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Abstract: In view of the increasing amount of plastic waste due to a yearly rise in production volume,
mechanical recycling of post-industrial waste offers a way to use the scarce resources on earth more
efficiently in addition to reducing the global warming potential in the production of raw materials.
Therefore, this study addresses the calculation of the product carbon footprint for sorted industrial
waste according to the specifications of ISO 14067. The plastics acrylonitrile–butadiene–styrene
copolymer (ABS), polyamide 6.6 with 30% glass fiber (PA66GF30), polycarbonate (PC) and poly-
oxymethylene (POM) were balanced in Umberto LCA+ using the Ecoinvent v3.8 and GaBi SP40
2020 databases and primary data collection from the recycling company Occhipinti. A cut-off ap-
proach was applied as an allocation method for evaluating the industrial waste so that the plastic for
grinding was imported without burdens from the previous product system. The results show that
for all plastics under study, one of the main drivers of the carbon footprint is plastic dust from the
grinding process. This insight was used in sensitivity analyses to optimize the modelled processes
for a more sustainable production. Improvement potentials were identified by using solar power and
disposing of the plastic dust separately according to the type of plastic.

Keywords: LCA; carbon footprint; mechanical recycling; ABS; PA66GF30; PC; POM; post-industrial
waste; regrind

1. Introduction

Engineering plastics are so multifunctional due to their special mechanical, chemical
and optical properties that we find them everywhere in our daily lives. Therefore, it is not
surprising that the demand for plastics is increasing exponentially, including the associated
burdens on our environment [1]. In order to ensure that this important commodity can
continue to be used in the future, it is necessary to minimize the ecological impact of its
production and use. For this purpose, it is essential to increase the recycling of plastic
waste, so that the use of recycled material can save resources, reduce waste and decrease
the global warming potential in the manufacturing of products [2]. Mechanical recycling
of industrial waste is in line with the European Union’s climate neutrality targets and the
Paris Climate Agreement to save raw materials and reduce CO2 emissions so that plastics
continue to enable the benefits valued by society [3]. With a view to support the necessary
transformation of linear production chains to a circular economy, this study investigates
the global warming potential of plastic regrind from a mechanical recycling process of
post-industrial waste for the substitution of virgin material. The objective is to improve
the weak data situation for plastic recyclates by calculating the Product Carbon Footprint
(PCF) and using sensitivity analyses to validate the results for the application in further life
cycle assessments (LCAs).

1.1. Material Flows in the Processing of Plastics

One way to reduce the carbon footprint of products is to increase the sustainability of
the materials by using them in different product systems through an open-loop recycling
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of the material flow. This can be achieved by using recycled materials such as regrind from
mechanical recycling instead of virgin materials. In 2019, 1.9 million tonnes of recyclate
was processed for plastic products in Germany. This corresponds to a share of 13.7%, which
is distributed almost equally between recyclate from post-industrial and post-consumer
waste [4]. However, there is still potential for a higher share of processed recyclates in the
production of new plastic parts, especially since mechanical recycling was considered to be
the most efficient recycling method in terms of time, economic cost, carbon footprint and
environmental impact in general [5].

1.2. Classification of Recycling Processes

Recycling describes the reprocessing of recoverable waste into a new product, and
the different types of recycling processes for plastics can be classified into four stages
according to ISO 15270 [6]. The first stage is defined as primary recycling, which includes
the treatment of post-industrial waste or pure polymer streams and represents per definition
the proceeding of this study. Following this standard, mechanical recycling can be also used
in the next stage of secondary recycling, which describes the processing of post-consumer
waste in an open-loop recycling system. The recycling of used plastic parts in this stage at
the end of their lifetime carries the risk of downcycling the material flow to a lower-quality
product. Contaminants in post-consumer waste require sorting of polymer waste streams,
and exposure to UV light during the lifetime of the product could damage the chemical
structure of the plastics [7]. In addition, high temperatures and shearing forces during
grinding, extrusion or injection molding lead to a reduction in the polymer chain length
as well as lower mechanical properties and process stability [8]. Therefore, after a finite
number of primary and secondary recycling steps, only chemical recycling at the stage of
tertiary recycling can restore the material flow to its monomeric feedstock via pyrolytic
or hydrocracking strategies [9]. With the monomers obtained from these time- and cost-
intensive processes, the original polymer chains can be completely restored via a new
polymerization. However, if chemical recycling is neither economically nor ecologically
reasonable, the only remaining option is the final stage of quaternary recycling, in which
the material is incinerated for energy recovery [10].

1.3. Product Carbon Footprint of Mechanical Recycling

From the perspective of the classification of recycling processes, it should be high-
lighted that mechanical recycling has some advantages over chemical recycling and energy
recovery. Grinding plastic parts into regrind requires only a minimum number of working
steps, and the chemical structure of the polymers remains almost intact during this process.
Furthermore, the energy that has already gone into the production of the plastic is retained
partially in the plastic regrind [11]. Thus, a scenario from a recent study shows that the use
of ABS regrind in injection molding can reduce the product costs by 28.1% and the carbon
footprint by 29.3% compared to production with virgin material [12]. However, in view of
the large number of possible recycling processes, the often incomplete characterization of
the recyclate as regrind, granulate or compound complicates the transfer of research results
into material databases, particularly when a quality factor has been added as a correction
in the calculation of the carbon footprint for the general assumption of downcycling in an
open-loop material flow [13]. Even if the decreasing product quality of recyclate has to
be taken into account for the product environmental footprint according to the European
Commission [14], a decline in product quality cannot generally be assumed for open-loop
recycling [15]. Therefore, this work is focused on the calculation of the PCF according to
ISO 14067 for regrind of widely used engineering plastics from post-industrial waste [16].
In this way, transparency and comparability are to be created so that these research results
can also be applied in life cycle assessments of future products made from the regrinds
under study.
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2. Materials and Methods
2.1. Goal and Scope

The goal of this LCA was to calculate the PCF of plastic regrind from a mechanical
recycling process of post-industrial waste using the LCA software Umberto LCA+ with the
integrated material databases Ecoinvent 3.8 and GaBi SP40 2020. This method supports
an LCA according to ISO 14040 [17] with climate change as the midpoint factor following
ReCiPe 2016 and ISO 14067 [18]. By using result datasets from Ecoinvent 3.8 [19] as
an additional background system, it was possible to calculate a system boundary from
cradle to gate across the life cycle phases of raw material extraction and production until
distribution. A cut-off approach was applied as an allocation method for evaluating the
industrial waste in this open-loop recycling system so that the plastic waste for grinding
was imported without burdens from the previous production system. An allocation of heat
and electricity from an energy recovery process for incinerated plastic waste was not taking
into account.

The inventory for the LCA of the mechanical recycling process was calculated as a
part of the research project SekÄqui at the company “Kunststofferzeugnisse Occhipinti”,
which is specialized in the recycling of pure polymer streams following the classification of
primary recycling. This analysis investigates the plastics acrylonitrile–butadiene–styrene
(ABS), polyamide 6.6 GF30 (PA66GF30), polycarbonate (PC) and polyoxy-methylene (POM).

Thus, 1 kg of the respective plastic regrind was defined as the functional unit for
the reference flow. As post-industrial waste for the mechanical recycling process, sprues
produced during an injection molding process for the manufacture of an arbitrary product,
as shown in Figure 1a, were used. The sprues were processed into regrind until the rotor
and stator knives of the mill have crushed the sprues sufficiently to be passed through
an 8 mm sieve. As shown in Figure 1b, this process results in the requested regrind with
various particle sizes in addition to separated plastic dust.
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Figure 1. Inputs and outputs for the mechanical recycling process: (a) Sprues from an injection
molding process were used as input; (b) regrind with different particle sizes as the requested output.

For the modeling of the foreground system, the mechanical recycling process was
divided into the four subprocesses “transporting plastic parts”, “sorting plastic parts”,
“grinding plastic parts” and “separating and packing regrind”. This subdivision is high-
lighted in Figure 2.

By defining individual process steps, the inputs and outputs of these process modules
were identified, forming the life cycle inventory used in this LCA. The electricity consump-
tion of the entire recycling process was measured for a production time of 1 hour in order
to reduce the effect of start-up losses at the beginning of the grinding process in the data
acquisition. In addition, the total amount of milled plastic was weighted to calculate the
specific electricity consumption of each plastic type.
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Figure 2. Subdivision of the mechanical recycling process.

2.2. Inventory Analysis

The first subprocess defined as "transporting plastic parts" includes the transport of
sorted plastic parts as freight with an average mass of 5 t in a truck over a distance of
25 km to the factory gate as well as the internal transport per pallet truck from the incoming
storage area to a lifting platform of the production line. This subprocess is represented
by the following process module in Figure 3, which captures the described energy and
material flows in terms of process inputs and outputs.
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Figure 3. Inputs and outputs of the process module: “transporting plastic parts”.

In the next step, shown in Figure 4, the transported plastic parts were inspected for
impurities on an assembly line. In this way, foreign materials or even labeled plastic parts
were rejected so that only a material flow of the pure plastic type remained. In contrast to
post-consumer waste, the material flow of each production line consists of one pure plastic
type from a previous production process such as injection molding with virgin pellets.
Therefore, the sorting process eliminates on average only 0.1% of the incoming material
flow due to the almost non-existent impurities in the post-industrial waste. These rejected
plastic parts will not be recycled into regrind. Instead, this part of the material flow has to
be disposed of via municipal incineration.
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The third subprocess describes the main process of the mechanical recycling by grind-
ing the now transported and sorted plastic parts on a large scale via rotor and stator knives
in a grinding mill. After the processing of around 100 t of plastic waste, five rotor knives
with a weight of 5.5 kg as well as two stator knives with a mass of 7.3 kg have to be
resharpened. This procedure can be repeated about 10 times before a new set of rotor and
stator knives has to be installed. In Figure 5, the proportional wear of the knives is taken
into account together with all other inputs and outputs for the grinding process.
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Figure 5. Inputs and outputs of the process module: “grinding plastic parts”.

During the grinding of sorted plastic parts, 4% plastic dust was produced, which is
separated from the regrind by a conveyor fan with a centrifugal cyclone. Together with
the previously rejected plastic parts, this plastic dust has to be disposed of in a municipal
waste incineration plant. However, the regrind was packed in an octabin container made
of a carton with a fine PE film, which holds a mass of 1 t. This packaging for distribution at
the factory was included in the defined system boundary. All inputs and outputs of the last
subprocess are highlighted in Figure 6 in one process module.
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Figure 6. Inputs and outputs of the process module: “separating and packing regrind”.

The energy and material flow determined by the process modules from Figures 3–6 formed
the life cycle inventory in order to calculate the PCF. The full name of all applied datasets from
the database Ecoinvent 3.8 are listed in Table 1 together with the geographical information.

Table 1. Applied datasets to calculate the Product Carbon Footprint.

Dataset Location Database

market for transport, freight, lorry 7.5–16 metric ton Europe Ecoinvent 3.8
steel production, electric, chromium steel 18/8 Europe Ecoinvent 3.8
market for scrap steel Europe without Switzerland Ecoinvent 3.8
market for folding boxboard carton Europe Ecoinvent 3.8
packaging film production, low-density polyethylene Europe Ecoinvent 3.8
market for waste plastic, mixture Germany Ecoinvent 3.8

2.3. Impact Assessment

Following ISO 14067, only climate change is addressed as a single impact category in
this work to calculate the carbon footprint of the product by applying the IPCC 2013 method
for the global warming potential over a 100-year period. The global warming potential
of the life cycle inventory builds the PCF expressed in CO2 equivalents (CO2e), which
was calculated using the datasets listed in Table 1. In addition, a specific dataset for
electricity consumption was used to evaluate the actual state at the plant, so the electricity
consumption for the company was quantified at 203 g CO2e/kWh based on data from
the municipal energy supplier “Stadtwerke Lüdenscheid”. The results of the LCA are
presented in the following Section 3.

Furthermore, the impact of the electricity from the local electricity supplier and the
disposal of the plastic waste in a municipal waste incineration plant on the calculation
of the PCF were investigated for each type of plastic. Therefore, different datasets for
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electricity consumption and disposal were used in sensitivity analyses 1 to 3, which are
listed in Table 2.

Table 2. Applied datasets in the sensitivity analyses.

Dataset Location Database
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1

market for electricity, medium
voltage, renewable energy products Switzerland Ecoinvent 3.8
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2
acrylonitrile–butadiene–styrene
(ABS) in waste incineration plant Germany GaBi SP40 2020

professional database
polyamide (PA) 6.6 GF30 in waste
incineration plant Europe GaBi SP40 2020

professional database
polycarbonate (PC) in waste
incineration plant Europe GaBi SP40 2020

professional database

This choice of parameters results from their influence on the PCF and takes into
account that these input variables can be adjusted directly by the company as required. The
single use of the packaging carton by customers, in contrast, is outside of the producer’s
corporate control and is required for risk prevention, as no impurities from the previous
use of the packaging are contained. The purpose of the sensitivity analyses is to validate
the calculated PCF and to achieve an overall understanding of the main drivers as well as
to identify its optimization potential.

Therefore, electricity from the local power supplier was substituted with electricity
from renewable sources in the first sensitivity analysis. The dataset "market for electricity,
medium voltage, renewable energy products" from the Ecoinvent 3.8 database was imple-
mented accordingly. In contrast to the analysis of the actual state, where plastic dust from
different production lines with different types of plastics was collected in a bag, sensitivity
analysis 2 shows the effects of incinerating a pure polymer stream via sorted disposal in a
municipal waste incineration plant. Thus, the dataset "market for waste plastic, mixture"
from Ecoinvent 3.8 was replaced by the material-specific datasets for waste incineration
from GaBi SP 40 2020, with the exception of POM, as no dataset for sorted incineration is
available for this type of plastic in the databases Ecoinvent 3.8 and GaBi SP 40 2020.

Finally, in a third sensitivity analysis, the optimization potential for reducing the PCF
was investigated by applying both datasets from analyses 1 and 2 in combination for all
possible types of plastics under study.

3. Results
3.1. Specific Energy Requirement vs. Product Carbon Footprint

By dividing the measured power consumption for grinding the four types of plastic
by the weighted mass of milled plastic parts, a specific energy requirement was calculated.
In line with other studies [20], the results show that large-scale plastic mills with a high
grinding volume per hour have a lower energy requirement per ground mass of plastic,
leading to a very low specific energy requirement in comparison to beside-the-machine
granulators, which can be integrated into an inline injection molding process. Table 3
highlights the specific energy requirement together with the calculated PCF per 1 kg of
regrind for each plastic type. Depending on the strength of the plastic type, the power
consumption for grinding the same components varied widely.
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Table 3. Specific Energy Requirement and Product Carbon Footprint per 1 kg regrind.

Plastic Type Specific Energy
Requirement Product Carbon Footprint

acrylonitrile–butadiene–styrene (ABS) 0.172 MJ/kg 146 g CO2e/kg
polyamide 6.6 GF30 (PA66GF30) 0.278 MJ/kg 152 g CO2e/kg
polycarbonate (PC) 0.169 MJ/kg 146 g CO2e/kg
polyoxymethylene (POM) 0.098 MJ/kg 142 g CO2e/kg

A comparison between the calculated PCF of regrind and virgin granulate from the
Ecoinvent 3.8 and GaBi SP40 2020 databases shows that the global warming potential of
regrind is more than 20 times lower, regardless of which type of plastic is being consid-
ered. The results from Table 3 are even much lower than the PCF from studies of other
mechanical recycling processes [13]. This is because energy-intensive post-treatments, such
as a subsequent extrusion of regrind into regranulate, are not absolutely necessary for the
further processing of regrind. Therefore, these post-treatments are excluded from the me-
chanical recycling process under study, as the regrind can be processed into new products
via injection molding. In this case, the regrind directly replaces virgin granulate, so that the
energy for a previous melting of the plastic has been saved. However, the calculation of
the specific energy requirement also shows that despite the strong increase from POM to
PA66GF30, the PCF of the regrind, in contrast, rises only slightly. The following sensitivity
analysis illustrates that the electricity consumption of the grinding mill is only responsible
for up to 10% of the PCF. Instead, the main driver of the PCF is the incineration of sorted
plastic parts together with the plastic dust produced during grinding in a municipal waste
incineration plant.

3.2. Sensitivity Analysis of ABS

The investigation of acrylonitrile–butadiene–styrene (ABS) in sensitivity analyses
1 to 3 specifies the impact of different process inputs on the total PCF compared to the
actual state of the recycling process. In addition to the consumed electricity and the
disposal of dust, Table 4 also lists the use of the packaging cardboard as well as the wear of
the knives in the mill and the transport of the plastic parts to the factory gate.

Table 4. Life cycle inventory of the Product Carbon Footprint from 1 kg ABS regrind.

CO2e in g Steel Transport Electricity Carton Dust Sum

actual state 0.20 5.40 9.79 34.88 95.95 146.21
analysis 1) 0.20 5.40 0.52 34.88 95.95 136.95
analysis 2) 0.20 5.40 9.79 34.88 86.05 136.31
analysis 3) 0.20 5.40 0.52 34.88 86.05 127.05

As already mentioned, the results from Table 4 show that the incineration of plastic
dust is the main driver of the PCF. However, the single use of the octabin container made of
cardboard also has also a strong effect. To illustrate the global warming potential of the life
cycle inventory from 1 kg ABS regrind in the sensitivity analyses compared to the actual
state of the mechanical recycling process, Figure 7 shows the individual process inputs in
CO2 equivalents (CO2e).
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Figure 7. Global warming potential in CO2 equivalents (CO2e) of 1 kg ABS regrind.

Figure 7 shows that the impact of transport as well as the consumption of the carton
remains constant across all analyses. In contrast, the sum of all amounts, which corresponds
to the PCF, decreases continuously from the actual state of the production process to
sensitivity analysis 3. Thus, the environmental impact in the production of ABS regrind can
be reduced by about 6% using electricity from regenerative energy sources and by about
7% through the incineration of sorted plastic dust.

3.3. Sensitivity Analysis of PA66GF30

The effects of replacing datasets in the calculation of the PCF of polyamide 6.6 GF30
(PA66GF30) are summarized in Table 5 for sensitivity analyses 1 to 3. As before, the
individual components of the life cycle inventory are specified with their global warming
potential. To ensure the comparability of the results, the same procedure was used for all
types of plastics, so that only the effects caused by electricity consumption and incineration
of the plastic waste are evaluated with different CO2 equivalents.

Table 5. Life cycle inventory of the Product Carbon Footprint from 1 kg PA66GF30 regrind.

CO2e in g Steel Transport Electricity Carton Dust Sum

actual state 0.20 5.40 15.87 34.88 95.95 152.30
analysis 1) 0.20 5.40 0.85 34.88 95.95 137.28
analysis 2) 0.20 5.40 15.87 34.88 66.59 122.94
analysis 3) 0.20 5.40 0.85 34.88 66.59 107.92

As a result, Table 5 shows an even greater optimization potential for the plastic type
PA66GF30 than for ABS in each individual step of the sensitivity analyses 1 to 3. This is
illustrated in Figure 8 by the sum of all inputs in green.
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Plastic parts made of polyamide have a high mechanical strength, which is further
increased by the addition of glass fibers. This leads to a low grinding volume per hour and
a high energy consumption of the plastic mill, which is also shown by the specific energy
requirement in Table 3. Thus, this plastic type has the highest reduction potential of 10% by
using regenerative energies among all evaluated plastics. Due to the chemical composition
of the fiber–plastic composite, the glass fiber content also ensures lower CO2 emissions
when the plastic dust is burned compared to pure plastics whose polymer chains are based
on organic carbon bonds. Therefore, the PCF could be reduced by an additional 19% by
changing the recycling process to sorted plastic waste disposal. As shown in Figure 8,
sensitivity analysis 3 combines both previous approaches to reach the largest optimization
potential of 29%.

3.4. Sensitivity Analysis of PC

Like before, the influence of the individual process inputs on the PCF of 1 kg of regrind
was also calculated for polycarbonate (PC). The results are presented together with the
sensitivity analyses 1 to 3 in Table 6.

Table 6. Life cycle inventory of the Product Carbon Footprint from 1 kg PC regrind.

CO2e in g Steel Transport Electricity Carton Dust Sum

actual state 0.20 5.40 9.60 34.88 95.95 146.02
analysis 1) 0.20 5.40 0.51 34.88 95.95 136.94
analysis 2) 0.20 5.40 9.60 34.88 112.16 162.23
analysis 3) 0.20 5.40 0.51 34.88 112.16 153.15

In contrast to all other plastics under study, the calculated PCF for PC in sensitivity
analysis 2 is the highest of all four calculated cases. This is highlighted in Figure 9.
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Based on the stoichiometric composition of PC, its incineration produces a higher
amount of CO2 emissions than the average greenhouse gas potential of exhaust gases from
the combustion of unsorted plastic waste in a municipal waste incineration plant. The
PCF in sensitivity analysis 2 increases even more than it can be reduced by the use of
regenerative energies in sensitivity analysis 1, so even in a combination of both datasets in
sensitivity analysis 3, the PCF is increased by 5% compared to the actual state.

3.5. Sensitivity Analysis of POM

Since no dataset for sorted disposal of polyoxymethylene (POM) is available in the
material databases, only the change of the local power supplier to regenerative energy
is investigated in sensitivity analysis 1. The comparison with the results of the actual
production process of regrind is listed in Table 7.

Table 7. Life cycle inventory of the Product Carbon Footprint from 1 kg POM regrind.

CO2e in g Steel Transport Electricity Carton Dust Sum

actual state 0.20 5.40 5.59 34.88 95.95 142.02
analysis 1) 0.20 5.40 0.30 34.88 95.95 136.73

A comparison of sensitivity analysis 1 with the actual state shows that the change
to green electricity has only a minor impact of just under −4% on the total PCF, since as
shown in Table 3, the grinding of POM has by far the lowest specific energy requirement.

4. Discussion

The sensitivity analyses 1 to 3 have shown how strongly the calculated PCF for the
plastics ABS, PA66GF30, PC and POM depends on the datasets for electricity as well as
for the type of waste disposal. This reflects the validity of the results for their use in other
LCAs and the potential to reduce the global warming potential of the recycling process as
well. For this purpose, the calculation of the PCF according to the actual state followed the
guidelines of a consequential LCA, where the effects of decisions in the product system,
such as the collection of dust from different plastic types in one bag, are recorded in the
life cycle inventory. Sensitivity analysis 2, on the other hand, corresponds to the exclusive
evaluation of the pure material flow in terms of an attributional LCA [21]. In this regard, a
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summary of the sensitivity analyses compared to the actual state of the recycling process is
presented in Table 8.

Table 8. Product Carbon Footprint of the sensitivity analyses compared with the actual state.

CO2e in g/kg Regrind ABS PA66GF30 PC POM

actual state 146 152 146 142
analysis 1) renewable energy 137 (−6.2%) 137 (−9.9%) 137 (−6.2%) 137 (−3.5%)
analysis 2) sorted disposal 136 (−6.9%) 123 (−19.1%) 162 (+11.0%) -
analysis 3) energy + disposal 127 (−13.0%) 108 (−28.9%) 153 (+4.8%) -

Based on the results for PC in Table 8, it is considered that a safety margin of 11%
should be applied when using the calculated PCF, since the balancing of sorted disposal
in sensitivity analysis 2, which may be applied in the production of regrind by other
manufacturers, leads to an increased global warming potential. Due to the incomplete
data on the plastic POM in terms of sorted disposal, it is also suggested to adopt the safety
margin of 11% from PC following the chemical composition based on organic carbon bonds.
In contrast, the plastics ABS and PA66GF30 show an optimization potential when the sorted
disposal in sensitivity analysis 2 is applied to the actual state, so a safety margin for the PCF
of these plastic types is not required. Sensitivity analysis 1 in Table 8 presents a reduction
in the PCF of all plastic types, with an increasing reduction in line with the specific energy
requirement from Table 3. However, it remains to be seen that the electricity used in the
actual state already has a low global warming potential, so the optimization is more limited
than that with other manufacturers. Nevertheless, for the combined effects of renewable
energy and sorted disposal, PA66GF30 shows the highest optimization potential of 28.9%
for reducing the PCF of 1 kg of regrind in sensitivity analysis 3.

The main driver for the PCF of all investigated plastic types was identified as the
incineration of plastic dust, which is produced in the subprocess of grinding plastic parts.
Knife wear, on the other hand, contributes less than 1% to the PCF of regrind. Therefore,
from an ecological point of view, it could be useful to resharpen the knives of the mill more
frequently, if this can significantly reduce the amount of plastic dust.

Overall, the results for regrind of the actual state and the sensitivity analyses show
a reduction in the global warming potential of at least 95% compared to virgin granulate
according to the datasets from Ecoinvent 3.8 and GaBi SP40 2020, regardless of which type
of plastic is considered. Based on the macroscopic view in the introduction of this work,
around 1 million tons of plastic recyclates from post-industrial waste were processed in
2019 in Germany [4]. Starting from a general approximation of 0.15 kg CO2e/kg regrind,
the current substitution of virgin granulate with recyclate already results in a saving of
2.85 million tons of CO2e as shown in Equation (1).

(3 kgCO2e/kg − 0.15 kgCO2e/kg)·109 kg = 2.85 × 106 tCO2e (1)

By scaling the share of 6.5% [4] of recyclate from post-industrial waste processed in
2019 up to 20% until the year 2030, there is an savings potential from the substitution of
virgin granulate of about 8.77 million tons of CO2e, illustrated by Equation (2).

2.85 × 106 tCO2e· 20 %
6.5 %

= 8.77 × 106 tCO2e (2)

In this context, it is important to note that a mass fraction of 20% of recycled material
can be still processed by injection molding without losses in product quality [7]. Conse-
quently, the mechanical recycling of post-industrial waste represents a valid contribution
to the achievement of the greenhouse gas reduction targets, which amount to a maximum
of 118 million tons of CO2e in the industrial sector in 2030 according to the German Federal
Climate Change Act [22].
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5. Conclusions

For the investigated types of plastics ABS, PA66GF30, PC and POM, it was shown that
the calculated product carbon footprint (PCF) of regrind is lower than the PCF of virgin
granulate by at least a factor of 20. In production processes such as injection molding, this
regrind can replace virgin material without a prior extrusion to granulate. This offers great
potential for reducing the PCF of various plastic products and achieving greenhouse gas
reduction targets. For an improved transparency, all drivers of the PCF were identified
based on an individual collected life cycle inventory for each type of plastic in this study.
Thus, the calculated PCF of regrind can be adapted in further LCAs by using the measured
specific energy requirement for grinding the respective type of plastic together with the
global warming potential from customized electricity consumption. In addition, the results
of several sensitivity analyses highlight further opportunities to optimize the mechanical
recycling process to reduce the PCF of PA66GF30 regrind by up to 29% and demonstrate
the validity of the results from the analyzed manufacturing process.

As an outlook for further studies, the formation of plastic dust should be investigated
as a function of the sharpness of knives in the grinding mill, since plastic dust has been
identified as by far the main driver for the PCF of regrind.
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