
	3.1.3 Degradation

	3.2 Modelling exposure and effects
	3.2.1 Gas emissions during degradation
	3.2.2 Entanglement
	3.2.3 Uptake

	3.3 Characterizing impacts

	4 Discussion
	4.1 Characterization of aquatic plastic pollution impacts
	4.2 Characterization of terrestrial plastic pollution impacts
	4.3 Implications for further research
	4.4 Limitations of the available models

	5 Conclusions
	References


