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Given the increasing trend towards paper-based packaging, this study investigated paper, paperboard, and paper-
based composite packaging in municipal solid waste (MSW) in Vienna by manual sorting. It identified 25,336 t/
yr of paper and paperboard packaging in mixed MSW and 8,335 t/yr in separate paper collection (SPC). Primary
food packaging had higher shares in mixed MSW (14-29 %) compared to SPC (8-16 %), while non-food and
secondary food packaging dominated both streams. The latter two and dry food packaging deemed most suitable
for SPC and recycling due to their low contamination. Improving their separate collection could increase the total

separate collection rate from 54 % to 60-76 %. Composite packaging was mainly disposed of in mixed MSW
(4,611 t/yr), with fibre-plastic composites dominating over fibre-plastic-metal composites, whereby the latter
proved to be less manually separable. The study highlights the need for appropriate disposal methods and
effective consumer communication on separate collection to increase recycling of paper packaging.

Abbreviations
LPW Lightweight packaging waste

MSW Municipal solid waste

PbPW  Paper-based packaging waste
PW Packaging waste

SCR Separate collection rate

SPC Separate paper collection

RQ Research question

1. Introduction

Today’s modern societies are unimaginable without packaging,
enabling global trade and modern consumer marketing (Emblem, 2012;
Robertson, 2012). However, packaging has a substantial environmental
impact due to the high demand for primary raw materials and is
responsible for considerable air and land pollution at the end of its life as
packaging waste (PW) (EC, 2022b). PW in the EU has increased by more
than 20 % in the last decade, especially single use packaging, and is
predicted to increase further (EC, 2022a), but the recycling rate lags
behind (EUROSTAT, 2023). This also accounts for paper-based pack-
aging waste (PbPW), which has also constantly increased from 64
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kg/capita in 2011 to 73 kg/capita in 2020 (EUROSTAT, 2022). The
reasons for the increase are partly the booming online retail sector, the
increase in out-of-home consumption, food delivery and associated
service packaging, and the substitution of plastic packaging (Benoit
et al., 2016; Cayé and Marasus, 2023; Kim et al., 2022; Ratchford et al.,
2022; Schmidt and Laner, 2021). At the same time the PbPW’s recycling
rate in the EU 27 declined from 85.4 % (2016) to 82.5 % (2021)
(EUROSTAT, 2024), which is below the recycling target of 85 % to be
achieved in 2030 (EC, 2018).

These EU-wide trends can also be observed at national level in
Austria, where PbPW volumes increased from 553,300 t/yr (2015) to
603,900 t/yr (2022) while recycling rates decreased from 84 % in 2015
to 79 % in 2022 (BMK, 2021). Although it is not yet clear whether this is
due to statistical uncertainties, it is evident that the paper recycling
industry has undoubtedly faced significant challenges in recent years.
The market for paper for recycling has become increasingly competitive:
high-quality graphic papers are becoming scarcer (APA, 2019; Cayé and
Marasus, 2023; Fischer, 2024; ORF, 2024; Sung and Kim, 2020), making
paper packaging an increasingly important raw material source for re-
cyclers (Bajpai, 2014b; Fischer, 2024). While high quality sources, such
as industrial and commercial waste, which are also the easiest to access,
have already been largely exhausted, the focus now needs to shift to
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household waste paper, but this has the disadvantage of lower quality
due to its heterogeneous composition and high level of impurities
(4evergreen, 2023; Bajpai, 2014a; Miranda et al., 2011).

Looking at the regional distribution of recycling rates of packaging in
general and PbPW in particular, these tend to be lower in urban than in
rural areas (Lederer et al., 2022; Schuch et al., 2023; Seyring et al.,
2016). This also counts for PbPW in Austria, where its capital Vienna
showed separate collection rates (SCR) for PbPW below the national
average (Gritsch and Lederer, 2023). As a consequence, also recycling
rates are lower than the national average. Considering this and the fact
that Vienna produces 20 % of MSW generated in Austria (BMK, 2023a),
there is a large potential in Austria’s capital to increase the separate
collection and recycling rate of PbPW in the country. However, in order
to explain separate collection and recycling rates of PbPW and also to
design scenarios for its improvement, not only material flow analyses
(MFA) of PbPW are required, as it was done for plastics or metals
(Brouwer et al., 2019; Lederer and Schuch, 2024), but also a detailed
analysis of quality and characterization of PbPW has to be carried out
(Esguerra et al., 2024; Gritsch et al., 2024; Santomasi et al., 2024).

Unfortunately, scientific literature on the quality of paper for recy-
cling is scarce. There are studies focusing on contaminants in PbPW
recycling (Peters et al., 2019; Pivnenko et al., 2015, 2016a, 2016b;
Pivnenko et al., 2018), studies analysing the impact of increased
collection rates and the use of commingled collection systems on the
quality of PbPW (Miranda et al., 2011, 2013), and a technical report on
the standard qualities of PbPW in Germany, focusing on the technical
properties of paper (Krebs, 2019). While the share of paper and card-
board in mixed MSW is usually reported in the course of MSW sorting
analyses, with some studies only reporting the share of ’paper and
board’ (Boer et al., 2010; Denafas et al., 2014) and some studies addi-
tionally reporting the share of 'packaging’ and 'non-packaging’ (Faraca
etal., 2019; Liikanen et al., 2016), there are only a few studies reporting
a further differentiation, such as Edjabou et al. (2015; 2021), who sorted
paper from Danish mixed household waste into several subcategories, or
Spies et al. (2024), who analyzed the composition of paper from light-
weight packaging waste (LPW), but both did not differentiate PbPW at
the product level and did not compare the quality of PbPW from mixed
MSW and separate collection. Furthermore, no studies were found that
included composite packaging (other than beverage cartons) made of
paper and other materials such as plastics and aluminum. This is inter-
esting because this packaging type has become very popular as a sub-
stitute for plastic packaging, especially in the food sector, due to the
positive consumer image of paper (Nemat et al., 2020, 2022; Nguyen
et al., 2020; Otto et al., 2021; Stravens, 2023), but is considered critical
in terms of its recyclability and could be partly responsible for the recent
decline in recycling rates (Giirlich et al., 2022; Runte et al., 2016; ZSVR,
2023).

Against this background, this study analyses PbPW from household
waste, in particular from mixed MSW and from separate paper collec-
tion, using manual sorting and material flow analysis (MFA). The aim of
this study is to provide insights into the composition, qualities and
quantities of PbPW in general, and the unexploited potential and mea-
sures to increase the separate waste collection of PbPW in particular, by
addressing the following research questions (RQ): (RQ1) What are the
material flows of PbPW in Vienna at paper type level (paper, paper-
board, corrugated board, paper composite)? (RQ2) What packaging
types and qualities for separate collection and recycling are present in
these material flows? (RQ3) Which SCR can be derived at packaging
type and quality level? (RQ4) What SCR can be achieved by advertising
packaging suitable for separate collection and recycling?

The paper is structured in a reasonable order defined by these four
research questions (1-4), i.e. the corresponding chapters of the Mate-
rials and Methods section (2.1, 2.2, 2.3, 2.4) and the Results and Dis-
cussion section (3.1, 3.2, 3.3, 3.4) are numbered accordingly.
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2. Methods and materials
2.1. Material flows of PbPW in Vienna

2.1.1. Management of PbPW in Vienna

SPC in Vienna uses a door-to-door collection convenient to con-
sumers (Stadt Wien, 2024a). Collection containers are provided with a
sticker on the front as supporting information for consumers displaying
a stack of folded corrugated board boxes and newspapers as examples
for the targeted fractions (Gritsch and Lederer, 2023). At the time of
analysis these were non-packaging paper and packaging paper like
paper bags, folding boxes and corrugated board (Stadt Wien, 2024a), but
not paper-based composite packaging that should has been disposed of
in the mixed MSW. Large corrugated board should be disposed of at one
of the city’s recycling centers due to its stiffness and volume (Stadt Wien,
2024a). This study explicitly excludes beverage cartons from
paper-based composite packaging, as they are already collected by the
LPW collection, separate recovery and recycling processes are already
established and their composition is fairly consistent and already known
(Feil et al., 2016; Giirlich et al., 2022; Robertson, 2021; Thoden van
Velzen et al., 2017).

2.1.2. Material flow analysis of PbPW in Vienna

Material flows of PbPW have been calculated by means of MFA,
which is a common tool for investigating waste management systems,
using the principle of mass conservation (Eq. (1)) to calculate material
flows between processes within a defined system (Brunner and

Rechberger, 2016). Where, Zﬁf{lmk] is the sum of kI=nl

input-material flows, E’,ﬁgj{o Mo is the sum of kO = nO output-material

flows, and Myyrqee describes the material flow entering or exiting a
storage in a process.

kl=nI kO=nO

My = Z Mo £ Myorage (@)
kI=1 kO=1

Material flows can be calculated for goods, which represent a specific
waste flow, and for subgoods, which represent specific types of waste
contained in these goods and therefore describe the goods in more
detail. Material flows of subgoods are usually calculated through their
concentration in the regarding good following Eq. (2), with my
describing the material flow of a subgood j in a good i and c;; describing
its concentration in the material flow of good m;.

mj = m; X Cji (2)

In the case of this study, goods represent all MSW flows from
households collected by the MA 48, the municipal waste management
department, within the political-administrative boundary of Vienna and
containing subgoods of interest (see below) in relevant quantities. These
waste flows are mixed MSW and SPC. The LPW collection was excluded
from the analysis, because at the time of analysis it was not a target flow
of the subgoods analyzed, and therefore the quantities of the subgoods
were very low. The annual waste flows for mixed MSW and SPC (in wet
masses) have been provided by the MA 48 (VA 48, 2022).

The subgoods contained in the material flows of goods, defined in
this study, are paper packaging, paperboard packaging, corrugated
board packaging and paper composite packaging, collectively referred
to as ‘PbPW’. The terms and definitions of paper, paperboard and
corrugated board have been defined according to DIN 6730:2017,
except for corrugated board where the short form has been used instead
of ‘corrugated fibreboard’ for simplification. According to this standard,
paper and paperboard differ mainly in grammage and strength, while
corrugated board is precisely defined and consists of at least one
corrugated and one flat sheet of paper glued together. The definition of
paper composite packaging was according to 4evergreen (2024), a cross-
industry alliance of the Confederation of European Paper Industries,
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which says that composite packaging is “packaging composed of paper
and a considerable share of non-paper elements that by design are not
separated after use” (4evergreen, 2024). The share of non-paper ele-
ments was set at >20 % in accordance with the legal requirements of the
national Packaging Ordinance (BMLFUW, 2014) and, in line with this,
paper packaging coated on both sides were counted as composite,
regardless of the ratio of their mass fractions. Some examples of paper
composite packaging covered by this definition are listed in the sup-
plementary material (S2.2.3.2); yoghurt cups with paper wrapping were
excluded from the analysis, as they are intended to be separated by the
consumer.

The annual quantities of these subgoods (in wet masses), as defined
above, were calculated by multiplying their concentration in the mate-
rial flow of goods according to Eq. (2), with the concentrations provided
by the MA 48 for 2009, 2015 and 2022 (MA 48, 2022), except for paper
composite packaging, for which data only exist for 2022. For calculating
material flows of separately collected corrugated board, additionally to
the household container collection, also amounts collected via the
recycling centers were considered (Table S3-S6 in the supplementary
file).

2.2. Types and qualities of PbPW for separate collection and
recycling

All subgoods, except for corrugated board, were further analyzed at
different levels representing sub-subgoods to determine their composi-
tion and quality. Corrugated board was exempted, because amounts
collected separately are already high, in contrast to paper and paper-
board packaging (Gritsch and Lederer, 2023) and it is usually a very
homogeneous waste consisting of large, unsoiled packaging.

2.2.1. Sampling and presorting

The sampling was conducted as part of a large MSW sampling
campaign in 2022, where all MSW flows in Vienna were sampled and
analyzed, including the target flows for PbPW, SPC and mixed MSW.
Sampling was based on the national guideline for waste sorting analyses
(Beigl et al., 2019; BMK, 2021), which has been developed in consid-
eration of national standards and European guidelines (ONORM S 2097:
2005; EC, 2004). Accordingly, four different strata were considered,
representing different settlement structures and purchasing power.
When selecting the random samples, the four strata were included in
proportion to their share of the total waste volume. Sampling and
pre-sorting of goods (mixed MSW and SPC) to subgoods (paper, paper-
board, corrugated board, paper composite packaging) was carried out by
an engineering office according to the standard characterization defined
in the national guideline and a previously defined sorting catalogue
(Beigl et al., 2019; BMK, 2021). The distinction between packaging and
non-packaging was conducted according to the national Packaging
Ordinance (BMLFUW, 2014). MA 48 not only provided this data for
modelling the material flows of subgoods (Section 2.1.2), but also the
pre-sorted subgoods from the sampling campaign for further in-detail
characterization carried out by the authors of this study as described
in Section 2.2.2 and 2.2.3.

In detail, during the 15 working day sampling campaign, mixed
MSW samples were collected from 20 randomly selected addresses per
day throughout the entire area of the city, resulting in 300 addresses
over the entire sampling campaign. The daily samples were therefore
representative of the city as a whole. In each case, samples of 240 L were
taken directly from the waste containers on the day of regular collection
or the day before. In total, about 3,000 kg of mixed MSW was analyzed
by the engineering company. In each of the three weeks, the same day of
the week was selected on which the pre-sorted subgood samples relevant
for this study were retained by the engineering company, meaning that
the mixed MSW samples from 60 addresses were analyzed in detail. The
corresponding sample weight analyzed in detail were 26 kg of paper and
paperboard packaging, and 7 kg of paper composite packaging.
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For SPC, 180 containers were taken as individual samples from
randomly selected addresses across the city and then analyzed as a
whole, giving a total sample of about 3,600 kg. Samples were taken on
the day of regular collection or the day before. For the paper and
paperboard packaging samples, the engineering office retained the
sorted partial quantities from every tenth container, and for the paper
composite packaging samples from every container, i.e. a total of 33 kg
and 11 kg, respectively.

2.2.2. Detailed characterization of paper and paperboard packaging

The paper and paperboard packaging sample was air-dried at room
temperature and atmospheric pressure and then manually sorted at four
levels (Table S1) and weighed afterwards. This procedure was chosen for
practical and health reasons, as sorting took several days, during which
time the fresh material would have started to mould. On the first level (I)
of sorting there is a distinction in food and non-food packaging, as it is
assumed that food packaging is the most critical for the quality of paper
for recycling due to contamination with product residues, or food in
particular (4evergreen, 2024). However, this depends on the food con-
tact level, which is addressed in step (II) and divides in primary and
secondary food contact. In this study, primary contact means packaging
that by design is in direct contact with the packaged food, e.g. egg
carton, disposable paper cup, flour paper bag, and are therefore likely to
carry residues. Secondary contact in this study means indirect contact
with the packaged food, where contact and therefore contamination is
unlikely but cannot be completely excluded (Burggraf et al., 2023), e.g.
cardboard box for cereals in a plastic bag, supermarket paper carrier
bags, outer packaging of multipacks. The third step (III) is to differen-
tiate the primary food packaging by product type, i.e. what type of food
was packaged. Moist and oily foods are likely to have the greatest
product related contamination potential in terms of product residues in
the packaging, while liquid foods are easier to empty and dry foods
generally have a low risk of leaving product residues in the packaging.
To test this, the packaging were qualitatively classified as “clean” and
“soiled” in a final step (IV). Only internal, product-related contamina-
tion at the moment of disposal was considered, not external contami-
nation, which occurs in mixed MSW due to cross-contamination with
other waste components. As an additional point of reference for soiled
packaging, the moisture content of paper and paperboard per waste
stream (mixed MSW and SPC) was also determined at 105 °C until
constant weight as defined in DIN 6730:2017 (details see $2.2.2).

As a result of the manual sorting at the four different levels, the
packaging that is suitable for separate collection and recycling have
been identified, including characteristic packaging that could represent
a good and easy communication tool for an improved separate collection
of PbPW.

The resulting composition of paper packaging from manual sorting is
presented as proportions of the respective subgood (paper/paperboard)
and also as extrapolated annual quantities in wet mass, calculated by
inserting in Eq. (2), using the annual quantities of goods and subgood
concentrations provided by MA 48 (MA 48, 2022). It has been decided to
present all quantities in wet mass as this is the mass in which the paper is
handled and delivered to the paper mills and therefore best reflects
practice.

2.2.3. Detailed characterization of paper composite packaging

After air-drying at room temperature and atmospheric pressure, the
paper composite packaging samples were manually sorted at three levels
(Table S2) and weighed afterwards. At the first level (I), a distinction
was made between paper, paperboard and corrugated board packaging
material. The composites were then categorized according to their
composite type (II) into fibre-plastic, fibre-plastic-metal and fibre-metal
composites. Fibre in this context means both paper and paperboard. To
check a plastic lamination, a tear-off test was carried out. Finally, the
composites were disassembled by hand as far as possible and the
quantities of the separated subcomponents were weighed (III).
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The resulting composition of paper composite packaging from
manual sorting is presented as proportions of subgoods and also as
extrapolated annual quantities, calculated using the annual amounts of
goods and subgood concentrations provided by MA 48 (MA 48, 2022).

2.3. Separate collection rate

SCR was computed for all subgoods and sub-subgoods i targeted for
separate collection as a quotient of the separately collected quantity
min spc; to the total quantity of the regarding PbPW fraction mj, spc;i +
Min mixed Msw.i according to the following Eq. (4). As the calculation of the
SCR only covers the waste streams of mixed MSW and SPC, but there are
certainly other waste streams containing PbPW (Kladnik et al., 2024;
Spies et al., 2024), the relevant waste streams have been added as an
index to the SCR. To calculate the SCR of corrugated board, the amount
of corrugated board deposited at the recycling center was added to the
amount collected separately from households with container collection.

Min spc.i 100 4

SCRspc mixed Msw.i (%] =
Min spc,i + Min mixed MSW,i

2.4. Scenarios for improved separate collection of PbPW

Based on the PbPW composition, the potential of paper and paper-
board packaging in mixed MSW was determined by developing sce-
narios for improved separate collection of PbPW suitable for separate
collection and for recycling. This is critical, as interventions for
improved separate collection should only address suitable PbPW for
recycling, otherwise a deterioration in quality would be accepted
(Miranda et al., 2011). Corrugated board was assumed to be 100 %
suitable for separate collection and recycling, while composite paper
packaging was assumed not to be suitable because of significantly
reduced recycling efficiency (4evergreen, 2024; Giirlich et al., 2022).
The scenarios therefore only cover the improved collection of paper and
paperboard packaging.

The first scenario assumed that all suitable paper and paperboard
packaging, as found after the detailed characterization (Section 2.2.2),
were collected at the average SCR of the PbPW in Vienna (see Fig. 2).
The second scenario assumed that all suitable paper and paperboard
packaging were collected at the highest SCR occuring among all sub-
goods (see Fig. 2). And the third scenario assumed that only the most
characteristic and easily recognizable PbPW (as identified in Section
2.2.2) was collected at the highest SCR occuring among all subgoods.

The impact on the total SCR of paper, paperboard and corrugated
board together per scenario i was calculated, according to Eq. (5), with
megp spc being the annual mass of corrugated board, mysspc being the
summarized mass of the not suitable paper and paperboard fraction and
mgspc = (Mg1 + Mgp + -+ + Mgp)gpc being the summarized mass of the
suitable paper and paperboard fractions in SPC. For scenario 3, the
suitable fraction account only for one, namely the most characteristic
one. Masses with the index MSW are the corresponding masses in mixed

GOODS SUBGOODS
Data and samples provided by MA 48
Mixed MSW ‘—> N.A.
3/15 days Corrugated board H
20 samples/day | —»
for 15 days - 33 kg PbPW Food
(3,000 kg) Paper compatibility
N |
Paper collection Paperboard

18/180
container
180 container il

Paperbased composite
(3,600 kg)

- 44 kg PbPW

Data collected in the course of this study

Packaging material
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MSW. The variable a stands for the respective SCR for each scenario, as
described above.

Mg spc +Mns spc +a-Ms spc
Mg spc +Mys,spc -+ @M spc +Mepmsw + Muspsw 1 (1 — @) -Ms msw
(5)
Fig. 1 gives an overview of all the methods and materials used for this
study.

SCR;[%] =

3. Results and discussion

The results are presented in the same order as the research questions,
starting with the material flows of PbPW (3.1; RQ1), then the types and
qualities of PbPW assessed by manual sorting are presented, with the
results for paper and paperboard packaging first (3.2.1; RQ2), followed
by paper composite packaging (3.2.2; RQ2). The next chapter presents
the specific separate collection rates at packaging type and quality level
(3.3; RQ3), and the last chapter presents the scenarios for an improved
separate collection of suitable PbPW (3.4; RQ4).

3.1. Material flows of PbPW in Vienna

Concentrations of PbPW increased in both, the SPC and mixed MSW.
While in 2009 the total PbPW was 23.0 % in SPC and 3.7 % in mixed
MSW, in 2015 it was 23.3 % and 4.3 % and in 2022 it was 36.3 % and 6.4
%, respectively. Thus, the total quantities of paper, paperboard and
corrugated board packaging increased significantly, from 49,654 t/yr
(2009), to 52,475 t/yr (2015) and finally 70,028 t/yr (2022). Simulta-
neously, the total SCR of paper, paperboard and corrugated board
decreased from 62 % (2009) to 57 % (2015), and 54 % (2022). For
detailed data see Table S3-S7 in the supplementary file.

This trend of increasing quantities and decreasing SCR can also be
observed for paper packaging alone, where amounts doubled from 5,646
t/yr in 2009 to 11,212 t/yr in 2022, while SCR decreased from 33 % to
21 %. Similarly, for paperboard packaging, volumes increased from
12,590 t/yr in 2009 to 22,458 t/yr in 2022, while SCR decreased from
36 % to 26 % (Fig. 2).

Corrugated board represents the largest material flow of all PbPW
and there is also a trend for increasing quantities, with 31,418 t/yr in
2009 and 36,358 t/yr in 2022. Of all PbPW, corrugated board has the
highest SCR, which, unlike paper and paperboard, has remained con-
stant at about 80 % over time. This is possibly due to the fact that
consumers are more likely to collect large packaging separately than
small packaging (Nemat et al., 2020; Thoden van Velzen et al., 2019).

In contrast, paper-based composite packaging not only have the
lowest amount of 4,707 t/yr in 2022, but are also almost entirely found
in mixed MSW at 4,611 t/yr. SPC contains comparatively small amounts
of composites with 96 t/yr.

SUB-SUBGOODS Impacts on separate collection

Calculated in the course of this study

Separate

> . >
collection rate
Scenarios
Food contact Product
level Rroduckiyps contamination (1)/ (2), (3)
Packaging for |mptroved
suitable for seﬁara e
collection
i separate :
Composite type su;:c%"r;p;:::nts ﬁ K Packaging
| collection?| ¢ jitable for

advertising?

Fig. 1. Overview of the methods and materials used (N.A., not analyzed; MSW, municipal solid waste; PbPW, paper-based packaging waste).
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Fig. 2. Annual amounts of paper, paperboard, corrugated board (for 2009, 2015, 2022) and composite packaging waste (2022 only) in Vienna, shown in t/yr
(stacked columns), related separate collection rates (SCR) (dots) and average SCR (lines) in w% on a wet matter basis, (corr. board, corrugated board; N.D., no data).

3.2. Types and qualities of PbPW for separate collection and recycling
3.2.1. Paper and paperboard packaging

3.2.1.1. Composition. The results of the characterization of paper/
paperboard packaging shown in Fig. 3 indicate that 55 % of the
paperboard in mixed MSW is non-food and 16 % is secondary food
packaging. In contrast, for paper packaging, secondary food packaging

has the highest share with 51 % and non-food packaging accounts for 35
%. Overall, the share of primary food packaging is higher for paperboard
at 29 % than for paper packaging at just 14 %. In primary food paper-
board packaging, oily (11 %) and moist food (9 %) have the highest
shares, liquid food the lowest (3 %). In primary food paper packaging,
dry (6 %) and moist food (5 %) have the highest shares (Fig. 3(A)). For
pictures of the fractions see the supplementary file Figure S1-S2.

In SPC (Fig. 3(B)), the shares of non-food and secondary food in

A Mixed MSW
- & 5
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
®) Separate paper collection
wore. I
v B o
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Composition per waste stream and material [%)]
ENon-food " Food(sec.) MFood(pri)liquid ®Food (pri.)dry Food (pri.) moist Food (pri.) oily

Fig. 3. Composition of paper and paperboard packaging and a mean composition of both (TOTAL) in mixed MSW (A) and the separate paper collection (B), regarding
food compatibility (food/non-food), food contact level (primary/secondary) and product type (liquid/dry/moist/oily), (sec., secondary; pri., primary).
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paperboard and paper packaging are of the same range with 46 % and 37
% in paperboard and 53 % and 38 % in paper packaging. The shares of
primary food packaging are much lower than in mixed MSW, with
around 16 % in paperboard and around 8 % in paper packaging. Dry
food has the highest share in paperboard packaging, while in paper
packaging it is moist food. Packaging of liquid foodstuff was not found at
all in SPC.

Overall, the share of potentially contaminated primary food pack-
aging is significantly higher in mixed MSW (23 %) than in SPC (15 %).
The share of food packaging for moist and oily foods, which have the
highest risk of carrying residues, is even three times higher in mixed
MSW (15 %) than in SPC (5 %). This difference could also be reflected in
the moisture content found, which is also more than twice as high in
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mixed MSW (16.6 %) as in SPC (7.2 %). For SPC the moisture content is
within the normal range for this grade of paper, which is usually around
10 % (Krebs, 2019; Miranda et al., 2011).

The qualitative analysis of packaging contaminated by the product
itself showed that in total in mixed MSW, a considerable higher share of
packaging was soiled, with 7 % of paper and 21 % of paperboard, in
contrast to SPC, where it was 1 % of paper and 4 % of paperboard
packaging. The detailed analysis at product level showed the highest
share of soiled packaging in moist (15-100 %) and oily (82-100 %) food
packaging, whether in mixed MSW or SPC. The lowest share was found
in non-food and secondary food packaging at only 0-1 % and liquid food
packaging at 5 % (Figure S3-S4). It can therefore be confirmed, that
moist and oily products have the greatest product-related contamination
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potential and could pose a risk to the transfer of product residues to the
recycling process and therefore should be disposed of in the mixed MSW.
These, and food material in general, are highly unwanted and are
therefore listed as prohibited materials in the European Standard EN
643:2014, as they can lead to excessive microbial growth and increased
risk of pests infestation resulting in lower quality and higher production
costs (4evergreen, 2024). Therefore, only packaging with low contam-
ination would be suitable for separate collection and recycling, which
are food packaging of dry and liquid food, secondary food packaging and
non-food packaging. Summarized, at least 5 % of paper and paperboard
in SPC was missorted due to contamination and 85 % of unsoiled
packaging in mixed MSW was missorted, because it should have been
disposed of in SPC (see Fig. 3).

From all suitable paper packaging, paper carrier bags were deter-
mined as the most characteristic paper packaging articles (Figure S2).
They would represent an easily understandable and depictable pack-
aging article for consumer communication and represent 91 % of the
secondary food paper packaging and 54 % of the non-food paper
packaging in mixed MSW.

3.2.1.2. Material flows. For material flows of sub-subgoods this means,
that in mixed MSW there is an amount of 12,052 t/yr of non-food, 7,218
t/yr of secondary food and 6,066 t/yr of primary food packaging, with
oily (2,138 t/yr) and moist (1,946 t/yr) food packaging being the most
frequent. In SPC also non-food (3,998 t/yr) and secondary food (3,147 t/
yr) packaging have the highest amounts. In contrast, dry food is the
dominant primary food packaging with 795 t/yr, oily and moist food are
behind at 263 t/yr and 132 t/yr, respectively (Fig. 4).

3.2.2. Paper composite packaging

3.2.2.3. Composition. The results of the characterization of paper
composite packaging indicate that paper composites are predominant in
mixed MSW (56 %), whereas in SPC there are more paperboard com-
posites (53 %) (Figure S5(A)). Possibly because, from a consumer’s
perspective, paperboard is considered more valuable for recycling due to
its higher weight or size (Nemat et al., 2020, 2022; Thoden van Velzen
et al., 2019). Composites with corrugated board are very rare (0.2-5 %).
In terms of composite type (Figure S5(B), fiber-plastic composites are
predominant in all waste flows (74-75 %), followed by
fiber-plastic-metal composites (25-26 %). Most of the fiber-plastic
composites in the mixed MSW are made of paper (67 %), whereas the
majority of the fiber-plastic-metal composites are made of paperboard
(77 %), this is also true for the SPC (Figure S6). The results of dis-
assembling the composites showed, that the proportion of manually
inseparable components is the highest for paperboard composites
(42-47 %) and for composites composed of fibre-plastic-metal (62-65
%) (Figure S7-S8).

3.2.2.4. Material flows. Although composite packaging was not a target
fraction at the time of the analyses this will change in 2023 when all
LPW, including composite packaging, will have to be collected sepa-
rately (EC, 2018; Stadt Wien, 2024b). This means that from mixed MSW
and SPC up to 2,629 t/yr of paper composites, 2,066 t/yr of paperboard
composites and a maximum of 11 t/yr of corrugated board composites
will enter the LPW collection, provided they are disposed of separately.
When considering composite types, the largest quantities will be
fiber-plastic composites with 3,520 t/yr, followed by fiber-plastic-metal
composites with 1,186 t/yr and negligibly small amounts of fiber-metal
composites (1 t/yr).

At the national level, a comparison is not possible because Austria
does not report the annual amounts of paper-based composite packaging
separately (BMK, 2023b), whereas a comparison with the per capita
amounts in Germany is possible: Germany reports 279,000 t/yr of
paper-based composite packaging in 2021 (Cayé and Marasus, 2023),
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which corresponds to 3.4 kg/capita (Destatis, 2024), while the 4,707
t/yr of paper-based composite packaging in Vienna corresponds to 2.4
kg/capita (Statistik Austria, 2024) and is therefore in the same range.
However, a comparison is difficult, because composite packaging is very
heterogeneous and can be defined both technically or according to the
Packaging Ordinance (BMLFUW, 2014). Therefore, a large amount of
paper-based composite packaging may not even appear in the statistics,
because paper-based composites with a content of foreign materials (e.g.
plastic, metal) lower than 20 % are licenced as paper mono-packaging
(BMLFUW, 2014). However, especially paper packaging with a low
content of foreign materials, mainly plastic, is increasing (Burger et al.,
2022) and needs to be addressed in the near future.

3.2.3. Separate collection rate

With a total of 32,530 t/yr of paper, paperboard and corrugated
board in the mixed MSW and a respective amount of 37,498 t/yr in the
SPC (including recycling centers), the current total SCR in Vienna for
paper, paperboard and corrugated board together in 2022 is 54 %.

Looking at the packaging-specific SCR of paper and paperboard at
the sub-subgood level, the results show a wide variance from 0 % to 45
% (Fig. 5). For food packaging of moist and oily food SCR is rather low
with values at 6 % and 11 %, which is desirable and probably a result of
recommending dirty paper to dispose of in the mixed MSW by the mu-
nicipality (Stadt Wien, 2024a). The packaging with the highest SCR are
those of dry foods (35 %), secondary food (30 %) and non-food pack-
aging (25 %), which are also among the most suitable for recycling.
Together with liquid food packaging, all suitable packaging achieve a
weight average SCR of 28 %. In terms of packaging material, paperboard
tends to achieve higher SCR (0-45 %) than paper (0-29 %). The SCR of
only paper carrier bags, which are included in the non-food and sec-
ondary food paper packaging, is 19 %.

3.3. Scenarios for improved separate collection of PbPW

As the current SCR of paper and paperboard suitable for recycling is
28 % on average (Section 3.3), there is currently an unexploited PbPW
potential of at least 21,252 t/yr of paper and paperboard packaging in
the mixed MSW (12,052 t/yr of non-food, 7,218 t/yr of secondary food,
1,448 t/yr of dry food and 534 t/yr of liquid food packaging). Paper
carrier bags alone (which are included in the non-food and secondary
food packaging) already account for 5,737 t/yr.

In the first scenario, 54 % of all suitable packaging is collected
separately, resulting in an increase of 11 percentage points in the total
SCR to 65 % (Fig. 6). If 80 % of all suitable packaging were collected
separately, which is the highest SCR of all packaging achieved by
corrugated board (Fig. 2), a total SCR of 76 % would be achieved in
scenario 2. And if 80 % of only the paper carrier bags, were collected
separately, this would still increase the total SCR to 60 %. The result of
scenario 2 shows, that theoretically an increase of the SCR by 22 per-
centage points compared to the status quo state can be achieved in the
best case of the given scenarios.

As the SPC is already implemented as the most convenient collection
system, improvement of the SCR must be achieved otherwise. Studies
showed, that pictograms can help consumers to choose the right
container for recyclables (Cristobal Garcia et al., 2022; Gritsch and
Lederer, 2023; Rousta et al., 2015), therefore, one option to enhance
SCR would be to display the respective packaging waste on the collec-
tion container. However, not every PbPW is equally suitable for depic-
tion, as found in this study. While non-food packaging would represent
the highest amount, simplified representation as e.g. a pictogram cannot
be realized easily, as this waste fraction is composed of many different
small articles, and is therefore very inhomogeneous (Figure S2(A)).
Whereas secondary paper and non-food paper fractions are composed of
a considerable amount of paper carrier bags, which very well can be
displayed as image, as they have a characteristic appearance and are
easy recognizable (Figure S2(B)). Moreover, paper carrier bags are made
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of Kraft paper, the strongest fiber type and are therefore considered a
high-quality secondary raw material for packaging (Welton Bibby and
Barton Ltd, 2005). As an EU-wide harmonization of separate collection,
including harmonized sorting instructions on packaging and collection
containers (EC, 2022c¢) is planned by 2028, the possibility of an addi-
tional display of locally specific packaging on collection containers is
therefore highly recommended.

It is generally known, that separate collection has its saturation
limits, which especially counts for urban areas. If improvements in
separate collection cannot be achieved by afore mentioned measures,
commingled collection with other recyclables could be considered, as
already established with plastic and metal packaging waste in Vienna
(Gritsch and Lederer, 2023). This facilitates waste sorting for consumers

by e.g. saving space in the household (Cristobal Garcia et al., 2022).
However, there will always be a reduction in quality, which must be
weighed up (Miranda et al., 2013). The final option for recovering paper
for mechanical recycling is automated sorting from mixed MSW. How-
ever, there are some limitations to consider: Small packaging is difficult
to sort (Tanguay-Rioux et al., 2021), the quality is reduced (Cimpan
et al., 2015) and sorted paper is not suitable for use as a food contact
material (BfR, 2019). In addition, EN 643:2014 still declares paper from
mixed waste collections unsuitable for use in the paper industry. How-
ever, with decreasing recycling rates and other current challenges in the
recovered paper industry, it would be appropriate to review these
restrictions.
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3.4. Limitations

Despite the valuable scientific contributions of this study, several
limitations should be taken into account. Firstly, it is important to be
cautious when attempting to generalise the findings to the wider Aus-
trian context, as this study was conducted as a case study focused on
Vienna and the specific demographic and waste management charac-
teristics of Vienna may not fully represent those of other regions of
Austria.

Secondly, the sampling procedure, which involved direct collection
of waste from bins, presented challenges that may have affected the
representativeness of the results. As a result of the considerable effort
put into detailed sorting at several levels, the sample size for certain
subcategories was relatively small, limiting the ability to draw detailed
conclusions at this level. Furthermore, the manual sorting method,
although necessary at this level of detail, is inherently prone to error or
inconsistency, without further technical support, for example in differ-
entiating between paper mono and paper composite packaging. As a
result, this study should be seen as a preliminary effort to understand the
composition of paper-based packaging. It is not intended to draw defi-
nite conclusions but to provide a basic understanding for future
research.

In addition, the study was limited to specific waste streams, such as
household waste, and future research should include other sources such
as public waste or LPW for a more comprehensive understanding of the
composition and recycling potential of PbPW.

Finally, it is recommended that future studies include fibre quality in
the sorting methodology, distinguishing between white, grey and brown
fibres, to be consistent with industry practice.

4. Conclusion

In this study, paper, paperboard and paper-based composite pack-
aging in MSW from households in Vienna were manually sorted ac-
cording to packaging and product-related aspects in order to gain
knowledge about the specific quality and composition. Suitable pack-
aging for separate collection and recycling was identified and scenarios
for an improved separate collection were investigated by calculating
SCR.

The results show that in contrast to corrugated board (80 % SCR),
only 21 % and 26 % SCR were found for paper and paperboard in this
study. Therefore, an amount of 25,336 t/yr of paper and paperboard
packaging was still found in mixed MSW and the corresponding amount
of 8,335 t/yr in SPC. Specifically, non-food and secondary food pack-
aging were found to have the highest shares, both in mixed MSW and
SPC. For primary food packaging, the shares were significantly higher in
mixed MSW (14-29 %) than in SPC (8-16 %), which is also supported by
the low packaging-specific SCR of liquid, moist and oily food packaging
(0-11 %) and is desirable from a paper recycling point of view due to the
risk of contamination. In addition, the study identified primary pack-
aging for dry and liquid food, secondary food packaging -particularly
paper carrier bags- and non-food packaging as suitable for SPC due to
their low contamination levels and easy communication. As a result of
their average SCR of only 28 %, the study identified a currently unex-
ploited potential of these suitable PbPW of at least 21,252 t/yr in mixed
MSW. By promoting this packaging for separate collection, the actual
SCR of paper packaging in general in Vienna (54 %) could be increased
to 60-76 %.

The study also found that paper composite packaging, with a total of
4,707 t/yr, is contained in mixed MSW and SPC in much lower quantities
than paper and paperboard packaging. It was disposed of almost entirely
in mixed MSW (4,611 t/yr), with paper composites (2,589 t/yr) pre-
dominant over paperboard composites (2,015 t/yr). The results also
show, that in terms of composite type, fiber-plastic composites were the
most common, with 3,520 t/yr in mixed MSW and SPC, followed by
fiber-plastic-metal composites (1,186 t/yr).
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This study confirms that there is a considerable amount of paper-
based packaging in MSW, with high amounts in the mixed MSW,
which is lost for recycling. With the increasing trend towards paper-
based packaging, it is essential to develop appropriate disposal and
recycling methods to ensure these materials contribute to a circular
economy. Future research should focus on a larger scale, possibly using
automated sorting technologies, which would help to provide a more
realistic picture of the challenges of paper recovery and recycling.
Finally, further research should focus on acceptable levels of product
contamination of PbPW, the detailed composition and recyclability of
paper-composite packaging and effective consumer communication, as
these topics are likely to become increasingly important.
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