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ABSTRACT

The European Union (EU) has set ambitious recycling targets for plastic packaging waste of 50% and 55%
by the end of 2025 and 2030, respectively. Austria’s recycling rate is currently below 30%, necessitating
significant improvements in collection, sorting, and recycling efficiencies. To enhance the sorting effi-
ciency, understanding the composition and condition of waste is crucial. Our study focuses on the
identification of the recyclable content of polyethylene (PE) films in Upper Austrian waste streams for
plastics recycling. This involved the manual sorting of three waste streams through various steps. As
a result, the occurrences of monolayer PE films in the post-consumer waste streams were obtained. Based
on the apprehended data, a circularity indicator (Cl), which is a rough estimation of material circularity
that takes into account the losses in both quantity and quality when reprocessing materials, together
with a sensitivity analysis was calculated for Austria, which revealed that reducing demand and increasing
the amount of recycled materials is more beneficial to the Cl than improving energy efficiency. This
research fills knowledge gaps on the availability of PE film waste in the various waste streams and can be
used as a basis for enhancing the recycling rate in PE film recycling.
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1. Introduction

From online purchases to cups to go, plastic packaging is
almost everywhere. In the past, the consumption of plastic
packaging has been increasing steadily. In the European
Union (EU), plastic converters have used approximately 40%
of the total plastics demand for packaging in recent years,
which amounts to about 20 Mt of plastic (Plastics Europe
AISBL 2022). When it comes to plastic packaging, flexible
packaging cannot be ignored. Analysing the global landscape
of plastic packaging demand in 2019, flexible plastics consti-
tuted approximately 58% of the total (Statista GmbH, 2022).
Flexible packaging, encompassing films and bags, has gained
considerable popularity due to its multifarious benefits and
could be realised as multilayer or monolayer film. Its ability to
reduce material usage facilitates convenient storage and trans-
portation. The flexibility of this packaging protects the con-
tents from external factors without causing dents or visual
defects. Additionally, its adaptability to conform to product
shapes and its cost-effectiveness compared to non-polymeric
counterparts underscore its advantages (Barlow and Morgan
2013; FPA - Flexible Packaging Association 2023; Sawant
2022). Nonetheless, flexible packaging is not without its draw-
backs, as exemplified by examples like single-use plastic bags,
for which EU Member States should take measures to reduce
their number according to Directive (EU) 2015/720 (European
Parliament and the Council of the European Union 2015).
Pervasive littering results in adverse environmental

consequences including fauna mortality, pollution, obstruc-
tion of sewage systems and waterways, and transformation of
landscapes. Notably, the extended decomposition period of
plastic bags poses a significant environmental concern (Jalil,
Mian, and Rahman 2013; Ujeh, n.d.).

Predominant polymers employed in flexible film produc-
tion encompass polyethylene low-density (PE-LD) and poly-
ethylene linear low-density (PE-LLD). In the year 2021, the
European plastics converters’ demand for these polymer types
amounted to approximately 8.5 Mt. According to Plastics
Europe (Plastics Europe AISBL 2022), the biggest plastics
converters’ demand for PE-LD and PE-LLD is for packaging.
However, after approximately one year, plastic packaging, and
therefore flexible packaging, has reached its end of life. In
Europe, only about 45% of flexible films are collected success-
fully (Plastics Recyclers Europe 2020; Wagner 2016). See
Figure 1 for the definitions of the different rates within the
value chain.

1.1. Best practice in Europe

Looking at the post-consumer plastics waste treatment in 2020,
solely a handful of countries exceed recycling rates of 40%.
Europe’s ‘best players’ include the Netherlands, Norway, Spain,
and Germany, according to data from Plastics Europe (Plastics
Europe AISBL 2022). This achievement has been made feasible
through the implementation of specific strategies:
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Figure 1. Graphical explanation and definitions of return rate, collection rate, sorting rate, recycling rate and recovery rate.

The Netherlands, leading in post-consumer plastics waste
treatment, boasts a recycling rate of 45% and an energy recov-
ery rate of 55% (Plastics Europe AISBL 2022). Landfilling
plastic waste is not admissible due to landfill bans enacted in
1995, which have been progressively extended to encompass 64
waste categories (Scharff 2014). Such regulations emerged
from the Netherlands’ struggle with landfill capacity shortages
in the late 1980s (Rijkswaterstaat Ministry of Infrastructure
and Water Management, n.d.). Local municipalities manage
recycling and waste collection, employing curbside collection
for low-rise areas and drop-off collection for high-rise zones.
The collected lightweight packaging is sorted into distinct
categories including polyethylene terephthalate (PET) bottles,
PE rigids, polypropylene (PP) rigids, flexible packages, mixed
packages, and PET-tray-sorted products. The country also
employs a deposit-refund system for PET water and soda
bottles (Picuno et al. 2021). Considering post-consumer plastic
packaging, the Netherlands achieved a recycling rate of 65% by
2020 (Plastics Europe AISBL 2022). According to van Velzen
et al. the Netherlands reach a film recycling rate of about 50%
(van Velzen et al. 2013).

Norway has achieved a 44% recycling rate for post-consu-
mer plastics waste (as of 2020), with 54% being subjected to
energy recovery and 2% ending up in landfills (Plastics Europe
AISBL 2022). Norway’s plastic packaging waste system is char-
acterised by two different separation systems. The first is waste
being separated at source by households. Here waste collection
practices vary at the municipality level, encompassing cate-
gories such as biodegradable waste, paper waste, plastic waste,
hazardous and minor electrical waste, glass and metal waste,
and residual waste (Relocation NO, n.d.). The second system
separates plastic packaging waste from mixed waste (residual
waste) in material recovery facilities and sorts the packaging
waste into different polymer types (Callewaert, Lerche Raadal,
and Lyng 2023). The nation excels through a well-established
deposit-refund system, where PET, polyethylene high-density
(PE-HD), and metal beverage containers are returned by

customers through a reverse vending process, attaining
a return rate of about 93% (Tomra Collection, 2022). By
the year 2020, Norway showed a post-consumer plastic packa-
ging recycling rate of 49% (Plastics Europe AISBL 2022).
Concerning the film recycling rate in Norway no data could
be found.

Spain reports a recycling rate of 43% for post-consumer
plastic waste, with 21% directed towards energy recovery and
36% being landfilled (Plastics Europe AISBL 2022). However,
it’s important to note that despite seemingly high recycling
rates, Spain predominantly relies on landfilling for waste dis-
posal. According to Plastics Europe, Spain reached post-con-
sumer plastic packaging recycling rate of 52% in 2020 (Plastics
Europe AISBL 2022). Spain reaches a PE flexible packaging
recycling rate of about 18% (Plastics Recyclers Europe 2019).

Germany reached a recycling rate of 42% in the year of
2020, 57% of the post-consumer plastics waste was treated in
energy recovery facilities and 1% was landfilled (Plastics
Europe AISBL 2022). Germany employs a commingled collec-
tion approach for packaging including plastics, metal, and
cardboard. Both drop-off and curbside collections are opera-
tional. At sorting facilities, plastic packaging waste undergoes
further segregation into 12 distinct fractions, including pure
polymeric sorted products (PET, PE, PP, and polystyrene
(PS)), film fractions, and mixed plastic sorted products.
Additionally, Germany has instituted a deposit-refund system
for PET bottles (Picuno et al. 2021). Germany achieved a post-
consumer plastic packaging recycling rate of 55% by 2020
(Plastics Europe AISBL 2022). Furthermore, Germany boasts
a recycling rate of PE flexible packaging of about 17% (Plastics
Recyclers Europe 2019).

As stipulated by the Packaging and Packaging Waste
Directive (Directive (EU) 2018/852) (European Parliament
and the Council of the European Union 2018), the EU is
tasked with achieving a recycling target for plastic packa-
ging of 50% by the end of 2025 and a further target of 55%
by the end of 2030. To calculate the correct recycling rate,



it is relevant that everyone uses exactly the same point of
calculation that considers also the rejects of the recycling
process. The national recycling rates mentioned in the
previous paragraphs are based on the old calculation
scheme for recycling plastics, where recycling starts with
the sorted materials sent for recycling (EU Directive 94/62/
EC) (European Parliament and the Council of the
European Union 1994). Under the new point of calcula-
tion, recycling starts with the materials entering extrusion
and moulding processes (European Parliament and the
Council of the European Union 2018). Therefore,
Europe’s average recycling rate of 46% according to the
old point of calculation would equal 32% under the new
plastics recycling calculation scheme.

Austria, on the other hand, has rather low recycling rates
compared. When comparing the above-mentioned average
recycling rate of 46% for the EU with the recycling rate of
38% for Austria, a significant difference is evident (Plastics
Europe AISBL 2022).

1.2. Current practice in Austria

Utilising the novel calculation scheme, Austria’s current recy-
cling rate is approximately 25%, clearly deviating from the
prescribed benchmarks outlined by the EU and its member
states, as elucidated earlier (Altstoff Recycling Austria AG
2019). Austria houses 15 dedicated plastic waste sorting facil-
ities, alongside an additional 25 facilities with a distinct empha-
sis on plastic waste recycling (Neubauer et al. 2021). The
implementation of a landfill ban in Austria in 2008
(Bundesministers fiir Land- und Forstwirtschaft, Umwelt und
Wasserwirtschaft 2022) has prompted the prevalent adoption of
recycling and energy recovery mechanisms for plastic waste
disposal. According to a 2020 study, approximately 4,500 tons
of litter were found along highways, state and county roads, rail
and subway lines, in and along waterways, and other access areas
such as national parks in Austria (Stoifl and Oliva 2020).

Turning to Austria’s plastic waste landscape, the primary
waste streams yielded an aggregate of roughly 980,000 tons of
plastic waste in 2019, whereas 302,000 tons were plastic packa-
ging waste. Within the total plastic waste fraction, pure plastic
waste constituted around 17%, whereas plastic-incorporating
waste represents approximately 80%. The remaining constitu-
ents included pigments, varnishes (both liquid and solid),
plastic sludges, and plasticisers. Notably, the subset of pure
plastic waste encompassed 28% in the form of plastic films.
The category of plastic-containing waste exhibited
a breakdown of 40% municipal and commercial waste, 18%
lightweight fractions sourced from packaging collection, 15%
unwieldy waste, and 2% construction site waste. Importantly,
it is pertinent to acknowledge that all these waste streams
potentially contain plastic films (Bundesministerium fiir
Klimaschutz, Umwelt, Energie, Mobilitaet, Innovation und
Technologie 2021).

1.3. Current practice in Upper Austria

The focus of this investigation pertains to Upper Austria,
encompassing residential and small-scale commercial sectors.
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In the year 2021, plastic packaging derived from the yellow bag
system contributed 27,200 tons, and plastic waste amassed
from collection centres amounted to 12,900 tons, whereas
7,000 tons were plastic packaging waste (Altenhofer, Brauer,
and Reiner 2023). The waste management landscape within
Upper Austria is characterised by the implementation of five
distinct waste collection mechanisms (Altenhofer, Brauer, and
Reiner 2023):

(1) Curbside collection: This operational paradigm
involves the collection of recyclable materials and
solid waste directly from households. In the Upper
Austrian context, this pertains to paper waste (collected
in red bins), packaging waste (collected in either yellow
bins or yellow bags), and municipal waste (collected in
black bins).

(2) Collection centres and islands: Representing discrete
collection points, these facilities allow for the separate
collection of a diverse array of 80 distinct materials and
substances.

(3) Organic waste collection: This collection system has
been instituted to enable composting and recycling of
organic materials.

(4) Communal container collection: Predicated on strate-
gically positioned communal containers located within
public spaces, this approach serves as a convenient
means for the gathering of selected waste materials
(e.g. glass containers).

(5) Depot container collection: At dedicated depots, speci-
fic containers are furnished to streamline the process of
efficient and segregated waste disposal, which repre-
sents another approach of collecting selected waste
materials.

In Upper Austria, films are only collected separately at collec-
tion centres. Otherwise, they are sorted out of the yellow bin or
yellow bag waste at sorting facilities.

1.4. State of the art

Similar to the research presented, only a limited body has
delved into the intricate composition of waste streams. Table 1
sums up and compares the investigated studies. Lahtela et al.
(Lahtela, Hyvérinen, and Karki 2019) centred their investiga-
tion on polymer identification within construction and demo-
lition waste, as well as mechanically sorted plastic waste. Their
objective was to discern the viability of employing plastic from
these waste streams as a potential raw material for recycling
applications. Using a handheld separation device based on
near-infrared spectra, the study revealed varying polymer
compositions in the plastic waste stream, with PP and PE
dominating across all sources. Additionally, the study encoun-
tered numerous indeterminate and non-identifiable waste
components. The authors found small amounts of PE in the
form of film in both waste streams. They explained the small
amounts by the fact that films have a large volume but a rather
low weight.

Furthermore, other European researchers investigated flex-
ible packaging as well. Exploring the CEFLEX recycling process
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Table 1. Summary and comparison of the state of the art literature research.

Upscaled numbers

Investigation

Paper point Waste type Method Result
(Lahtela, Hyvarinen,  Finland Construction and demolition Separation per handheld separation device Varying polymer compositions, PP
and Karki 2019) waste, mechanically sorted and PE dominating
plastic waste
(Lase et al. 2022) Europe Post-consumer flexible plastics Material flow analysis for performance Similar yields, improved quality
assessment
(van Eygen, Laner, Austria Separate collection, municipal solid Material flow analysis for qualitative and Material flows of product and
and Fellner 2018) waste, bulky and commercial quantitative investigation of waste polymer types
waste management system
(Schuch et al. 2023)  Austria Separate collection Material flow analysis for examination of Better performance in rural areas,
separate collection rates for plastic lower collection rates in urban
packaging areas
(Koinig et al. 2022) Austria Separate collection of lightweight  Separation per fourier-transformed infrared Varying amounts of polymer types

packaging

spectroscopy spectroscopy

and multilayer films

Table 2. Size distribution of natural colored films and categorisation of printed
films of the CC - PE-LD films and the CC — mixed waste.

CC - PE-LD films — Natural colored films

Total 31.7 kg
>1.5 m? 59.9%
from 1.5 m? to DIN A3 25.7%
<DIN A3 6.6%
Stretch 7.8%
CC - PE-LD films — Printed films

Total 60.2 kg
Non-food packaging 96.0%
Food packaging 4.0%
CC - mixed waste — Natural colored films

Total 1.6 kg
>1.5 m? 453%
from 1.5 m? to DIN A3 21.4%
<DIN A3 33.3%
CC - mixed waste — Printed films

Total 1.1 kg
Non-food packaging 73.0%
Food packaging 27.0%

Table 3. Upscaled PE-LD film waste amounts of the residual splitting waste, mixed
commercial waste, and the lightweight waste in Upper Austria.

Upscaled numbers

Designation Total waste  Upscaled PE-LD films (monolayer)
amount [tons] in Upper Austria [tons]

Residual splitting waste 176,000 6,250

Mixed commercial waste

Lightweight waste 76,000 14,040

for post-consumer flexible packaging, Lase et al. (Lase et al.
2022) engaged in material flow analysis, supplemented by per-
formance indicators encompassing quantity and quality. Their
investigation showcased that this quality recycling process
yielded regranulates of higher quality compared to conventional
recycling methods. The study’s essence lay in the discernment
that while yields exhibited a marginal increase, superior regra-
nulate quality was attained through supplementary sorting and
recycling procedures. Additionally, the study underscored the
value of modular material flow analysis in predicting future
recycling scenarios and facilitating decision-making.

To gain further insight into the Austrian waste manage-
ment, the following research papers are summed up:

Other investigations, such as that conducted by van Eygen
et al. (van Eygen, Laner, and Fellner 2018), adopted a material
flow analysis approach to quantitatively and qualitatively scru-
tinise Austria’s plastic packaging waste management system,
despite utilising data from 2013, which remains largely applic-
able. Their findings unveiled that the bulk of produced waste
plastic packaging comprised large and small films, along with
small hollow bodies including PET bottles. Notably,
58% + 3% of the waste was collected separately, with 26% +
7% of the total waste stream recuperated as regranulates, while
the remainder underwent thermal recovery in waste-to-energy
plants (40% + 3%) and the cement industry (33% + 6%). The
authors found that a total amount of about 140,000 tons of
small and large films entered the Austrian waste stream. Of
these collected films, about 40,500 tons end up as regranulate
and mixed regranulate after sorting and preparation.
Approximately 16,000 tons end up as residue for industrial
incineration after mechanical recycling. A novel calculation
perspective, shifting from input to output, was proposed, and
this transition was subsequently implemented.

Complementing van Eygen et al.’s work, Schuch et al.
(Schuch et al. 2023) employed material flow analysis to exam-
ine separate collection rates for plastic packaging in Austria.
Their study encompassed different settlement patterns, target
fractions, and service levels. Outcomes indicated superior per-
formance in rural areas where plastic packaging waste was
primarily collected via curbside collection, with augmented
collection through collection centres further enhancing effi-
ciency. Conversely, urban areas exhibited lower collection
rates. The authors advocated a transition towards the ‘all
plastic packaging’ target fraction to bolster separate collection
efforts. The authors did not focus on differentiating between
packaging types, product types, or polymers, hence no infor-
mation is available on films. Nevertheless, the authors recom-
mend extending their research to these fractions to further
deepen the knowledge of the collection behaviour.

Koinig et al (Koinig et al. 2022). embarked on a hand-
sorting trial pertaining to Austrian plastic packaging to
unearth the latent recycling potential of multilayer films within
the Austrian waste management context. Fourier-transformed
infrared spectroscopy was employed to assess the composition
of the located films. Their analysis revealed that 31% of the
films comprised PE, 39% consisted of PP, 11% were PET



composites, and 8% were PE-PP composites. Remarkably, 20w
% were identified as multilayer films. By evaluating distinct
scenarios entailing diverse sorting and recycling strategies for
smaller films, the researchers concluded that substantial incre-
ments in recycling rates could be achieved through enhanced
sorting processes.

Aligned with the previous research, the present study cen-
tres on identifying the recyclable content of PE films within the
Upper Austrian waste streams. This endeavour involved man-
ual sorting of three different waste streams, at three sorting
levels. The primary objective was to determine the occurrence
of monolayer PE films within post-consumer waste streams
and to explore their recycling potential. Subsequently, the
findings were then extrapolated based on a comprehensive
literature review to inform and enrich the study’s findings. In
addition, the Circularity Index by Cullen (Cullen 2017) was
used to benchmark the identified recycling potential and high-
light future ways for improvement.

2. Material and methods
2.1. Sample and description

Samples were provided by waste management partners for
each of the three waste streams. For this investigation lab
samples were gathered based on the quarter method described
in LAGA PN 98 (Ministerium fiir Umwelt und Forsten
Rheinland-Pfalz 2001). The first stream comprised residual
splitting waste from the municipal waste collection process.
In Austria, residual waste undergoes two primary treatment
pathways, with (a) direct incineration in waste incineration
plants or alternative thermal treatment facilities, collectively
referred to as ‘energy recovery’, as well as (b) mechanical-
biological treatment followed by incineration of residues.
Direct incineration typically involves limited pre-sorting,
whereas mechanical-biological treatment involves the
mechanical separation of high calorific waste from other mate-
rials. The high calorific waste undergoes energy recovery,
recyclable waste like metals are sent for recycling and low
calorific waste gets landfilled (Neubauer et al. 2021). For this
specific study, samples were sourced from the high calorific
(lightweight) fraction of this waste stream which will be further
called ‘residual splitting waste’.

The second stream encompassed mixed commercial waste
in its pre-treatment state for conversion into refuse-derived
fuel (RDF), a product designed to burn more efficiently than
the first stream. This RDF undergoes processing that involves
shredding, sorting, and other preparatory steps, and is utilised
in industrial processes for the generation of heat and power, as
required in industries like cement and lime production (Breeze
2018). This fraction will further be called ‘mixed commercial
waste’.

The third stream is dedicated to plastic packaging, which
represents the lightweight packaging waste collection system in
Austria and will be further called ‘lightweight waste’. This
stream was further subdivided into four distinct sub-streams,
notably collection centre (CC) fractions comprising polyethy-
lene low-density (PE-LD) films (‘CC - PE-LD films’) and
mixed waste (‘CC - mixed waste’), as well as sorting plant
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(SP) fractions represented by DSD 310 (‘SP - DSD 310’) and
DSD 830 (‘SP — DSD 830’). The two CC sub-streams originate
from Upper Austrian collection centres under the administra-
tion of 0.0. Landes-Abfallverwertungsunternehmen GmbH
(LAVU). The SP sub-streams, however, emanate from differ-
ent sorting plants. DSD 310 corresponds to the sorted film
fraction, while DSD 830 corresponds to the mixed waste frac-
tion according to the classification of Duales System
Deutschland (DSD) GmbH.

2.2. Hand sorting analysis

The samples were examined and underwent three different
sorting steps to gather as much information about the recy-
cling potential as possible. The inspected sample masses can be
seen in Table S1 in the Supplementary Materials.

The variations in collected mass result from their respective
availability. The residual splitting waste, mixed commercial
waste, lightweight waste, CC - mixed waste, and SP - DSD
310 categories were subject to manual selection and are repre-
sented by picked samples, while CC - PE-LD films and SP -
DSD 830 were provided in baled form.

The samples were subjected to a sequence of three sorting
levels: Initially, all seven categories underwent sorting based on
PE films, polypropylene (PP) films, other films, and non-film
items. In the subsequent sorting step, the PE-LD films were
further classified into categories including natural coloured,
coloured, and printed films. In the third sorting step, the CC -
PE-LD films, as well as the PE natural coloured films from the
CC - mixed waste, underwent an additional sorting phase
based on size criteria (>1.5 m?, between 1.5 m? and DIN A3,
< DIN A3) and underwent no further distinction due to the
lack of information. While the printed films were similar in
size, they contained additional product information that
allowed them to be segregated into distinct product classifica-
tions. The samples under examination were meticulously
sorted into the mentioned categories, with each category quan-
tified using a digital weighing scale.

2.3. FTIR measurements of the specimens

To discern unmarked specimens that could not be initially
identified, the Fourier-transform infrared (FTIR) spectro-
meter Spectrum Two (Perkin Elmer Inc., Waltham, MA,
USA) was employed for IR spectral analysis to ascertain
their polymer type. The measurements encompassed wave-
numbers ranging from 500 cm™' to 4000 cm™". In cases of
multilayer films, identification involved a comparative ana-
lysis of both sides of the film. An example is depicted in
Figure 2. Precise polymer identification was achieved by
juxtaposing the acquired infrared spectrum with relevant
literature data. Based on the identified polymer type, the
sample was sorted accordingly.

The spectra exemplified in Figure 3 represent measure-
ments performed on the collected samples that lacked immedi-
ate identification. In this example, characteristic peaks of PE
were evident on the Inside, while PP peaks were observed on
the Outside. This sample was determined to be of multilayer
film. Noteworthy spectral bands of the identified materials are
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Figure 2. Exemplary sample for multilayer identification.

documented in Table S2 and Table S3 in the Supplementary
Materials.

2.4. Calculation of circularity indications

In order to assess circularity, various measures exist. For
a quick estimate the approach described by Cullen was
used (Cullen 2017). He argues that the circularity index
(CI) of a product can be described with a simple formula,
see Equation 1. In Equation 2, « is described as the quo-
tient of waste recycled and products produced, in other
words, the recycling rate. S is defined as shown in
Equation 3.

Equation 1: The formula for the CI, as introduced by
Cullen. Perfect circularity would result in a value of 1.

Circularity index(CI) = a  f3
Equation 2: The formula used to describe « in the CI.

material recovered/mass

 material demand/mass

Equation 3: The formula used to describe f in the CI.
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3. Results and Discussion

3.1. Occurrence of films and polymer types in the waste
streams

As previously discussed, all collected materials underwent
initial categorisation into monolayer PE films, monolayer PP
films, other films, and non-films. Figure 4 presents the two
fractions films and PE films. The residual splitting waste frac-
tion, amounting to 54.6 kg, comprised 3.9 kg of PE films, 0.3 kg
of PP films, 2.7 kg of other films, and 47.7 kg of non-films.
Within this fraction, a diverse range of items such as textiles,
rigid plastic packaging, diapers, and shoes were present. This
corresponds to roughly 12.2% of the residual splitting waste
being composed of films, with PE films making up about 7.0%.

A comparative analysis with various Austrian municipal
waste assessments (Bundesministerium fiir Klimaschutz,
Umwelt, Energie, Mobilitit, Innovation und Technologie,
2021; Mollnitz et al. 2020) revealed that residual waste
included approximately 6.2% plastic packaging, 3.0% other
lightweight packaging, 3.9% plastic non-packaging, and
around 8.0% 2D-plastic packaging. Similarly, the Upper
Austrian waste analysis for 2018/2019 (Hietler, Pladerer, and
Pulswerk GmbH 2019) indicated the presence of roughly 6.0%
plastic packaging and 4.0% plastic non-packaging. Notably,
our data demonstrated higher values, attributed to our input
material being sourced from splitting plants. Our study utilised
pre-treated input material, excluding heavier fractions, and
allowing organic matter to decompose, resulting in the reten-
tion of solely the lightweight fraction. In contrast, the cited
studies relied on waste collected through curbside collection,
which is relatively fresher and untreated.

The mixed commercial waste fraction was sorted into
monolayer PE films and non-films due to the absence of
other polymer types. Among the 27.4 kg collected materials,
approximately 21.2 kg constituted PE films, while 6.2 kg were
non-films, indicating a predominant presence of around 77.0%
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Figure 3. IR spectra of the a) Inside (left PE) and the b) Outside (right PP) of the chosen exemplary sample of Figure 2.
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Figure 4. Contents of films and PE films in the different waste streams based on the first sorting.

PE films, with the remaining portion encompassing non-film
components like straps or remnants from packaging. Our
findings closely mirrored literature values (van Eygen, Laner,
and Fellner 2018), where approximately 71.0% of examined
mixed commercial waste streams were composed of large and
small films. Nevertheless, other studies found smaller amounts
of plastic in the mixed commercial waste of Austria, showing
that the waste composition is strongly dependent on the origin
of the waste (Méllnitz et al. 2020; Sarc and Pomberger 2022).

Considering the investigated lightweight waste fraction, of
the 9.3 kg of samples collected, 3.5 kg were monolayer PE
films, 0.5 kg were monolayer PP films, 0.6 kg were other
films, and 4.6 kg were non-films such as rigid hollow bodies
or polyethylene terephthalate (PET) bottles. This equates to
approximately 50.0% films. This is consistent with literature
findings such as those presented by Van Eygen et al (van
Eygen, Laner, and Fellner 2018). and Koinig et al. (Koinig
et al. 2022), who also identified approximately 55.0% of small
and large films within this specific waste stream.

Regarding the remaining examined waste streams, precise
numerical comparisons from literature sources were not
attainable. The Upper Austrian collection centres serve as
a disposal option for items also included in the lightweight
packaging collection system and is preferably used for items
that do not fit into the yellow bags and bins. The fractions from
these centres are relatively clean due to the oversight of sorting
by citizens and staff. In our study, the targeted fraction CC -
PE-LD films amounted to 100%. The residual fraction CC -
mixed waste from these centres, totalling 9.2 kg, encompassed
3.5kg of monolayer PE films, 0.7 kg of monolayer PP films,
1.9kg of other films, and 3.3kg of non-films. Remarkably,
approximately 66.0% of this fraction consisted of films. The
remaining waste streams came from the post-consumer collec-
tion of lightweight packaging stemming from sorting facilities.
The target fraction, designated as DSD 310, entails bales rich in
PE film, adhering to standards set by the German licencing

body Duales System Deutschland (DSD). The SP - DSD 310
bale sample weighed 27.4 kg, consisting of 16.0 kg of mono-
layer PE films, 0.9 kg of monolayer PP films, 4.6 kg of other
films, and 5.9 kg of non-films, resulting in an overall film
content of 85.0%. According to the DSD specification (Der
Griine Punkt 2023), the bale should exhibit a purity of 92.0% of
post-consumer films larger than DIN A4, with at least 42.0%
being natural coloured films of size larger than DIN A3. The
total impurity content should not surpass 8.0%. Hence, the
SP - DSD 310 sample investigated did not fulfil the DSD 310
specification. The examined residue fraction from the sorting
plant, designated as DSD 830 according to Duales System
Deutschland’s specification, should encompass a substantial
portion of mixed plastic with a high film content. Our study
revealed a total film weight of 25.8 kg out of 143.0 kg, including
15.9 kg of monolayer PE films, 3.9 kg of monolayer PP films,
and 6.0 kg of other films.

3.2. PE film categorization in color, size, and product
types

Previous investigations have already delved into the composi-
tion analysis of residual waste (M6llnitz et al. 2020) and yellow
bag waste (Koinig et al. 2022). In our study, we expanded our
focus to include the waste compositions originating from CC
and SP. Following the initial sorting phase, the PE fraction of
four predefined waste fractions underwent subsequent classi-
fication into natural coloured films, coloured films, and
printed films, as depicted in Figure 5. In a subsequent third
sorting phase, the natural coloured films and printed films
from the CC fraction were further categorised based on size
or product type, outlined in Table 2Table 2.

The exclusive PE-LD fraction obtained from collection
centres (CC - PE-LD films) amounted to 104 kg. Within
this bale, a total of 31.7 kg constituted of natural coloured
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Figure 5. Contents of natural coloured, coloured, and printed films in the PE film fractions based on the second sorting. Bar graph displaying the percentages of films,
PE films, natural coloured films, coloured films, and printed films across seven different waste fractions.

films, partitioned as follows: 59.9% were larger than 1.5 m?,
25.7% were smaller than 1.5m? but larger than DIN A3,
and 6.6% were smaller than DIN A3. However, 7.8% were
stretch films. Stretch films, due to their crumpled and
knotted state, precluded size distinction as opening them
would lead to their destruction. The PE-LD fraction of
printed films, accounting for 60.2 kg, was effectively cate-
gorised into non-food packaging (96.0%) and food packa-
ging (4.0%). Seasonal variation was evident in non-food
packaging, particularly in gardening products due to the
onset of spring.

The film segment extracted from the mixed plastic waste
fraction at the collection centre (CC - mixed waste) also
underwent differentiation into natural coloured films and
printed films (Table). Among the 1.6 kg of natural coloured
films, 45.3% were larger than 1.5 m?, 21.4% fell within the
intermediate size range, and 33.3% were smaller than DIN
A3. The coloured portion constituted 7.7% of the entire
film fraction. The printed subset, totalling 1.1kg, com-
prised non-food packaging (73.0%) and food packa-
ging (27.0%).

The DSD 310 fraction (SP — DSD 310) obtained from the
sorting plant contained 58.4% of PE films that translated
into 16.0 kg, categorised further into 52.2% natural coloured
films, 23.9% coloured films, and 22.6% printed films.
Notably, due to DSD specifications, the sizes predominantly
adhered to the DIN A4 range. Therefore, no third sorting
step was conducted.

Similarly, the DSD 830 fraction (SP - DSD 830) from the
sorting plant consisted of 15.8 kg of PE films, distinguishable
into 52,3% natural coloured films, 24,5% coloured films, and
23,2% printed films. Additionally, due to pretreatment pro-
cesses like sack opening, the sorting procedure itself, and
storage and transportation conditions at the sorting centres,
many items could not be differentiated further. As a result,
a third sorting step was omitted in this case.

3.3. Upscaling to film waste amounts in Upper Austria

In the preceding sections of this paper, only relative quantities
have been presented. To gain a more tangible understanding of
the potential quantities within Upper Austria, we conducted
research into existing literature values and extrapolated the
figures mentioned below. For the year 2021, a total of approxi-
mately 176,000 tons of residual waste were collected for energy
recovery in Upper Austria (Altenhofer, Briuer, and Reiner
2023). As Upper Austria does not treat residual waste in
mechanical-biological treatment plants, no figures are avail-
able in this case. In Austria, at least 50% of the waste that ends
up in mechanical-biological plants is used for energy recovery
in the form of RDF (Neubauer and Ohlinger 2006). By analogy
with the data collected above, about 88,000 tons would consist
of high caloric fractions. Based on the data provided in
Figure 4 this would correspond to approximately 10,560 tons
of film waste and to 6,250 tons of PE-LD films.

Although exact figures for collected commercial waste in
Upper Austria could not be determined, nationwide figures
indicate that approximately 36,000 tons of commercial waste
were sent to Austrian sorting plants in (van Eygen, Laner, and
Fellner 2018; van Velzen et al. 2013). However, no figures could
be found for commercial waste sent for energy recovery.
Furthermore, it would be difficult to derive Upper Austrian
data from national data, as Upper Austria is home to a large
number of plastics companies, which means that more indus-
trial and commercial plastic waste is generated there than in
other federal provinces. Due to the lack of detailed data for
Upper Austria, an upscaling of commercial waste is not possible.

Based on data from Altstoff Recycling Austria (ARA), an
Austrian packaging collection and recovery entity and the
federal environmental Dbureau (Umweltbundesamt)
(Neubauer et al. 2021), approximately 30,000 tons of packa-
ging waste were collected in Upper Austria in (Recycling
Austria Ag 2021, 2021). Correlating this data with the results



above suggest about 15,000 tons of plastic films can be found in
yellow bags and bins, of which 11,280 tons are PE-LD.

According to the 2022 annual report from LAVU, approxi-
mately 46,000 tons of packaging were collected at collection
centres. The CC - PE-LD films constituted 1,900 tons, with the
CC - mixed waste totalling 2,270 tons. Extrapolating from our
observations, the CC - mixed waste likely contains around
1,500 tons of films, of which 860 tons are PE-LD films.

In Upper Austria, all the lightweight packaging waste is
collected in yellow bags or bins and in collection centres
managed by LAVU. Summarising the calculated numbers,
about 18,400 tons of films and therefore 14,040 tons of PE-
LD films can be found in packaging waste. A summary of the
upscaled numbers is depicted in Table 3.

3.4. Circularity indications for Austria

As mentioned in the Introduction, the recycling rate was 25%
in Austria in 2020 for plastic packaging, according to the
federal  environmental Dbureau (Umweltbundesamt)
(Neubauer et al. 2023). Cullen provides a value for § of 75%
for plastics, which would result in a CI of 19% for Austrian
plastic packaging, alike the 20% for the global aluminium
production shown in Cullen’s work. This is interesting as
aluminium is a material not exhibiting degradation issues
during recycling and with a very high primary energy demand
for virgin production (Cui and Roven 2010). Cascone et al.
(Cascone et al. 2020) performed a life cycle assessment (LCA)
and an energy analysis on agricultural PE-LD films and found
values for the energy demand of primary and secondary PE-
LD production, which would result in a 3 of 85% and ulti-
mately a CI of 22% for Austria with the aforementioned a.
Keeping in mind the extraordinary high value of plastic-con-
taining waste being used as RDF, it was assumed that all
plastics entering residual and commercial waste (hard-to-
reach fractions) are currently energetically recovered, resulting
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in an « of 0 for the given amount. An incremental analysis was
performed to deduct the implications of increased recycling
rates for the hard-to-reach fractions, which were added to the
material recycled from other waste fractions (see Figure 6).

Due to the linear function, one finds that « increases by
0.0067 for each percent of hard-to-reach fraction being
recycled. Assuming 50% of hard-to-reach fractions would
enter recycling, a CI of 44% or 50%, depending on the value
for B, could be reached, indicating a plastics economy which
would be ‘half-circular’. The slopes and intercepts of the
graphs are listed in Table S4 in the Supplementary Materials.

Ultimately, a sensitivity analysis was performed iterating
material demand, recycled amount of material as well as the
primary and secondary energy demand in 10% steps. The
results are shown in Figure 7.

The sensitivity analysis shows clearly that manipulating levers
such as reduced demand or an increased recycling rate leads to
a higher increase in CI than dealing with energy efficiency for the
primary and secondary production processes. While the energy
demand differs considerably between the two sources, it seems
improbable that 50% of energy demand can be reduced in an
established and optimised process such as the production of PE
films. Moreover, the CI does not indicate absolute sustainability,
as it makes a tremendous difference whether the energy demand is
met with renewable or fossil energy. This is why the CI should
always remain a complementary analysis to a full environmental
assessment by means of LCA. Nevertheless, it was shown that for
an increased recycling rate a considerably higher CI can be
achieved. Ultimately this might easily lead to reduced carbon
dioxide equivalent emissions as mechanical recycling is mostly
driven by electricity by now, which can easily be greened in
comparison to the petrochemical industry, in which fossil powers
are hard-to-abate. Nevertheless, Cullen’s approach should be met
with care. The energy demand for secondary production likely
correlates with the recycling rate, as contamination and efforts to
bring hard-to-reach fractions into recycling are likely more energy
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Figure 7. The results for the sensitivity analysis for both sources of values of .

intensive than clean fractions. Some waste fractions in this study
exhibited visually a high degree of contaminations, which would
increase the energy consumption by adapting the pre-treatment
step (e.g. increase in washing temperature, necessity of detergent).
Therefore, unless a ground-breaking new technology surfaces, the
isolated parameter variation should be used with utmost diligence.

4. Conclusion

The study investigated the recyclable content of polyethylene
(PE) films in Upper Austria’s waste streams, collecting samples
from residual splitting waste, mixed commercial waste, and
lightweight packaging waste. The lightweight packaging waste
was further divided into four sub-categories, resulting in seven
different fractions. In subsequent sorting steps, the fractions
were categorised by film type, colour, print, and size. Large
films dominated the categories, and printed films were mainly
non-food packaging, showing seasonal variations. The study
found that most plastic packaging film waste is incinerated or
exported for sorting due to limited local recycling infrastruc-
ture. Only one recycling company operates in Upper Austria,
and no established recycling processes exist for certain waste
fractions, resulting in 20,000 tons of PE-LD films not being
recycled. The results, combined with national data, were used
to calculate the Circularity Index (CI), currently around 0.2.
The CI could improve by 0.0067 for each percentage of hard-
to-reach fraction recycled. Reducing demand and increasing
recycled material use benefits the CI more than improving
energy efficiency. Nevertheless, this is only an approximation,
since the energy demand depends on the recycling rate and
therefore on the amount of waste and the degree of contam-
ination. Overall, it can be concluded that enhancing efficiency
in collection, sorting, and recycling, along with educating the
public on proper waste sorting, is essential for achieving recy-
cling targets and preventing incineration of improperly sorted
materials.
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