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Abstract

Purpose Biodegradable mulch film is considered an environmentally friendly alternative to non-biodegradable-based mulch
film for agricultural use. The purpose of this study is to compare the environmental impact of non-biodegradable mulch film
to biodegradable mulch films for use in Nordic conditions, including assessing their plastic pollution potential.

Methods A life cycle assessment was conducted to calculate the potential environmental impacts of the films, while the plastic
pollution potential was assessed with a dynamic material flow analysis, considering degradation over time and fate to various
environmental compartments. The plastic pollution potential was based on empirical degradation data in Nordic conditions.
Results and discussion The results of the LCA and MFA analyses show that the use of non-biodegradable material in Nordic
conditions leads to the lowest environmental impacts and pollution if it is fully collected after use. In fact, biodegradable
mulch film leads to higher environmental impacts over its life cycle in most environmental impact categories. However,
comparing environmental burdens from non-biodegradable and biodegradable mulch film is difficult due to the lack of data
on biodegradable films. The results further highlight that biodegradable films will reach a dynamic equilibrium (a plateau
phase) in soils in Nordic conditions between the degradation of old film and the application of new film, if not enough time
is given for the films to entirely degrade. Farmers would need to apply biodegradable films with several years of interval, if
the films should be entirely degraded.

Conclusions This study supports the recommendations that biodegradable plastic has potential when used as mulch film,
but these recommendations should be situation-specific, depending on farmers’ ability to handle the mulch film properly.
The authors highlight that the LCA results are uncertain due to limited data availability and encourage the biodegradable
plastic industry to be more transparent by making their LCIA data available.
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1 Introduction major problem of plastic pollution also known as “white

pollution” (Liu 2014) as mulches made from conventional

Plastic mulching materials are used in agriculture as they
provide numerous advantages for crop production, e.g. to
regulate soil moisture content, temperature, and limit the
growth of weeds, thus helping to sustain or increase crop
(often fruit and vegetables) yield (Steinmetz et al. 2016;
Briassoulis and Giannoulis 2018). However, this once
revolutionary material has, in some places, turned into a

Communicated by Brad G. Ridoutt.

< Irmeline de Sadeleer
ids@norsus.no

! NORSUS-Norwegian Institute for Sustainability Research,
Stadion 4, Fredrikstad, Norway

plastics present challenges once they have reached their
end-of-life as they need to be collected and disposed of
after use. The collection after use is often costly and time-
consuming for the farmers and recycling is often difficult
as the films are contaminated with soil and plant residues
(Briassoulis and Giannoulis 2018). Some recycling facili-
ties do not accept contaminated plastic films; thus, as a
result, large amounts of plastic go to landfills, leading to
negative environmental impact (Le Moine 2014). Moreo-
ver, conventional films left on the field or lost in nature
can accumulate in the environment, compromising gas
exchange and water infiltration (Sander 2019). These lost
plastic mulches will fragment into microplastics over time,
which can lead to adverse effects such as reducing soil
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functioning (Qi et al. 2018; Steinmetz et al. 2016; Zhang
et al. 2018).

In search of alleviating the end-of-life and environmental
problems associated with conventional plastics, biodegrad-
able plastics have been suggested as a solution (SAPEA
2020; Hann et al. 2021). Biodegradable polymers, usually
made from renewable raw materials such as lignin, cellulose,
starch and bioethanol, provide crop production benefits com-
parable to non-biodegradable mulch film, usually made from
fossil-based material. Biodegradable films are designed to
be tilled into the soil after use, thereby avoiding the cost
and challenges of end-of-life collection, reducing some envi-
ronmental impact, and lessening problems with agricultural
plastic pollution (Razza and Cerutti 2017).

Common to the polymers constituting biodegradable
mulch films is the presence of ester bonds or polysac-
charides, which are amenable to microbial hydrolysis
and should, in theory, lead to the complete conversion to
microbial biomass, CO, and water (Brodhagen et al. 2015;
Touchaleaume et al. 2018). The biodegradation test of the
OECD, applied to evaluate chemicals within REACH in
Europe, is a test conducted in the laboratory-activated sludge
from wastewater treatment plants. Its aim is to demonstrate
that mesophilic microorganisms can carry out an ultimate
degradation of the substance under examination.

For mulch films, biodegradability is assessed using the
international standard EN 17033 (2018) on biodegradable
mulch films in agriculture, which specifies test methods and
evaluation criteria regarding the biodegradation, ecotoxic-
ity, film properties, and constituents of the biodegradable
mulch films. The certification “OK Biodegradable soil” is
used as the basis, which requires 90% CO, conversion within
24 months in an aerobic incubation at constant temperature
(20-28 °C). Nonetheless, biodegradability in-laboratory does
not guarantee that in-field degradation will follow the same
timeframe, as the biodegradation rate will depend on environ-
mental conditions such as temperature and moisture content
(OWS 2017; Griffin-LaHue et al. 2022). For Nordic climate
conditions, it is feared that the mulch films will only degrade
over a longer period due to low temperatures in soils (NIVA
2022). The degradation rate, rather than the ability to degrade,
is of importance in terms of environmental impacts and risk
assessment, as it is unclear how plastic particles impact soil
health, crop yields, and field characteristics (Ferreira-Filipe
et al. 2022; Sintim et al. 2019), but the impacts will likely be
larger, the longer time it takes to degrade.

Life cycle assessment (LCA) is the most widely used
method for quantifying environmental impacts. Several LCAs
have been performed for different types of biodegradable
starch blends and applications, e.g. shopping bags (Gironi
and Piemonte 2011) compost bags (Bastioli 2001), packag-
ing film (Choi et al. 2018) and food packaging (Piemonte
2011), all showing that starch blends have lower GWP than
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fossil-based plastics. Early reviews have however established
the difficulty in concluding on the most environmentally
sound material when comparing biobased/fossil-based bio-
degradable plastics and conventional fossil-based material,
as studies vary highly in their results. In addition, the focus
had been on non-renewable energy use and greenhouse gas
(GHG) emissions only (Weiss 2012). Later studies showed
that bio-based biodegradable materials may have higher
environmental impacts than conventional equivalents in the
categories of eutrophication, acidification, and stratospheric
ozone depletion, because of the agricultural practice for pro-
ducing biomass (Yates and Barlow 2013).

Few LCA studies have focused on the environmental
impact of biodegradable plastics used in agriculture, but
the existing research shows converging results regarding
the environmental benefit of biodegradable mulch film.
Fossil-based biodegradable mulch film made of polybu-
tylene adipate terephthalate (PBAT) was compared to low-
density polyethylene (LDPE) film and performed worse for
the analysed impact categories of non-renewable energy
use and GHG emissions, mainly due to the energy cred-
its that LDPE got from incineration with energy recovery
(Schrijvers et al. 2014). Two different mulch films, con-
ventional PE and biodegradable (starch polymer), were
tested for their environmental performance in an Italian
context (Razza et al. 2010). The overall reduction of the
potential impacts when biodegradable mulch film was
used as an alternative to non-biodegradable plastic ranged
from 25 to 80% for evaluated impact categories includ-
ing GHG emissions, acidification, eutrophication, and
non-renewable energy resources. Strawberry production
in Italy where biodegradable agricultural mulch film was
used (Mater-Bi®) instead of conventional PE reduced GHG
and non-renewable energy emissions by 10-15% (Girgenti
et al. 2014).

The LCA methodology does currently not account for
plastic pollution. In fact, the leakage of plastic fractions to
the biosphere in their inventory modelling has largely been
ignored. A few recently published articles (Croxatto Vega
et al. 2021; Maga et al. 2021; Stefanini et al. 2020; Chitaka
and von Blottnitz 2021; Zanghelini et al. 2020) have included
the leakage propensity of plastics. The guidelines published
by Quantis and UN Environment regarding plastic releases to
the aquatic environment (Peano et al. 2020) provide a promis-
ing initial benchmark for life-cycle studies to improve plastic
leakage accountability. Data and developments made within
the PlasticLeak project are the first steps in plastic leakage
assessment, but from a life cycle impact assessment (LCIA)
perspective, fate and effect models of plastic pollution are still
scarce (Boulay et al. 2021). The work relating plastic emis-
sions to LCIA is nonetheless under development, with the aim
of developing characterisation factors (CFs). Civancik-Uslu
et al. (2019), Stefanini et al. (2020) and Galafton et al. (2023)
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have proposed simplified fate factors for microplastic emis-
sions by combining parameters representing environmental
release (price of the plastic items or the incentive to return
them after use), dispersion (weight of the plastic item), and
persistence (material degradation rate). In addition, Maga et al.
(2022) have proposed CFs for calculating the impacts of plastic
pollution based on a plastic’s residence time in the environ-
ment, so the CF is solely based on the fate factor. The expo-
sure and damage factors are hence lacking for having a full
CF. Woods et al. (2019) outline a preliminary approach for an
endpoint effect factor for entanglement in macroplastics, while
Saling et al. (2020) focus on the fate of microplastics and a
preliminary quantification of eco-toxic effects on marine biota
at a midpoint level. Hgiberg et al. (2022) proposed an indica-
tor for potentially affected fraction of species on a global and
regional scale for potential entanglement impacts at current
levels of marine plastic pollution, which can further be applied
in LCIA, and Corella-Puertas et al. (2023) have proposed CFs
for microplastic physical effects in marine environments for
eleven polymer types. The inclusion of microplastics as an
impact category in LCA is an area of study currently under
methodological development, mainly through MarIL.CA pro-
ject (Boulay et al. 2021), and has so far mainly focused on the
marine compartment.

With the lack of knowledge of the environmental impact of
biodegradable compared to non-biodegradable-based mulch
film and the effect of plastic pollution on the soil in Nor-
dic conditions, it is not currently possible to advise farmers
on what type of film to use. This study aims to evaluate the
environmental performance of biodegradable and non-bio-
degradable mulch film using LCA in a Nordic context, for
giving recommendations to farmers and policymakers on the
choice of mulch film material. In Norway, a total of 8800 t
agricultural film (both degradable and non-degradable) was
put on the market in 2018 (Hann et al. 2021). Specifically for
vegetable and berry production, it is estimated that 100 — 150
t degradable films are used (Sundt et al. 2020). The majority
of lettuce producers use biodegradable mulch film which is
applied yearly (NLR 2023). However, the use of bio-based
and biodegradable plastics increases by an estimated 2 —3%
annually, which is equivalent to non-biodegradable plastic
(100% petroleum-based) (Hann et al. 2018). In addition, this
study presents an attempt to quantify the impacts of plastic
pollution by calculating its potential accumulation in nature
over time, using a dynamic material flow analysis (MFA)
model, to give indications on the plastic pollution from the
two mulch films. Even if the newer LCIA literature presents
methods for including aspects of plastic pollution in LCA,
the methods were deemed immature for the purpose of this
study. For instance, the CFs proposed by Corella-Puertas et al.
(2023) do not include the polymer types assessed in this study.
The authors wanted to use the empirical data for Norwegian
conditions, to reflect a Nordic situation—as most of the tests

on biodegradable mulch films have been performed in warmer
climates. Therefore, a dynamic MFA approach is presented in
this article for assessing the fate of plastic pollution.

2 Methodology
2.1 LCA
2.1.1 Goal and scope

Vegetable and berry production are the main systems using
plastic mulching film in Norway. Lettuce production was
used in this case study to assess plastic mulch film charac-
teristics and used amounts. The functional unit (FU) was set
to “1 ha of mulched agricultural land for cultivating lettuce”
as it was assumed to be no differences in functionality of
non-biodegradable and biodegradable plastic mulch film,
e.g. no effect on yield levels (Razza and Cerutti 2017). In
this study, an attributional LCA methodology was applied
with a cradle-to-grave approach. The system boundaries of
the study are shown in Fig. 1.

With the lack of knowledge of the environmental impact
of biodegradable compared to non-biodegradable-based
mulch film and the effect of plastic pollution on the soil in
Nordic conditions, it is not currently possible to advise farm-
ers on what type of film to use. This study aims to evaluate
the environmental performance of biodegradable and non-
biodegradable mulch film using LCA in a Nordic context,
for giving recommendations to farmers and policymakers on
the choice of mulch film material and their related environ-
mental impacts. In addition, this study presents an attempt
to quantify the impacts of plastic pollution by calculating its
potential accumulation in nature over time, using a dynamic
material flow analysis (MFA) model, to give an indication
on the plastic accumulation from the two films.

2.1.2 Life cycle inventory

The non-biodegradable mulch film used in this study was
low-density polyethylene (LDPE) which is the most used
material for conventional mulch film (Hann et al. 2021).
The biodegradable mulch film was a blend of polybutyl-
ene adipate terephthalate (PBAT) and corn starch, which
is also commonly found on the market for biodegradable
mulch film (Akhir and Mustapha 2022). The PBAT in the
biodegradable mulch film was modelled from literature data
(Brookes 2007). Because several PBAT/starch ratios were
found in the literature and are used on the market (Borchani
et al. 2015) a PBAT/starch ratio of both 70/30 and 30/70 was
assessed to evaluate the starch content’s significance for the
environmental performance of the films.
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Fig. 1 System boundaries of the plastic mulch film studied, both for the LCA and MFA study

Starch and LDPE granulate were modelled, in addition
to the extrusion into films with ecoinvent 3.8 data. All
upstream processes such as energy use and transport were
modelled with ecoinvent 3.8 data. All mulch films were
black in colour. For 1 FU approximately 4980 m? plastic was
needed; see Table 1 for information on film characteristics
and Supplementary Information describing how the area of
mulched film was calculated.

The non-biodegradable mulch film was assumed to be
produced in central Europe and transported to Norway by
lorry (1600 km). The biodegradable plastic granulate was
produced in Southern Europe, with maize starch produced
in Germany and maize sourced from a global market. The
mulch film was then transported from central Europe to Nor-
way by ship and lorry (2500 km and 500 km, respectively).
Transport distances were based on expert opinions.

At the farm, the biodegradable mulch film is applied
on the field by a tractor and tilled into the soil after use
with the use of a tractor. The biodegradable mulch film
is assumed to degrade in the soil after use, but its degra-
dation potential and rate in Nordic conditions have been
investigated (Joner and Coutris 2022). Potential emissions

Table 1 Characteristics of the three films under study

Parameter ~ Unit Non-degradable ~ Biodegradable Biodegradable
70/30 30/70

Thickness ~ Micron 20 15 15
Weight g/m? 18.5 18.75 18.75
Density kg/m® 925 1250 1250
Amount of kg 92.13 93.375 93.375

film per

FU
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of GHG from the degradation of the biodegradable mulch
film were nonetheless included according to Hermann
et al. (2011).

The non-biodegradable mulch film is applied on the field
with a tractor. After use, it is removed by tractor and trans-
ported to the closest waste management facility for either
recycling or incineration. It is assumed that 90% of the films
are collected to proper waste handling, while 10% are lost
to the environment (Bauchmiiller et al. 2021). Green Dot
Norway (Grgnt Punkt Norge) is responsible for the collec-
tion and recycling of agricultural mulching film in Norway.
Approximately two-thirds are recycled at the facility of Foll-
dal Gjenvinning (350 km), while the remaining amounts are
exported to recycling plants in Europe, here assumed Ger-
many (1600 km). The collected films are contaminated with
soil, moisture and stones, which makes them 48.2% heavier
than their initial weight (Grgnt Punkt Norge 2023). Based on
figures from Green Dot Norway for 2022, the rate of recy-
cled plastics over the collected amounts results in a recycling
rate of 51.8%, which is similar to levels reported elsewhere
(Hann et al. 2021). However, when correcting for contami-
nation, the rate of recycled plastics over the amounts put on
the market results into recycling rate of 77.1% (Grgnt Punkt
Norge 2023). The remaining 22.9% are assumed incinerated.
Because we are assessing the plastic flows in this study,
the latter Figs. (77.1% and 22.9%) are used for modelling
the waste treatment (shares of recycling and incineration) of
non-degradable mulch film after its collection.

Primary LCI data for the recycling process of LDPE was
not collected in this study. It can be assumed that recycling
mulch film has higher impacts than recycling household
plastic waste as the films are more contaminated, hence
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needing more washing (Dong et al. 2022; Tan et al. 2023).
It is important to note that the ecoinvent 3.8 recycling data-
set used in this study does not take into account the opera-
tions for additional cleaning the LDPE mulch film as well as
residues disposal and is likely to underestimate the burdens
from recycling.

Credits from energy generation from district heating have
previously been assessed as an important factor for deter-
mining the GWP of mulch films (Schrijvers et al. 2014). It
was therefore deemed appropriate to account for this func-
tion as well, by expanding the system boundaries to include
credits from incineration, and from recycling for the sake of
consistency. In a system expansion approach, the burdens
from the recycling activities are allocated to the product gen-
erating recycled material. Hence, the system is expanded
by including avoided burdens from the substitution of vir-
gin material (de Sadeleer and Lyng 2022). Incineration was
assumed to avoid district heating, while recycling avoids the
production of virgin material. The recycled non-biodegrada-
ble mulch film was assumed to replace virgin LDPE at a rate
of 75% (Zampori and Pant 2019). A detailed LCI is provided
in Supplementary Information.

2.1.3 Impact assessment

SimaPro 9.0 (PRé, 2022) and the ecoinvent 3.8 (Wernet
et al. 2016) cut-off database were used to perform the LCA
with the Environmental Footprint 3 method (EF 3.1), the
impact assessment method adopted in Environmental Foot-
print transition phase of the European Commission (Fazio
et al. 2018). Environmental impact categories assessed were
global warming potential (GWP), ionising radiation poten-
tial (IRP), particulate matter (PM), photochemical ozone for-
mation (POF), acidification (AP), freshwater eutrophication
(FEP), marine eutrophication (MEP), terrestrial eutrophica-
tion (TEP), freshwater ecotoxicity (FE), land use (LU), water
use (WU), fossil resource use (FRU), mineral and metal
resource use (RUM), ozone depletion (OD), human toxicity,
cancer (HT, C) and human toxicity non-cancer (HT, non-C).

2.2 MFA
2.2.1 Model description

Material flow analysis (MFA) is a method for tracking
the flows of a substance in a system. In this case, MFA is
used to calculate the flow of plastics stemming from 1 ha
of mulched agricultural land for cultivating lettuce over 10
years (see Table 1 for weights). The static MFA model pre-
sented by Pauna et al. (2023) (Pauna et al. Manuscript in
preparation) is used as a basis for this study and is further
developed into a dynamic model, with the aim to include
degradation of the biodegradable mulch film and not only

its spread in nature, hereby adding a time dimension to the
model. A period of 10 years is chosen as reference to give
an indication of the amounts of plastics accumulating over
a short period of time, that a farmer for instance could relate
to, but long enough to highlight how the degradation relates
to the inflow of new mulch film.

The system boundaries of the systems and the covered
flows are illustrated in Fig. 1. The flows included are pellets
loss from polymer production and product manufacturing,
tyre wear from transport, and release to nature in the use
phase. The model is input-driven before the use phase and
output-driven after the use phase. According to Peano et al.
(2020), 0.03% of the polymer produced is lost, and 0.03%
from product manufacturing. The division between emis-
sions to land and water for these life cycle stages is based
on factors from Kawecki and Nowack (2019). From the use
phase, 100% of the film is plough into the soil, while 10%
is assumed lost for non-biodegradable films (Bauchmiiller
et al. 2021). Emissions from tyre wear are also based on
factors from Peano et al. (2020) and represent the amount of
rubber released by the wearing of tyres under transport pro-
cesses of non-biodegradable and degradable plastics, includ-
ing all transport stages between the various life cycle stages.
The division of emissions to land and water is also based on
(Peano et al. 2020). See Pauna et al. (2023) for all trans-
fer coefficients of the model, and their repartition between
environmental compartments, which are based on factors
from (Peano et al. 2020) and (Corella-Puertas et al. 2022).
The density of the biodegradable films might be higher than
the non-biodegradable films, which would influence the
transfer to the different environmental compartments (non-
degradable plastics might end up in river sediments rather
than the ocean for instance). However, the values reported
in the literature for the transfer between compartments are
highly uncertain, as they depend on multiple factors. This
part of the model is therefore not investigated in detail due
to the large variations, as this is a simplified model of the
emissions over time and follows the recommendations of
selected literature. Further research is however called upon
to specify these factors.

The static MFA model distinguishes between emissions
of macro- and microplastics, which this analysis does not
do. It is in fact unclear at which point in time the films have
degraded from macro- to microplastics, as the empirical data
shows a fragmentation of the film on the edges rather than
a full degradation, which releases more and more micro-
plastics while the initial macroplastic decreases in size.
Therefore, the emissions in this study are not distinguished
on size, which would be needed if CFs should have been
applied to include the plastic emissions as part of an LCA.
The absolute values presented in Table 2 represent the stock
of plastics diverted to soil and water from each life cycle
stage. The sum of the use phase equals the initial amount of
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mulch film left on the field. For the non-biodegradable film,
the 90% collection scenario was applied.

The potential accumulation of plastics in soil, freshwater
and ocean is modelled for 10 years, developing the MFA
model from a static to a dynamic model. Empirical data on
the degradation of biodegradable mulch film over 2 years in
Norwegian conditions (Joner and Coutris 2022) was used as
a basis for calculating the degradation rates of the use phase
over time. The experiments, which aimed at investigating
the in situ degradation of the two types of biodegradable
mulch films most used in Norway, under various climatic
conditions, soil types, soil depths and agricultural practices,
were run by NIBIO, the Norwegian Institute of Bioeconomy
Research as part of the DGrade project (NIBIO 2023). The
experiments were performed by digging mulch film into
the fields and analysing the biodegradation rates over two
years. Data was collected for various locations in Southern
and Western Norway and are assumed representative of the
southern part of the country (excluding hence the Arctic
areas). As far as the authors know, this work is the only cur-
rent data point available on the degradation of mulch film in
Nordic conditions. Work has been conducted on the matter
in other climatic conditions, and the results also show slower
degradation rates than obtained under laboratory conditions
(Griffin-LaHue et al. 2022; Sintim et al. 2020; Liao and
Chen 2021). The data points from Joner and Coutris (2022)
therefore seem to be a reasonable estimation of the degrada-
tion conditions in Nordic conditions, even if it can be argued
that the data can be considered as conservative. In fact, when
used on field under operating conditions, the mulch films
would have been exposed to UV light before being tilled into
the soil, which might lead to faster degradation than what
was measured in the experiments.

As project and research partners, the authors were
granted access to the raw data for further use in the MFA
development. No degradation rates are applied for the
amounts stemming from the other life cycle stages (mate-
rial production, processing and transport). In fact, pellets
from the material production and processing stages are not

assumed to end up in the soil in the same manner as the
mulch film which is applied on farmland. As the condi-
tions will differ, the degradation data will not apply to the
material production and processing steps. For the transport
stage, rubber will not degrade over a 10-year period as it
is a non-degradable material.

Because it is unknown how the degradation will develop
after the 2 years studied by Joner and Coutris (2022), vari-
ous potential degradation rates are calculated from year
3 to 10, fitted to the empirical data: a negative quadratic
function, an exponential function and a linear function.
Degradation in water is likely to be slower than in soil due
to lower temperatures and less microbial activity (Joner
and Coutris 2022), a degradation being two times slower
than the degradation rates in soil is therefore assumed. It is
not distinguished between degradation rates in freshwater
and oceans.

Table 3 presents the degradation rates for the biode-
gradable film in soil and water, for the three functions.
Year O is the first year that mulch film is applied on the
field and plough into the soil after use for the biodegrad-
able variant. The degradation rates were applied to the
initial masses plough in the soil (Table 2). It should be
noted that the authors were not able to get information on
specific PBAT/starch ratios from the film suppliers as this
is confidential information. The ratio 70/30 PBAT/starch
is the most common according to the literature, and it is
therefore assumed that this was used in the experiments.
However, as it is uncertain which ratio was used in the
field experiments, the degradation rates used as a basis for
the MFA do not distinguish between the ratio for the films.
However, as stated in Sect. 2.1.2 two ratios was assessed
in the LCA, in order to evaluate the starch content’s sig-
nificance for the environmental performance of the films.

2.2.2 Scenario description

Scenarios are performed for the parameters considered espe-
cially uncertain for assessing their sensitivity to the results. The

Table 2 Flows of plastics for 1

. Life cycle stage To Stock of plastics from Stock of plastics from non- Unit

h? of biodegradable and non- environmental biodegradable film degradable film (90% collection

blodeg@dab?e mulch film from compartment at EoL)

the various life cycle stages

to different environmental Polymer production ~ Soil 2.07E—02 2.10E-02 ke

compartments Polymer production  Water 2.34E-03 2.34E-03 ke
Material production  Soil 2.07E-02 2.10E-02 kg
Material production =~ Water 2.34E-03 2.34E-03 kg
Transport Soil 1.97E-09 1.97E-09 kg
Transport Water 4.82E-10 4.82E-10 kg
Use Soil 5.60E+01 6.80E+00 kg
Use Water 1.12E+401 9.13E-02 kg
Use Ocean 2.61E401 2.33E4+00 kg
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Table 3 Remaining stock of
biodegradable film, starting

Remaining stock of biodegradable mulch film

Remaining stock of biodegradable mulch

N in soil film in water

with 100% of the mass for

different degradation methods Years Negative Exponential ~Linear (%) Negative Exponential ~Linear (%)

over a 10-year period, taking quadratic (%) (%) quadratic (%) (%)

into account the degradation

rates in both environmental 0 100 100 100 100 100 100

compartments 1 92 86 87 96 93 93
2 71 73 74 86 86 87
3 37 63 60 69 79 80
4 0 54 47 45 73 74
5 0 46 34 15 68 67
6 0 40 21 0 63 60
7 0 34 8 0 58 54
8 0 29 0 0 54 47
9 0 25 0 0 50 41
10 0 21 0 0 46 34

following parameters were scrutinised: the application rates of
mulch films, the degradation rates in both soil and water, and the
collection rate of non-biodegradable mulch films.

It is unclear how often the farmers will apply mulch film
on the field, as this will depend on the type of production
process and fruits/vegetables produced. The reuse of mulch
films for a second or third growing season would not apply
for lettuce production in Nordic countries, but would for other
berries or vegetables needing thicker films, such as strawberry
production for instance. Scenarios without crop rotation prac-
tices (application of new mulch film every year) and with crop
rotation practices (application of new mulch film every 2 and

Table 4 Parameters altered in each scenario for the MFA

3 years) are presented for the biodegradable film, for the three
degradation types (negative quadratic, exponential and linear).
While it is clear that the degradation of degradable films in
water will be slower than in soil due to lower temperatures and
less microbial activity (Joner and Coutris 2022), it is unclear
how much slower. Therefore, a scenario with a degradation
rate being 10 times slower in water than in soil is analysed and
presented for the application of mulch film every second year.
The application of new film for non-biodegradable plastics is
also presented. Finally, the effect of different collection rates
(75, 90 and 99%) after using non-biodegradable mulch films
is assessed. The scenarios are summarised in Table 4.

Types of plastics Degradation formulas

Parameter changed Value

Degradable mulch films

Negative quadratic degradation

Exponential degradation

Linear degradation

Non-degradable plastics No degradation

Application of new mulch film Every year

Every second year
Every third year
Degradation rate in water 10 times slower than water
Application of new mulch film Every year

Every second year
Every third year
Degradation rate in water 10 times slower than water
Application of new mulch film Every year

Every second year

Every third year
Degradation rate in water 10 times slower than water
Collection rate after use 90%

75%

99%
Application of new mulch film Every year

Every second year

Every third year
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3 Results
3.1 Life cycle impact assessment

Life cycle assessment results show that non-biodegradable
mulch film made of LDPE has a better environmental pro-
file compared to both biodegradable mulch film made of
70/30 and 30/70 PBAT-starch blend for all chosen impact
categories, except for FRU (—12%) for the 30/70 blend;
see Fig. 2. Energy use in the production of the film mate-
rial was the main contributor to FRU for both LDPE and
biodegradable film and in total less energy was consumed
for the production of PBAT-starch 30/70 blend compared
to the LDPE film.

Several impact categories were much higher for the
PBAT starch-blends compared to the LDPE mulch film.
OD leads to impacts with over 593% and 1243% increase
for the 30/70 and 70/30 blends, respectively, a significant

increase in impacts compared to the non-degradable films,
which is explained by the use of acid in the production
of the degradable films. WU increases with over 400%
for the two blends, respectively. Irrigation of corn during
the farm stage and water use in PBAT production were
the main sources contributing to this impact category. FE
increases with over 200% and 150% for the two blends,
respectively. The use of agrochemicals when producing
corn was the main contributor to the FE for the biodegrad-
able mulch film.

A majority of the impact categories followed a similar
pattern, with the LDPE film having the lowest impact
followed by the PBAT-starch blend of 30/70 and then the
PBAT-starch blend of 70/30; see Supplementary Informa-
tion. Exceptions of this pattern were for MEP, LU and FE
where the lower concentration starch blend of 30% for
the biodegradable film resulted in a 6% increase for the
MEP, 30% for LU and 74% for the FE compared to the

Climate change (GWP)

Ecotoxicity, freshwater (FE) >00%
450%
400%
Water use (WU) 350%
300%

Resource use, minerals and
metals (RUM)

Resource use, fossils (RUF)

Land use (LU)

lonising radiation (IRP)

Photochemical ozone
formation (POF)

= Non-biodegradable

Fig.2 Environmental impact of non-degradable mulch film (LDPE)
and biodegradable mulch film (PBAT-starch 70/30 blend and PBAT-
starch 30/70 blend). Note that the impacts of ozone depletion are
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= Bijodegradable 30/70

Acidification (AP)

Particulate matter (PM)

Eutrophication, marine
(MEP)

Eutrophication, freshwater
(FEP)

Eutrophication, terrestrial
(TEP)

Human toxicity, cancer (HT,
)
Human toxicity, non-cancer
(HT, non-C)

Biodegradable 70/30

taken out because the impacts are over 1000% and over 2000% larger
for the PBAT 30/70 and PBAT 70/30 compared to non-degradable
film, which makes the figure difficult to read



The International Journal of Life Cycle Assessment (2024) 29:275-290

283

PBAT-starch blend of 70/30 due to increased fertiliser,
land use and use of agrochemicals at the farm stage when
corn is cultivated.

The contribution to GWP was the lowest for the non-
degradable LDPE film, when the replacement of virgin
LDPE was included; see Fig. 3. However, if it was assumed
that the recycled LDPE film did not replace any virgin
LDPE or heat on the market, the GWP potential would be
2.5% lower for the biodegradable mulch film with a PBAT-
starch blend of 30/70; see Supplementary Information. The
PBAT-starch blend of 30/70 would outperform LDPE film
for 3 out of 16 impact categories with the assumption that
the recycled LDPE film did not replace any virgin LDPE or
heat on the market (see Supplementary Information).

Production of the mulch film is the major contributor
to the GWP impact category (between 56 and 69%) for all
types of mulch films in this study. The production of PBAT
has a higher contribution to GWP than the production of
starch; hence, the more starch blended into the biodegrad-
able mulch film, the lower the carbon footprint. The produc-
tion of PBAT-starch blend of 30/70 has a higher GWP con-
tribution than the conventional LDPE film and the resource
use needed to remove the conventional mulch film from
the field and to have it recycled does not exceed the total

900

800

700

600

500

400

kg CO2 eq./ FU

300

200

100

-100

-200

ilm Degradable film PBAT 30/70

emissions from the biodegradable 30/70 PBAT-starch blend.
The PBAT-starch 70/30 blend will result in a higher carbon
footprint than conventional mulch film as the PBAT pro-
duction generates more emissions than conventional LDPE.
Field operations were the second largest contributor to GWP
for conventional mulch film (29%) followed by incineration
and (10%) recycling (10%). For both biodegradable films,
the field operation processes were the second largest con-
tributor to GWP (24% and 18%, respectively) followed by
mineralisation (7 and 11%, respectively). The transports
were of minor importance for the GWP.

3.2 MFA

The results of the dynamic MFA, representing the plastic
pollution potential by calculating the mass of plastics accu-
mulated in nature after 10 years from the use of mulch film,
are presented in Fig. 4 for all assessed scenarios.

For biodegradable plastics, the levels of plastic present
in soil over time vary largely and are sensitive to both the
degradation rates and crop rotation practices. An expo-
nential decay leads to the highest pollution levels, as the
films degrade slower over time than for the other scenarios,

Degradable film PBAT 70/30

W Replacement heat of incineration PE
M Replacement of virgin PE
M Incineration PE
M Recycling PE
W Transport PE from farm to incineration
M Transport PE from farm to recycling center
B Mineralization

Field operations removing or tilling film
M Field operations applying film to field
M Transport to farm
W Material production

© Net total

Fig.3 Contribution of different life cycle stages for climate change potential for non-degradable (LDPE) and biodegradable (PBAT-starch 70/30
blend and PBAT-starch 30/70 blend) mulch film. The red dot represents the net total potential impacts
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Negative quadratic function
Negative quadratic function

Degradable mulch Degradable mulch Degradable mulch
film applied every film applied every film applied every
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Linear

Degradation in
water 10 times

M Plastics in ocean
| Plastics in water

M Plastics in soil

90% [N

90% Il

75%
90 %
99% il
75 %
99% |
75 %
99% |

Collection rates of Collection rates of Collection rates of
non-degradable non-degradable = non-degradable
film after use film after use film after use
(applied every (applied every (applied every third

year) second year) year)

Fig.4 Accumulation of plastics across environmental compartments after 10 years for all assessed scenarios

while a negative quadratic function degrades the fastest.
Independent of degradation functions, a yearly application
of mulch film leads to the highest plastic pollution levels,
while applying it every 3 years leads to the lowest pollution
levels. Hence, if the degradation rates are low and films
are applied yearly, more plastic will be present in nature
over time.

The plastic pollution levels from non-biodegradable
plastics depend largely on the collection rates after use.
If applied every third year, all collection rates will lead to
lower emissions compared to the other scenarios assessed.
Applied every year however, the collection rate is significant
for the pollution levels: a high collection rate (99%) leads to
relatively low plastic pollution levels, while a low collection
rate (75%) leads to among the highest pollution levels across
the assessed scenarios, also compared to biodegradable plas-
tics. Independently of how often films are applied, collecting
nearly all non-biodegradable mulch film after use leads to
the lowest pollution levels across all scenarios.

The results also show that the longer the degradation rate
of the mulch film, the more microplastics will be transferred
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to the water and ocean compartments. Similarly, the slower
the degradation rate is in water, the more will accumulate in
the water and ocean compartment.

It can be assumed that it is most likely that biodegrad-
able mulch film will be applied every second year in Nordic
conditions for lettuce cultivation and that its degradation will
follow a negative quadratic curve (Joner and Coutris 2022).
For the non-biodegradable plastics, it is likely that 90% of
the films are collected after use (Bauchmiiller et al. 2021).
For those scenarios, Fig. 5 presents detailed results on the
accumulation of plastics in the different environmental com-
partments for biodegradable and non-degradable plastics,
respectively.

For both degradable and non-degradable films, plastic
pollution largely stems from the use phase. When applied
every second year, the biodegradable mulch film has time to
partly disintegrate before a new film is applied. The results
show that the soil will keep a constant level of plastic stock
if longer crop rotation periods are not maintained. Hence,
the biodegradable films will reach a dynamic equilibrium (a
plateau phase), balancing the degradation of old film and the
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every second year

inflow of new film. The results hence show that it is impor-
tant to let time for the biodegradable plastics to disintegrate
if the presence of biodegradable plastics in soil over time is
seen to have adverse effects. This is in line with the findings
of OWS (2017). Note that the levels of non-biodegradable
plastics emitted to nature will accumulate over time, in con-
trast to biodegradable plastics, which will eventually disap-
pear if a farmer stops applying biodegradable film on a field.

4 Discussion
4.1 Interpretation of LCA results

Comparing LCA results of fossil and biobased plastics is
difficult due to the spread of data existing in LCA literature
(Walker and Rothman 2020). There is a current scientific
agreement that fossil-based plastic does better in acidification
and eutrophication but worse in climate change and energy
use categories, but recent reviews have not been able to sup-
port this (Spierling et al. 2018; Walker and Rothman 2020).
LCAs comparing biodegradable with conventional mulch
film have found biodegradable mulch film to outperform
conventional film (Razza et al. 2010) but the opposite has
also been reported (Schrijvers et al. 2014). Our results imply
that the biodegradable mulch film modelled in this case is
not a better alternative to conventional mulch film from an
environmental perspective. Regarding the production of the

mulch film, the biodegradable material has a worse environ-
mental profile in a cradle-to-grave perspective compared to
non-biodegradable LDPE film, but the more starch mate-
rial included, the better the environmental profile becomes
for the PBAT-starch blend, (except for MEP, LU and FE).
Starch needs to be blended with another material when used
as mulch film, for the material not to become too brittle and
degrade too fast (Hann et al. 2021). In this study corn starch
produced from corn on a global market was used, hence LU
impact will increase, as well as the competition with other
agricultural production, the more starch that is blended into
the plastic film. Ideally, bio-based plastic should be produced
from excess biomass waste that has no other uses (generation
2 bioplastic) (Patel et al. 2018).

It is important to choose the right feedstock blend for the
biodegradable material to produce an environmentally sus-
tainable mulch film. The data used in this study to model
PBAT originates from 2007 (Brookes 2007) as we have
not found any updated data for PBAT production. The lack
of data for this study and in general for the production of
biodegradable plastic film poses a problem when want-
ing to evaluate environmental sustainability per se, and in
comparison, to conventional plastic film. The uncertainty
in the results due to a lack of data makes it difficult to
advise farmers on what plastic film to use from an environ-
mental perspective. It has been highlighted that perform-
ing LCAs of biobased plastics is a difficult task due to
many uncertainties about the life cycle of these relatively
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new materials for example uncertainties about production
processes (Hermansson et al. 2019). There is also a lack
of LCA assessments that have evaluated biobased plastics
over the complete life cycle, likely because of the difficul-
ties of finding data for all the life cycle stages (Molina-
Besch 2022) which is also applicable to biodegradable
plastics. There is a clear need for bioplastic producers to
become more transparent and to openly share LCI data on
the production of biodegradable and biobased plastic so
that the right decisions can be made on how and when to
use it from a sustainability perspective.

The LCA analysis has assumed that conventional film is
sent to recycling, as is common practice in Nordic countries.
However, there is evidence that the film can be incinerated
on-site (Eldby 2013), which would largely influence the
impacts of end-of-life, especially the impacts on climate
change. This case has however not been assessed in this
study. The importance of proper waste handling should be
clearly communicated to farmers applying mulch film in
their activities. In addition, the influence of the recycling
rates of conventional film would influence its environmental
performance, affecting the share sent to incineration and the
credits from heat production. The effect of altered recycling
rates was, however, not assessed as it was deemed outside of
the goal and scope of the study. In fact, farmers do not have
influence over the efficiency of the waste handling system,
but only on the share of collected film from the fields. Other
uncertainties of the LCA results stem from the dataset on
PE recycling, which is likely to underestimate the burdens
related to contaminated mulch film recycling.

The effect on yield is however not necessarily the same
for all crop types, which is a limitation of this study as the
results might not be transferable to another crop type.

4.2 Interpretation of MFA results

As it has been pointed out, for instance by Askham et al.
(2023), mapping the plastic flows is not enough for assessing
the impacts of microplastics on the environment. However,
CFs are needed to carry out a full impact assessment and
are currently only developed for micro- and macroplastic in
the marine compartment. In this study, land-based plastics
are the primary plastic leakages to the environment. There-
fore, without a CF for plastics on land, the impact assessment
would be misleading, demonstrating only a small fraction of
the plastic leakage impact caused by the use of mulch films.
In addition, the recently published CFs for physical effects
on biota from plastic emission (Corella-Puertas et al. 2023)
that could have been applied for LDPE do not include PBAT,
which is studied in this article. This would again have led to
an unfair comparison of plastic pollution impacts between
the mulch film types. There is a consensus that micro-
plastics have the potential to be harmful to human health
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(Corella-Puertas et al. 2022) despite the lack of quantified
damage. Therefore, it is possible without any quantitative
damage assessment on specific species to conclude that the
impacts of microplastics and macroplastics are of great con-
cern and that a reduction in emissions of these plastic leak-
ages is beneficial. Hence, using the potential accumulation of
plastic pollution in environmental compartments is currently
the best indicator for assessing plastic pollution. This study
demonstrates that MFA is a valid method for this purpose.

The results show that over 10 years, a considerable
amount of plastics will be present in the environment from
the use of biodegradable mulch film (in the range of 85-500
kg). Most of the pollution stems from the use phase, for
both non-biodegradable and biodegradable alternatives.
Biodegradable films will reach a dynamic equilibrium (a
plateau phase) in soils under Nordic conditions, where the
degradation of old film balances out the application of new
film (Fig. 5). Farmers would hence need to leave the soil
without applying biodegradable films, to let the used film
entirely degrade, if the presence of biodegradable plastics
in soil over time is to be avoided.

The amount of non-degradable plastics present in the
environment can also be quite high, depending on the col-
lection rate after EoL and how often the film is applied (in
the range of 5-275 kg). In fact, the non-biodegradable films
lead to the least pollution over time, if it is fully collected
after use (99%), and when the films are applied every third
year. The collection rates will however vary with the type of
film used, especially its thickness and brittlely (Fig. 6). The
thinner and more brittle the film, the more will be likely to
fragment when it is applied on the field and end up as plastic
pollution in the environment. The results are in line with the
conclusions of Hann et al. (2021), who concluded that the
choice, from an environmental perspective, between the use
of conventional and biodegradable plastics in agriculture
depends mainly upon the local collection situation as well
as the grower’s requirements.

While the effect of biodegradable films is reversible, as
they will degrade over time if no additional film is added to
the field, this is not the case for non-biodegradable films,
which are persistent and will accumulate and remain in
nature for years, as is clearly shown in the results of OWS
(2017), highlighting an accumulation of PE mulch film in
soil over time. In this sense, emissions of plastics from bio-
degradable materials do not contribute to the microplastic
concern in the same manner as non-degradable plastics
do. Nonetheless, large amounts of residual plastic film can
have detrimental effects on soil structure, water and nutri-
ent transport and crop growth, thereby disrupting the agri-
cultural environment and reducing crop production, which
can be a result of the use of both biodegradable and non-
biodegradable films. It is however not determined whether
a steady-state level of plastics in soil can cause damage to
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every second year, assuming a 90% collection rate after use

the soil and the environment, nor the concentration levels at
which a damage could occur. These topics would need to be
better elucidated in future research.

The development of methods for assessing the effects and
risks of plastic emissions in soil comparing biodegradable
polymers with non-biodegradable polymers is hence called
for. In the meantime, it can be seen as valuable to strive for
low plastic pollution levels from both sources for environ-
mental purposes, following a precautionary principle.

It should be noted that the degradation rates have been
extrapolated from empirical data over 2 years, leading to
uncertainties concerning the degradation rates over time.
Nonetheless, as plastic pollution levels were assessed with
different degradation rates which led to the same conclu-
sions, it can be concluded that the results are robust. The
degradation rates can, however, be different with other cli-
matic conditions, so the findings from this study might not
apply to warmer countries such as Spain, Italy or France,
which are heavy users of mulch film.

4.3 Future work

Future work on LCA of biodegradable plastics should try to
engage producers of biodegradable plastics to enhance data
quality and sharing. Further, future research should inves-
tigate how agricultural mulch film degrades over longer
periods of time in Nordic conditions. The work performed
by Joner and Coutris (2022) is a clear starting point, but
more data is needed on the degradation rates to correctly

assess the time needed for a mulch film to properly degrade
in Nordic conditions and, deriving from this, the potential
accumulation of degradable plastics in nature over time.
In addition, degradation of the films in water has not been
investigated empirically in Nordic conditions. It has in
this study been assumed that the degradation rates will be
slower in water than in soil due to lower temperatures and
microbial activities. However, as it has not yet been deter-
mined when a product can be accepted as ‘soil biodegrad-
able’, ‘freshwater biodegradable’ or ‘marine biodegrad-
able’ (SAPEA 2020); these assumptions should be further
scrutinised. The accumulation of bioplastics was calculated
based on a film of 15 pm, typically used for lettuce cul-
tivation. However, the thickness of the film will depend
on the type of vegetable or berry cultivated, which will
again determine the plastic pollution potential (in mass,
as calculated in this study). Research could further assess
degradation rates for films of different thicknesses, as this
might differ. In addition, research on the environmental
impacts of alternatives to plastic mulch film such as wood
or straw, which could be applied to certain cultures, is lack-
ing for Nordic conditions and should be further scrutinised.
Finally, the effect on yield is however not necessarily the
same for all crop types, as was assumed in this study. Fur-
ther research should assess the methodology presented
for other crop types, for further robustness of the results.
Lastly, more research is needed for the development of CFs
for more polymer types, such as PBAT, which would allow
the integration of plastic pollution emissions in an LCA.
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5 Conclusion

The results of the two analyses, LCA and MFA, point towards
the same conclusion: the use of non-biodegradable material in
Nordic conditions leads to the lowest environmental impacts
and pollution if it is fully collected after use. There is however a
potential for biodegradable plastic mulch film to be a good choice
both from an environmental and “plastic pollution” perspective
when certain situations occur, such as when non-biodegradable
film is not collected properly. In this case, the biodegradable film
is a better choice from a plastic pollution perspective if applied
every third year, as the biodegradable film needs time to fully
degrade. Note that if biodegradable plastic is applied more often
than every third year, microplastics will accumulate in the soil.
Hence, this study can support the recommendations that biode-
gradable plastic has potential when used as mulch film but these
recommendations should be situation-specific, depending on
farmers’ ability to handle the mulch film properly. The authors
highlight that the LCA results are uncertain due to limited data
availability and encourage the biodegradable plastic industry to
be more transparent by making their LCIA data available. In
addition, the LCA results must be interpreted in the context of
the modelling assumptions and choices made. Finally, our results
are a contribution to the scientific community, showing that a
dynamic MFA approach can be combined with LCA results for
assessing plastic pollution, as long as CFs do not exist for assess-
ing its environmental impacts on soil.
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