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Abstract

This paper elaborates an energy and material flow model for conventional lightweight packaging sorting and recycling in
Germany based on literature analysis and information provided by industry experts. The model is used to determine specific
energy and material demands of particular lightweight packaging fractions and their respective climate impacts. Fluorescent-
based identification techniques, tracer-based-sorting in particular, are assessed as an option to increase material circularity
due to improved sorting and recycling accuracy. In comparison to primary production of lightweight packaging, conventional
sorting and recycling saves 565 kg CO,-eq./Mg of input sorting. A total of four implementation scenarios are considered,
reflecting the percentage of mixed plastics and residuals that can be mechanically processed through improved sorting (10%,
50%, 90% and 100%). Using tracer-based-sorting, these savings increase from 578 up to 1227 kg CO,-eq/Mg depending
on implementation scenario. This paper concludes that tracer-based-sorting can contribute to an environmentally benign
circular economy by yielding high-quality regranulates, which are capable of substituting more carbon-intensive primary
production of lightweight packaging.
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Plastics recycling

Introduction

The packaging industry is the most important single poly-
mer consuming industrial sector in Europe (PlasticsEurope
AISBL; EPRO 2018). The increasing use of this material
is leading to a global problem — plastics in the environ-
ment — with consequences that are still difficult to assess
(Coelho et al. 2011; Jambeck et al. 2015). A sustainable cir-
cular economy is seen as a solution to reduce both, the pro-
duction of plastics based on raw materials and the disposal
and littering of used plastic products. It has become part
of national and international policies and legislation (see,
e.g. the German Recycling Law (Kreislaufwirtschaftsge-
setz 2012) and the European Action Plan for the Circular
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Economy (European Commission 2015, 2020). Such cir-
cularity requires efficient material flows and environmental
sustainability throughout the whole life cycle (Geueke et al.
2018).

A mass increase in plastic waste (Destatis 2020) and a
further increase in statutory recycling rates all over Europe
including Germany (German Packaging Law 2017) are forc-
ing waste management systems to continuously increase
recycling activities. Since the beginning of 2019, the Ger-
man Packaging Act stipulates new recycling quotas for plas-
tic packaging: a quota of 63% must be met by 2022 (Birn-
stengel et al. 2018).

Today, plastic packaging materials are separated in sev-
eral stages of large sorting plants by mechanical separation
steps such as classification and sorting and eventually iden-
tified by near-infrared spectroscopy (NIR). Modern sorting
plants use up to about fifty individual NIR sorters, which
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are capable to separate the plastic packaging into the main
polymers HDPE, LDPE, PP, PET and PS.' A large, inferior
mixed plastic fraction remains, which at best is recycled in
thick-walled products. In addition, a sorting residue of at
least 20% arises which has to be incinerated (MEILO - MEILO
Gesellschaft zur Riickgewinnung sortierter Werkstoffe mbH &
Co. KG 2020). In the industry, sorting is optimized accord-
ing to sorting fraction specifications based on typical waste
management parameters. They generally allow for 10% for-
eign content in the products and do not go beyond a rough
polymer specification (DSD — Duales System Deutschland
GmbH 2020). The current business model for the opera-
tion of sorting plants leads to an overload of the separation
technology. Plants are operated with significantly higher
throughput than specified, resulting in low sorting quality.
There is no incentive for sorters to reduce the foreign con-
tent in the recyclate below specification limits and therefore
sorting product qualities fall short of what is technically
possible. However, even compliance or overcompliance
with current sorting specifications is not sufficient for high-
quality material recycling of plastics (Roosen et al. 2020)
as this requires a separation according to plastic types (e.g.
monomodal HDPE).

There are three main ways to recycle pre-sorted light-
weight packaging (LWP): energy recovery, feedstock recy-
cling and mechanical recycling. In energy recovery, waste
is incinerated, and the resulting energy can then be used in
the form of heat and electricity (Grigore 2017; Martens and
Goldmann 2016; Ragaert et al. 2017). In feedstock recy-
cling, polymer chains are modified, shortened and in some
cases degraded into their initial materials or chemical base
compounds. This is done by processes such as pyrolysis,
a thermal separation process or solvolysis processes. In
mechanical recycling, the polymer chains will be preserved
and processed into secondary raw materials (Ignatyev et al.
2014). The resulting granulate can be reused and therefore
replaces primary raw materials, often designated as “regran-
ulate” (Hellerich et al. 2010).

Basic mechanical recycling involves sorting LWP accord-
ing to its inherent material properties (shape, size, density,
colour and chemical composition). The packaging waste
stream is cascaded through various separation processes and
is typically sorted into 16-20 different fractions. Sensor-
based systems support the detection, especially of main pol-
ymer fractions (Ignatyev et al. 2014; Martens and Goldmann
2016; Shen and Worrell 2014). Compressed into bales, the
packaging is thereafter sent to its respective recycling routes.
For mechanical recycling, packaging is usually re-sorted and

! HDPE =high density polyethylene; LDPE=1low density polyethyl-
ene; PP=polypropylene; PET =polyethylenterephthalat; PS=poly-
styrene.
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washed, and impurities are removed. An extruder is used to
produce granules from the recycled material as an industry
commodity (ITAD 2015; Martens and Goldmann 2016).
In summary, there are different recycling techniques, vary-
ing the optimal method for each polymer type. Based on
the recycling hierarchy, incineration is at the bottom with a
recycling efficiency of 0%. Therefore, the goal is to recycle
mechanically in order to replace a linear economy with a
circular economy (Schwarz et al. 2021).

High-quality material recycling can be achieved by select-
ing or combining known techniques such as mechanical sort-
ing and NIR separation with new methods of image recogni-
tion and targeted labelling using fluorescent tracers in order
to identify and sort complex packaging (Kreibe et al. 2017;
Moser et al. 2016). There are several techniques to improve
the identification of materials with fluorescent substances.
One particularly efficient and robust fluorescence-based
technique for material identification is tracer-based-sorting
(Arenas-Vivo et al. 2017; Brunner et al. 2015; Maris et al.
2012; Woidasky et al. 2020b). The tracer-based-sorting
(TBS) technology allows high-quality plastics recycling
and the return of packaging materials to the material cycle
(Gasde et al. 2021; Woidasky et al. 2020a, 2020b, 2020c).
TBS enables material identification independent of the phys-
ical properties of packaging and can be applied to all types
of packaging. An inorganic fluorescent tracer substance is
placed on products, such as host oxide crystals doped with
rare earth elements (ytterbium erbium, holmium or thulium)
serving as sensitizers and activator substances for photolu-
minescence (Woidasky et al 2020a).

It can be added directly to the packaging object (as addi-
tive in compounding, in a coating or in ink of the printed
label) and remains invisible under normal conditions. Using
infrared irradiation, the tracer substance is excited and re-
emits specific wavelength signals within milliseconds. For
the purpose of an efficient and reliable packaging material
identification, small quantities of the fluorescent tracer are
applied within the printing ink on the packaging label. Com-
binations of several tracer substances can form “codes” and
serve as identification for sorting according to type (Woi-
dasky et al. 2020a, 2020c). The technology was developed
and adapted for the application in plastics packaging recy-
cling in the research project “MaReK — Marker based sorting
and recycling system for plastic packaging”.? TBS has been
demonstrated in a pilot plant for packaging sorting but has
not been introduced into the market, yet.

Published life cycle assessment studies of plastics recy-
cling, mainly of beverage packaging, typically do not show
a detailed analysis of the individual process steps of sorting

2 Project duration: July 2017-December 2020; for more information,
see http://www.hs-pforzheim.de/marek.
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and recycling, nor the potential of future innovative tech-
nologies (Detzel et al. 2016; Detzel and Bofl 2006; Kauertz
et al. 2011; Schonert et al. 2002). Recent LCA research by
Schwarz et al. offers a systematic comparison of different
recycling pathways of plastics and conclude that “opti-
mal environmental performance of recycling can only be
obtained where pre-treatment is improved in line with the
most suitable recycling method for a polymer” (Schwarz
et al. 2021). TBS offers one technical solution to improve
pre-treatment of polymers. In order to assess the economic
and environmental potential of TBS, the authors of this arti-
cle are addressing this current research gap by conducting a
detailed carbon footprint assessment of conventional LWP
sorting and recycling and by evaluating the environmental
and circular economy consequences of modifying it using
TBS scenarios.

Method
Material and Energy Flow-Based Carbon Footprint

Defined by the ISO EN 14040 and 14044 standards, life
cycle assessment (LCA) is a method for analysing the poten-
tial environmental impacts of products and services. The
standards specify the methodological procedure as well as
the principles and characteristics of an LCA study (DIN EN
ISO 14040 2009; Hauschild and Huijbregts 2015; Klopffer
and Grahl 2009). A carbon footprint is based on the meth-
odological approach and the principles of life cycle assess-
ment and limits the evaluation on the basis of one environ-
mental impact category, climate change (DIN EN ISO 14067
2019). Hence carbon footprints account for greenhouse
gases caused by products and processes, which contribute
to global temperature increase and its consequences. Climate
change measured as global warming potential in kg carbon
dioxide equivalents (kg CO,-eq.) is a globally accepted and
highly reliable environmental impact category (European

( secondarypulp )

Commission et al. 2012; IPCC - Intergovernmental Panel
on Climate Change 2015).

LCA and carbon footprints studies require data on mate-
rial and energy flows of the systems under examination. The
data collection of this study is based on literature research
and interviews with experts from German waste manage-
ment industry. Data from state-of-the-art sorting and recy-
cling plants in Germany is used to calculate process-specific
material and energy flows. Individual sorting processes are
modelled using operating data from the LWP sorting plant
MEILO in Gernsheim (data from 2019). For the model-
ling of different recycling paths, practical data from expert
interviews, including with a plastics recycler, are used to
obtain a realistic picture of the current state of the art as
well as further literature. The development of the energy
and material flow model for mechanical recycling is based
on data from several expert interviews, for example, with
the plastic recycler mtm plastics GmbH (Deregowski 2020).
The data was validated by industry-specific experts and the
German Association for Secondary Raw Materials and
Waste Disposal (Bundesverband fiir Sekundirrohstoffe und
Entsorgung e.V.) (bvse). To complete modelling of all sce-
narios, missing data is supplemented by information from
the literature and realistic estimates and assumptions (Kusch
2020). For the modelling of the TBS sorting aggregates, the
project partner Polysecure used a pilot plant for initial esti-
mations (data from 2020). Upstream processes for supply-
ing electricity, water or required chemicals such as sodium
hydroxide solution, aluminium sulfate and polyaluminium
chloride are derived from the ecoinvent database 3.6 (ecoin-
vent 2020; Wernet et al. 2016). The whole system includ-
ing upstream processes has been modelled using the LCA
software Umberto LCA + (ifu Institut fiir Umweltinformatik
Hamburg GmbH 2020).

The goal of this study is to assess the carbon footprint of
the conventional sorting and recycling system of post-con-
sumer LWP in Germany. Based on this, the effects of TBS
supported sorting are visualised and quantitatively evaluated
and compared with the conventional system. Figure 1 defines
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the system boundaries and provides an overview of the main
system for all scenarios under assessment. The foreground
system, i.e. the core of the assessment using primary data,
includes the sorting of the LWPs as well as three recycling
paths. Well-sorted plastic fractions can be recycled mechani-
cally, while mixed plastics and other residues are processed
into refuse-derived fuel (RDF) and paper/cardboard frac-
tions are processed into secondary pulp. The recycling of
aluminium and iron fractions is not further assessed as this
study focuses on plastics recycling. The background system
includes the prechains of auxiliaries and supplies, e.g. the
generation of required electric energy.

On this basis, three scenarios were modelled and evalu-
ated: the conventional sorting and recycling system, the con-
sideration of a “TBS light” scenario and the integration of
a “TBS complete” scenario (Gasde et al. 2021; Woidasky
et al. 2020a). As the LCA work was carried out in parallel
to the TBS technical development, the conventional sort-
ing and recycling was chosen as a reference case, reflect-
ing best industrial practices as identified in modern LWP
sorting plants, and deviations from this reference case were
estimated based on the current stage of development of the
TBS technology with its current technology readiness levels
(TRL). The scenarios chosen were:

— “TBS light” as an extension of existing processes for
LWP sorting, describing an additional sorting stage for
the plastic fractions PET, PP and PE added to the con-
ventional LWP sorting process. This scenario is particu-
larly suitable for implementation in existing plants and
complex sorting systems. The previous sorting process
remains completely unchanged, and TBS is used for re-
sorting in order to clearly identify and sort out, for exam-
ple, multilayer packaging. The TRL of this approach at
the time of assessment was at 4 (small-scale prototype in
lab scale).

— In contrast, “TBS complete” is intended to replace main
sorting processes of the conventional system. The aim of
“TBS complete” is to sort into sub-fractions and addi-
tionally new fractions, in particular plastics, resulting in
an increase in the quality and purity of the recyclate.
This also helps to identify the mixed plastics and residues
that have been difficult to sort previously, resulting in a
larger recycling percentage. The TRL of this approach at
the time of assessment was at 2-3 (technology was for-
mulated, first lab tests were made). As TRL was low, for
“TBS complete”, assumption-based sub-scenarios were
defined to consider different increase rates of mechani-
cal recycling, i.e. the percentage of mixed plastics and
other materials that were previously processed into RDF
and can now be separated for mechanical recycling into
regranulate (10%, 50%, 90% and 100%). These percent-
age figures can be considered as the product of the prob-
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Table 1 Fractions of LWP waste adapted from Christiani 2017; Woi-
dasky et al. 2020b

Distribution of
the input quantity

Input fraction

[Wt.-%]
LDPE 6.3
HDPE 3.7
PP 11.3
Mixed polyolefins (MPO) (PE and PP) 3.5
PS 2.8
PET bottles 5.6
Mixed plastics (MP)/other PET 34
Mixed plastics (MP)/other plastic packaging 3.8
MP/other plastic non-packaging 3.9
Paper, carton, cardboard (PCC) 5.1
liquid carton (LC) 18.0
Aluminium-containing packaging (ACP) 2.5
Aluminium 2.1
Iron/tinplate 9.2
Residues/Others 18.8

ability of detection by the TBS approach and the mechan-
ical ability of the sorting system to separate the particle
from the material stream. Even current, very high detec-
tion rates of up to 100% which were shown in experi-
ments may not necessary result in a complete separation,
as, e.g. cylindrical geometries in current sorters based on
pressurized air nozzle technology often are not separated
properly. Consequently, future developments of TBS
complete might not only provide identification means,
but also address the separation mechanism applied.

The system’s functional unit was defined as sorting and
recycling of 1 Mg (one metric ton) of average LWP waste.
The fractions of this average LWP waste flow as depicted
in Table 1 are defined by the German LWP mix (Christiani
2017) and further detailed by a LWP analysis, which differ-
entiated and examined packaging from 35 German house-
holds according to several sorting criteria (Woidasky et al.
2020b).

A material and energy flow model of all relevant sort-
ing and recycling processes has been developed, which
includes the average LWP waste flow and its single frac-
tions. Upstream processes for supplying electricity, water
or required chemicals such as sodium hydroxide solution,
aluminium sulfate and polyaluminium chloride have been
derived from the ecoinvent database 3.6 (ecoinvent 2020;
Wernet et al. 2016). The required tracer substance for TBS
is not included in the carbon footprint due to the small quan-
tity required in relation to the reference flow (Kélber 2019).
The whole system including upstream processes has been
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Table 2 Credits of all scenarios own calculation based on Christiani et al. 2001; Dehoust and Christiani 2012; Kauertz et al. 2011; Wernet et al.

2016
Output fraction Ecoinvent material Climate impact of SF  Credit Use in scenarios
primary product [kg
CO,-eq/kg]

LDPE regranulate Polyethylene, low density, 2.49 090 224 Al

granulate
HDPE food regranulate Polyethylene, high density, 2.33 1.00 2.33 “TBS light” & “TBS complete”
HDPE regranulate granulate 2.33 090 2.10 all
PP food regranulate Polypropylene granulate 2.29 1.00 2.29 “TBS light” & “TBS complete”
PP regranulate 2.29 0.90 2.06 all
MPO regranulate Average value of PE and PP 2.31 0.70 1.62 all

regranulate
PS food regranulate Polystyrene expandable 3.63 1.00 3.63 “TBS complete”
PS regranulate 3.63 090 3.27 all
PET bottles food regranulate Polyethylene terephthalate granu- 2.91 1.00 2.91 “TBS light” & “TBS complete”
PET bottles regranulate late, bottle grade 291 1.00 291 Al
MP food regranulate Average climate impact of the 3.30 1.00 330  “TBS complete”
MP regranulate plastics “PE” (29%), “PP” 3.30 0.90 2.97  “TBS complete”

(41%), “PET bottles” (18%)

and "PS" (12%)? Klicken

oder tippen Sie hier, um Text

einzugeben
Secondary pulp Thermo-mechanical pulp 1.58 0.50 0.79 All
Others food regranulate Average climate impact of the 3.30 1.00 3.30 “TBS complete”
Others regranulate plastics “PE” (29%), “PP” 3.30 090 2.97  “TBS complete”

(41%), “PET bottles” (18%) and

"PS" (12%)
Refuse-derived fuel (RDF) Hard coal 0.41 1.00 0.41 All

modelled using the LCA software Umberto LCA + (ifu Insti-
tut fiir Umweltinformatik Hamburg GmbH 2020).

All material and energy flows within the model follow
ecoinvent database nomenclature to enable direct assessment
of life cycle impacts. The climate impact has been computed
as Global Warming Potential over 100 years measured in
kilograms of CO, equivalents (kg CO,-eq).

Credits

Sorting and recycling results in recyclates that substitute
raw materials that would otherwise have to be newly pro-
duced. To account for the environmental benefits of this
secondary material, system extension is a widely used
approach in recycling life cycle assessments (Finnve-
den 1999; Heijungs and Guinée 2007; Suski and Wiesen
2016). Reference systems have been created for all output
fractions of the recycling process, and the expenditure is
offset by credits for total savings. Each reference system
subsequently receives a credit, allowing these impacts
to be compared with the impact of sorting and recycling
(Klopffer and Grahl 2009). Credits are allocated indi-
vidually according to the output fraction and are calcu-
lated as the product of the environmental impact of the

replaceable primary product and a substitution factor (SF).
The SF reflects the extent to which a secondary product
can replace a primary product, since in most cases the
material properties are not the same due to quality losses
and depend on the type of material (Christiani et al. 2001).
The better the output quality, the higher the factor and the
more primary material can be substituted, and resources
saved. Data sets from the ecoinvent database formed the
basis for the impacts of comparable primary products.
Table 2 summarizes all credits and related assumptions.
These credits were directly modelled in Umberto
which enables a quick evaluation of the results. Model-
ling in Umberto also requires the definition of internal
allocation rules for each process with multiple outputs.
Material types must be defined for self-created materi-
als which are distinguished between “Good”, “Bad” and
“Neutral”. Depending on the type of material, the flow
is classified as expenditure or income and is particularly
important in multi-output processes, for allocation into
product and by-product. This classification is essential for
the further allocation within the modelled processes. On
the basis of the allocation, the expenditures in the process
were then allocated to the various products, resulting in
the final calculation of the climate impacts. User-defined

@ Springer
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allocation rules were defined for each process. Resources,
e.g. energy, were physically allocated to the input frac-
tions, while the expenses for the individual fractions were
set using a user-defined allocation factor (ifu Institut fiir
Umweltinformatik Hamburg GmbH 2017).

Circularity

Within a circular economy, all non-renewable material is
supposed to be maintained within the technosphere as long
as possible in order to minimize resource extraction, waste
disposal and associated ecological impacts. There is a huge
variety of approaches how to increase material circularity,
e.g. reuse, remanufacturing or sharing strategies (Stahel
2016). Given that this paper has a clear end-of-life focus,
the obvious approach to increase circularity is to enable
high-quality recycling. A variety of indicators are available
to measure circularity, and no consensus on the best metrics
has been reached so far (Corona et al. 2019). In the specific
case of LWP sorting and recycling, there are legal require-
ments for recycling rate, though, which can be considered
as a basic circularity indicator.

The focus of this study is on recycling quota of plastics,
which is required to be above 63% according to legislation
(German Packaging Law 2017). The amount of plastic input
defined in the reference flow is 44.3% of total input. For
the calculation, the collection rate is taken into account, for
which a pessimistic value of 60% is assumed (Biinemann
et al. 2011; Urban and Halm 2012). In the following, two
approaches for the calculation of RQ are pursued: input-
based (previous approach according to German Packaging
Law 2017) and output-based. In the first approach, only the
input mass to mechanical recycling is considered as input
of recycling.

Input-based recycling quota (Destatis 2020):

input of all material recycling plants

Qinpu total mass of waste

However, this approach shows weaknesses in terms of the
method of calculation. The reference basis is the input mass
in the recycling process and the waste and losses resulting
from the recycling process are thus completely neglected. As
aresult, a recalculation of the recycling quota is already being
targeted by the European Parliament (European Parliament
2018), which is defining reference points for the future cal-
culation (European Parliament 2018; European Union 2019)
and, together with other stakeholders, requesting an output-
oriented approach (PlasticsEurope AISBL 2019).

Output-based recycling quota (PlasticsEurope AISBL
2019):

@ Springer

output of all material recycling plants
Coupu total mass of waste

For the conventional recycling and sorting system as
well as for all TBS scenarios, RQ;,,,, and RQ,,, are
assessed and compared to the legally required RQ. TBS
technologies offer the possibility to generate a significantly
higher-quality secondary product such as food packaging
recyclate. Hence, an additional RQ is calculated exclu-
sively for the food fractions available through TBS accord-
ing to the input-based approach (RQp;enquality)-

Results

In the first step, the results show the system flow diagrams
of all scenarios, the basis of the modelling, and following
the quantitative results of the carbon footprint calculation.
With a view to circulation, the results as well as the recy-
cling rates resulting from the assessment are illustrated
and analysed in more detail.

Model of Conventional Sorting and Recycling
System

Conventional Model

The conventional system is divided into sorting and three
following recycling opportunities. The aim was to create
a realistic representation of the conventional system for
LWP within Germany. Figure 2 shows an average technical
sorting process for LWP.

Starting with successive classification and separation
steps, packaging is sorted and then separated using sensor-
based systems that use the physical material properties
as a characteristic factor. (Christiani 2017; Dehoust and
Christiani 2012; Institut cyclos-HTP GmbH 2019; Kranert
and Cord-Landwehr 2010; Martens and Goldmann 2016).

Figure 3 gives an overview of the three recycling paths
that follow the sorting process. After a final manual prod-
uct monitoring, the sorted fractions are transferred to the
appropriate recycling paths. Most plastic fractions are
mechanically recycled into regranulate, and a small por-
tion becomes RDF. After an additional sorting process,
the plastics are washed, impurities are removed using a
density separation and finally processed into regranulate
in an extruder. In addition, the treatment of wastewater
from the washing processes is included in the analy-
sis (Deregowski 2020). Excluded from this process are
mixed plastics (MP), which enter the recycling process for
refuse-derived fuel together with the residues. These are
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Fig.2 System flow chart of the
conventional sorting of LWP
(NIR, near-infrared spec-
troscopy; LC, liquid carton;
MPO, mixed polyolefin; MP,
mixed plastics packaging (P)/
non-packaging (NP); PCC,

fine material <20 mm

bag opening

classification

paper, carton, cardboard; ACP,
aluminium-containing packag-
ing) own illustration based on
Christiani 2017, Dehoust and
Christiani 2012; Institut cyclos-
HTP GmbH 2019; Kranert and
Cord-Landwehr 2010; Martens
and Goldmann 2016
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separated from impurities in the material flow over several
sorting steps (Deregowski 2020). In addition, the process-
ing to secondary pulp for the fractions paper, carton, card-
board (PCC) and liquid carton (LC) is considered. For this
purpose, the pulp is shredded, softened in a stock solution
and then recycled back to secondary pulp (Gromke and
Detzel 2006).

Scenario “TBS Light”

In this scenario the conventional system is adapted for the
application of the “TBS light” technology illustrated in
Fig. 4. Only the differences to the conventional model are
presented. The previous sorting processes remain completely
identical and are supplemented by “TBS light” sorting units
for the fractions HDPE, PP and PET bottles. Due to the
improved sorting, manual re-sorting can be skipped (Dedler
2020). Based on (Woidasky et al. 2020b), a percentage dis-
tribution into food and non-food fractions is included.

T -

PP HDPE MPP MPNP PCC Al ACP LC ironftinplate  MPO LDPE

Scenario “TBS Complete”

The second improvement scenario is the application of “TBS
complete” whereby conventional sorting steps and technolo-
gies are replaced by the TBS sorting unit. Figure 5 illustrates
the sorting process. The previous sorting remains in place
up to and including the eddy current separation and can then
be replaced by TBS units. Previously separated fractions
(LDPE, MPO, iron/tinplate, LC, aluminium-containing
packaging (ACP), aluminium) are therefore not affected by
TBS and are manually re-sorted according to the conven-
tional procedure. Separated residues are directed into TBS
sorting units. Materials that have been previously unrecog-
nisable or difficult to classify are considered to have poten-
tial for TBS; these mainly include the fractions residues and
MP. After sorting, depending on the sub-scenario, different
quantities of MP and residues are sent for mechanical recy-
cling. An improvement due to significantly improved sorting
is reflected in reduced waste quantities in the recycling steps.
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Fig.3 System flow chart of the
recycling paths (NIR, near-
infrared spectroscopy; MP,
mixed plastics; PCC, paper,
carton, cardboard; LC, liquid
carton; RDF, refuse-derived
fuel) own illustration based on
Deregowski 2020; Gromke and
Detzel 2006

Fig.4 System flow chart of the
adaption of the conventional
model to “TBS light” (red
frame) (NIR, near-infrared
spectroscopy; LC, liquid carton;
MPO, mixed polyolefin; MP,
mixed plastics packaging (P)/
non-packaging (NP); PCC,
paper, carton, cardboard; ACP,
aluminium-containing packag-
ing)

Carbon Footprint

Figure 6 gives an overview of the total result of all scenarios
showing climate impacts and credits of LWP sorting and
recycling. Per Mg of LWP the carbon footprint of conven-
tional sorting processes has less climate impacts (21.6 kg
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main contribution to CO,-emissions originates from thermal
energy needed in the extrusion process (40.3 kg CO,-eq).
This environmental burden is counterbalanced by cred-
its (700.1 kg CO,-eq) for the regranulates, which replace
primary production products. Hence, the system yields net
benefits of 565.4 kg CO,-eq.

CO,-eq) compared to recycling (113.1 kg CO,-eq). The
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Fig.5 System flow chart of

the sorting process with “TBS
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Fig.6 Climate impacts and credits of LWP sorting and recycling (conventional, TBS light, and TBS complete)
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Fig.7 Carbon footprint and 1400
recycling quotas of different
LWP sorting and recycling = 1200
. c
scenarios 5 E
§5 1000 eeersseeeens
2]
Ex
22 800
£o
=3
° S 600
38
T
% 8 400
o
3
= 200
0

conv. TBS light

=== avoided climate impact

For the “TBS light” scenario, no significant changes in
climate impacts of sorting and recycling occur compared to
the conventional system. The additional impact of the TBS
sorting units is compensated almost equally by the avoided
climate impact of the saved process of manual sorting.
The net benefit of the scenario is slightly higher (578.2 kg
CO,-eq) though due to higher credits for the TBS fractions
(712.8 kg CO,-eq).

Compared to the conventional and the “TBS light” sce-
nario, the scenarios of “TBS complete” reveal an increase of
sorting related climate impacts of roughly 20%. Depending
on the increase rate of mechanical recycling, the climate
impacts of recycling increase by 14% in the 10%-increase
setting up to 46% in the 100%-increase setting. The increase
in sorting and recycling impacts is overcompensated by the
carbon credits for the additional secondary material. The net
benefits of “TBS complete” range from 783.9 kg CO,-eq for
10%-increase up to 1227.1 kg CO,-eq for 100%-increase.

In summary, an increase in avoided climate impacts can
be observed across the sub-scenarios. The more plastic is
recycled, the higher the associated savings. The significantly
higher credits of the MP and residual fractions that can be
recycled through “TBS complete” contribute in particular to
the saved climate impacts.

Circularity

Figure 7 relates the final results of the carbon footprint, the
avoided climate impact, to the calculated recycling quotas
for all scenarios. The calculation basis of the recycling quota
(RQ) can be found in Chapter 2.2.

The result of the input-based approach (RQj,,,) of
44.97% for the conventional system for plastics packaging
recycling clearly shows the need for action, as the quote of
58.5% (RQyequirea) currently legally required in Germany is
not achieved. This result is consistent with recycling quo-
tas for LWP in Germany published recently (Schiiler 2020),

@ Springer
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which amount to 46.4% only. The same applies to “TBS
light”, as this scenario implies that the recycling quantity
of plastics will not increase substantially. The use of “TBS
complete” has a significant effect on the RQ. The scenarios
90 and 100 show the potential of the technology with RQs of
74.10% and 77.34%, respectively. In order to meet the 2022
quota, at least 56% of the mixed plastics and residues need
to be mechanically recycled.

Compared to the input-based approach, the calculation
using the output flows (RQgyp,) shows how much plastic
is actually returned to the life cycle. RQqp, 0f the conven-
tional model and of “TBS light” is then reduced to 27.53%.
Even with the current sub-scenario 50, the required quota
cannot be achieved. The current quota of 58.5% can only be
achieved with a mechanical recycling of 90% of the MP and
residues. Hence, the RQ of 63%, required in Germany from
2022 on, cannot be achieved even with “TBS complete” yet.
Consequently, the results show an urgent need for action and
the importance of further development.

RQyignquality reflects TBS ability to generate higher quality
secondary products such as food packaging recyclate. Unlike
current NIR sorting processes, TBS offers the potential to
identify food-grade packaging items in the sorting process,
regardless of the material they are consisting of. Conse-
quently, food grade polymers can be recovered by TBS,
which along with adequate cleaning steps in mechanical
recycling can be applied in these types of packaging again
(Geueke et al. 2018). The implementation of “TBS light”
enables 18.66% of the plastic waste to be processed into
high-quality secondary product. With “TBS complete”, a
further increase is possible from 23.53% (10), 32.06% (50),
40.59% (90) up to 42.72% (100). Consequently, TBS reduces
the climate impact and returns a significant higher-quality
secondary product to the circular economy.
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Discussion and Conclusion

The interplay and integration of LCA and circular economy
is a recent research issue in industrial ecology research
(Haupt and Zschokke 2017; Dieterle et al. 2018). The
transformation to a circular economy requires new busi-
ness models and newly emerging technologies and needs
to understand associated environmental impacts, which is a
challenging task for LCA (Hetherington et al. 2014; Arvids-
son et al. 2018). This paper offers a pragmatic contribution
to the discussion on prospective LCA of emerging technolo-
gies by combining data from established recycling and sort-
ing systems with prospective data from pilot TBS plants.
The material and energy flow models presented within
this paper enable a detailed process-specific analysis of
recycling and sorting processes of LWP wastes with regard
to climate impacts and recycling quota in Germany. The
conventional recycling and sorting model is based on pri-
mary data from recycling and sorting plant operators, on
expertise from practitioners in the field, and on measure-
ments of actual LWP waste fractions. Thus, relevant stake-
holders and experts were included which is an important
step for the evaluation and assessment of uncertainties in
the evaluation of future innovative technologies (Van der
Giesen et al. 2020). Overall, the use of practice data and
existing LCI datasets is assessed with low uncertainty and
high accuracy compared to assumptions and calculations
(Parvatker and Eckelman 2019). Nevertheless, assumptions
have to be taken at various points in the model to fill data
gaps and to approximate orders of magnitude and trends. As
a consequence, for the modelling of sorting and recycling
paths, an existing plant is used as a reference in each case,
and linearity is assumed for the calculation of inputs. Our
model provides a factual baseline model and scenario for the
current LWP management situation in Germany and thus
serves as a reference tool for assessment of sorting and recy-
cling innovations. Triggered by increasing legal pressure on
LWP material recycling, such innovations are required and
expected in the near future. The parameterised model ena-
bles prospective assessments for technological changes espe-
cially in the sorting phase. In the case presented, it is used to
elaborate projections of the consequences of tracer-based-
sorting (TBS) technology on material recycling. The current
TBS technology readiness level is at pilot stage and has not
yet been fully introduced to the market and implemented in
a plant. Hence, pilot plant results along with assumptions
validated by experts have been used to build various sce-
narios of TBS implementation. These scenarios are used to
analyze potential environmental impacts of avoiding incin-
eration/use as a RDF due to improved sorting. As shown in
the literature (e.g. Van der Giesen et al. 2020), the results of
ecological assessments of future technologies are often not

exact but rather indicative. They provide an overview and
basis for discussion and R&D. The results of this study have
been discussed in the project consortium and were used to
improve the carbon footprint of TBS.

TBS can be regarded either as an extension of current
sorting technology (Martens and Goldmann 2016) in the
scenario “TBS light” or as an alternative technology if “TBS
complete” is implemented. Given the current constraints and
path dependencies in central Europe (due to the existing
sorting and recycling infrastructure), “TBS light” might
have a higher probability for implementation under the cur-
rent conditions. Nonetheless, substantial effort is required to
achieve circularity for lightweight packaging (Elnser et al.
2021). Technology development results of TBS show that
unlike current techniques TBS enables high-quality recy-
cling, i.e. leads to recyclates that can be used again in similar
applications (packaging to packaging) (Geueke et al. 2018).
This is a clear advantage over conventional technologies,
which until now have sorted exclusively based on mate-
rial properties only, with regranulates rarely meeting the
requirements for high-quality use, e.g. in the food packag-
ing industry. It has to be mentioned though that identification
of food-grade material in recycling is a necessity, but also
the sufficient condition of freedom from contaminants (e.g.
stemming from unintended use of the packaging) has to be
met (Geueke et al. 2018). Consequently, TBS sorting can be
regarded as providing the necessary condition for circular-
ity, although for a fully sufficient quality additional cleaning
steps in mechanical recycling may become necessary.

To this end, our study quantifies additional efforts and
climate impacts for TBS, in particular for more comprehen-
sive TBS solutions (“TBS complete”) in an early stage of
development, to make sure an appropriate balance of efforts
and benefits when modifying the waste management system
(Huysman et al. 2017). These additional efforts are however
justified by the even higher credits due to savings of primary
material production. This is true for optimistic and pessimis-
tic TBS scenarios alike. Based on the conventional sorting
and recycling system, 565.44 kg CO,-eq/Mg LWP sorted of
environmental impact can already be saved due to the cred-
its. Depending on the implementation scenario, these sav-
ings increase from 578 kg CO,-eq/Mg LWO sorted to up to
1227 kg CO,-eq/Mg LWP sorted using tracer-based-sorting.
These results confirm findings from current LCA studies on
plastics recycling in a circular economy, which show the
environmental superiority of closed-loop or high-quality
recycling in comparison to incineration, energy recovery or
open-loop recycling (Schwarz et al. 2021).

The challenges and goals for improving plastic recyclabil-
ity and especially to ensure recyclability of all plastic pack-
aging by 2030 (European Commission 2018) can only be
met if both packaging properties and sorting and recycling
technologies are improved (Birnstengel et al. 2018; Schwarz
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et al. 2021). Material-independent identification and sort-
ing approaches which work well under challenging waste
management conditions are technological options to ensure
circular economy for plastic packaging. Fluorescence-based
TBS as described in this paper is one such technology.
Assuming that it meets these challenges, it can be regarded
as an innovative and future-oriented technology for sorting
and high-quality recycling of plastics even in particularly
difficult areas such as food packaging. As identified in this
paper, it can contribute to a more resource-efficient plastic
packaging circular economy.
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