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Liquid packaging board (LPB) is an integral part of storing and transporting liquid food. In addition to its sig-
nificant advantages, LPB has been challenging the existing waste management sector since its introduction into
the market. In most European countries, LPB waste is either incinerated or recycled in the recycling facilities
where fibre is recycled, and the repulping reject is separated for incineration. Mechanical recycling and chemical
recycling processes are other options for repulping reject treatment. This study used life cycle assessment (LCA)
to compare the environmental impacts of three treatment processes, incineration, mechanical recycling and
chemical recycling; each was considered with the functional unit of 1 tonne of repulping reject. Furthermore, two
sub-scenarios based on the substituted heat produced by energy from the treatment processes were considered. In
substituting biomass-based heat sources, chemical recycling generated the lowest greenhouse gas (GHG) emis-
sions, about 560 kg CO; eq. tonne™! repulping rejects, followed by the mechanical recycling process (approxi-
mately 740 kg CO, eq. tonne repulping reject). The maximum amount of GHG was emitted from the
incineration scenario, which was about 1900 kg CO, eq. tonne™ repulping rejects. By substituting natural gas-
based heat sources, chemical recycling generated about 290 kg CO; eq. tonne™ repulping rejects. On the con-
trary, the mechanical recycling process generated about 430 kg COs eq. tonne™ repulping rejects and inciner-
ation process generated 960 kg CO, eq. tonne™ repulping rejects. Uncertainty analysis showed that some
assumptions significantly impact the results; however, the chemical recycling process had the lowest environ-
mental impact in almost all uncertainty analysis.

1. Introduction

Waste generation is increasing due to population growth, economic
growth and urbanisation (Kaza et al., 2018). Liquid packaging board
(LPB) waste is one fraction of the waste that is generated. It has become
an integral part of transporting and storing liquid food and beverages to
keep the food fresh, safe, odour and taste-neutral and untainted over the
products’ entire lifetime and prevent food wastage (ACE, 2020). Also, its
lightweight reduces fuel consumption during transport and decreases
transportation costs (Storaenso, 2020). However, the thriving use of LPB
is putting additional pressure on the waste management sector (Vergh-
ese et al., 2012). In 2014, global LPB production was 3.3 million tonnes;
this was expected to increase to 3.6 million tonnes by the end of 2020
(Mohan, 2015). In the European Union (EU), most LPB waste is recycled,
followed by recovery and landfilling (Verghese et al., 2012). However,

the recycling and recovery rate of LPB waste varies from country to
country in the EU. According to the Alliance of Beverage Cartoon and
the Environment (ACE), 51% of the LPB waste was recycled in 28
countries in the EU, where some countries such as Germany and Belgium
had a 70% recycling rate (Robertson, 2021). LPB waste is challenging to
recycle because its multilayer structure contains different materials.
Aseptic LPB contains around 80% fibre, 15% plastic and 5% aluminium
(Al) (Arvanitoyannis, 2005). Fibre is recycled by the re-pulping process,
whereas plastic and Al are separated as a reject of the repulping process.

The EU has set a recycling target for packaging waste for 2030 and
2050. For example, by 2030, the target is 85% for paper and cardboard
packaging recycling and 55% for plastic packaging recycling (Eurostat,
2021). In Finland, the recycling rate of plastic packaging was 31% in
2018, which is lower than the average recycling rate in the EU (40%)
(Eurostat, 2021). In this case, recycling the repulping reject, especially
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the plastic components, could increase the plastic recycling rate and
help achieving the stipulated recycling targets.

To date, recycling of repulping reject is financially unfeasible (Lahme
etal., 2020). Recycling repulping reject containing plastic and Al is not a
straightforward process as cardboard. In most cases in Europe, these
residues are used in cement kilns, where the plastic fraction is used as an
alternative fuel, and Al is used as a bauxite substitute (Pretz and Pikhard,
2010). Plastic residues are also used in the waste incineration plant for
recovering energy. However, LPB rejects can also be recycled by
chemical and mechanical recycling processes. Chemical recycling uti-
lises reprocessing technologies that affect the formulation of the poly-
meric material or polymers, turning them into other products, such as
monomers, basic chemicals or something else with value, but this pro-
cess excludes energy recovery (Plastics Recyclers Europe, 2018). The
mechanical recovery options could include traditional mechanical re-
covery or recovery as a composite. Traditional mechanical recovery
separates the plastic fractions from Al and the fibre residues. Thus, the
plastic is recovered as a material, and the rest is recovered as energy. It
should be noted that each of the recycling processes of plastic residues
has environmental impacts. Therefore, finding a recycling option with a
better environmental impact is difficult without conducting a life cycle
analysis (LCA).

LCA is a useful method to quantify the environmental impact of a
product or service throughout its life cycle (ISO, 2006). Numerous LCA
studies have been conducted on the environmental impact of an LPB
system. Most of the studies have concentrated on cradle-to-gate analysis
of LPB (Verghese et al., 2012; Von Falkenstein et al., 2010; Well-
enreuther et al., 2012; Jelse et al., 2009). The environmental impact
from the materials of LPB was presented in Harst-wintraecken (2015).
By analysing several articles, three options for LPB waste management
were found: (1) fibre production from cardboard (Ruttenborg, 2017;
Bisinella et al., 2018; Verghese et al., 2012), (2) energy production from
incinerating repulping reject residues (Ruttenborg, 2017; Bisinella et al.,
2018) and (3) landfilling of LPB (Verghese et al., 2012). Although
several studies have highlighted the end of life (EoL) of repulping re-
jects, there is a lack of knowledge about the environmental impact of
other possible waste management options, such as chemical recycling
and mechanical recycling. To the best of our knowledge, no study has
compared the incineration of repulping rejects with mechanical and
chemical recycling systems. By addressing the knowledge gap, this study
aimed to answer the following questions:

e What is the environmental impact of the treatment of LPB repulping
rejects that is separated from LPB treatment?

e Which treatment option has the lowest environmental impact, and
why?

2. Materials and methods

LCA is a well-established method used to evaluate the environmental
impacts of products and services throughout their life cycle (ISO, 2006).
The LCA framework, methods and procedures were developed by the
Society of Environmental Toxicology and Chemistry (SETAC) and the
International Organisation for Standardisation (ISO), resulting in two
international standards: ISO 14040 and ISO 14044. By following ISO
14040 and ISO 14044 standards, the present study defined its scope and
goals and utilised life cycle inventory (LCI) analysis and life cycle impact
assessment (LCIA) to obtain its results. This study also conducted an
uncertainty analysis and drew its conclusions based on the outcomes of
the study. This research study used the following software: GaBi pro-
fessional, version 9.5, by Sphera as the LCA modelling tool and Microsoft
Excel as the data analysis tool.
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2.1. Goal and scope definition

This study compared the environmental impact from different waste
management options for repulping reject residues of LPB waste. The aim
was to investigate which alternative treatment methods for repulping
reject is the most environmentally friendly considering climate change.
A functional unit needs to be established to provide a reference for the
input and output of the system. In this study, 1 tonne of reject from the
repulping process was selected as the functional unit to satisfy the
treatment of the reject materials.

2.1.1. System boundary

The investigated treatment options were incineration, material re-
covery by mechanical recycling and material recovery by chemical
recycling process (pyrolysis). This study did not consider the production
phase of LPB because the LPB treatment would be the same for all the
compared treatment options. In other words, the environmental impact
of the repulping process and the separation of the polymer-Al fraction
from the fibre fraction were excluded. The system boundary included
repulping reject treatment by the incineration process, the mechanical
and chemical recycling systems. The system boundary also included the
avoided emissions obtained by replacing the materials and energy pro-
duced from different treatment options. Additional functions were
necessary to operate the main processes, such as the electricity grid mix
and thermal energy production; therefore, they were included in the
system boundary. Details about the system boundary are shown in
Fig. 1.

Scenario analysis

Based on the repulping reject treatment options, this study consisted
of three scenarios: (1) system as usual (incineration), (2) material re-
covery by mechanical treatment and (3) material recovery by chemical
treatment (pyrolysis). Scenario 1 represents incineration of the repulp-
ing reject with energy recovery since it is one of the most commonly
used treatment processes for this residue. Scenario 2 includes material
recovery through mechanical treatment because mechanical treatment
is already applied for separately collected plastic waste, and its possi-
bilities for this type of plastic should be evaluated. Chemical treatment
of the repulping reject can be done by pyrolysis, depolymerisation or
gasification. Pyrolysis of the repulping reject was considered more
convenient for this study because the pyrolysis process produces oil fuel
that can be used for virgin plastic production. Since this study includes
plastic production from the chemical recycling process, therefore, py-
rolysis system was used in the chemical recycling process.

This study aimed to investigate the potential environmental impact
of the processing of repulping reject residues; its findings are expected to
be used to support decision making. Thus, a system expansion method
was applied in LCA, meaning that additional functions arising from the
treatment of plastic residues, such as energy and material recovery, were
considered. This study used the 0:100 EoL method with a credit system.
Credit was gained by avoiding the environmental impact when the
recovered energy and material replaced the virgin materials and energy
from the production mix. Electricity is recovered in each scenario, re-
places the electricity production of Finland in 2017 (peat 4.13%, hard
coal 8.73%, coal gases 0.87%, natural gas 4.92%, fuel oil 0.27%,
biomass 16.22%, biogas 0.62%, waste 1.53%, nuclear 33.49%, hydro
22.01%, wind 7.14%, photovoltaics 0.07%). Thermal energy is also
recovered and substitutes thermal energy produced from biomass (sub-
scenario X.1) or natural gas (sub-scenario X.2). In addition to electricity
and heat, the chemical recycling routes also recycle plastic, which re-
places virgin polyethene (PE).

System expansion

This study followed the system expansion approach to calculate the
impact of each scenario’s overall global warming potential (GWP). The
following formula was used for the calculation:
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Total environmental impact = Environmental impact from process — avoided impact from primary production

In this study, the recycled plastic from the chemical recycling process
was used to replace virgin plastics. This procedure prevented the pro-
duction of virgin plastic. Therefore, the greenhouse gas (GHG) emissions
from producing virgin plastic were avoided. The energy recovered from
incinerating plastic and fibres can be considered as a by-product of
repulping reject waste treatment. In this study, credits were given for the
produced thermal energy and electricity by subtracting the emission
data obtained from producing thermal energy from natural gas or
biomass and electricity from the electricity production. The data on
avoiding GHG emissions by substituting thermal energy was collected
from the Sphera database. The avoided emissions from substituting
thermal energy from the heat generated from natural gas and biomass,
electricity generated from the Finnish production mix and virgin plastic
were also collected from the Sphera database. The background of the
datasets is given in the supplementary materials Table 1. The emission
factors for these processes are presented in Table 1.

2.1.2. Assumptions and limitations
This study has some assumptions and limitations. After the repulping
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Table 1

Emission factors of the substituted processes (Sphera, 2020).
Substituted product Emissions factor Unit
Electricity from the grid 0.2 kg CO,/kWh
Heat from natural gas 0.06 kg COo/MJ
Heat from biomass 0.002 kg COx/MJ
Production of virgin PE 1.63 kg CO,/kg plastic

process, the share of dry matter in the reject was 63%. According to
Stora Enso personnel, the dry matter consists of 70% plastic, 25% fibre
and 5% Al (Ramo, 2020); thus, these percentages were considered in this
study. The plastic in the reject was considered to be PE since it is the
most commonly used plastic in the LPB (Arvanitoyannis, 2005). PE and
aluminium were separated from fibre in the laboratory. The separation
efficiency was found with a range of 55%-85%; thus, the separation
efficiency was assumed 80% in this study. There is no empirical evi-
dence that recycled plastic from repulping reject of LPB by mechanical
recycling process can replace virgin plastic. Therefore, it was assumed
that recycled plastic from mechanical recycling did not replace any
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Fig. 1. The system boundary of the study. *WTE = Waste to Energy; PE = polyethene.
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virgin PE. It was assumed that the type of transportation was not
changed significantly between the scenarios; therefore, transportation
was excluded in this study. The ash treatment remained the same in all
the scenarios, although the amount varied to some extent. Moreover, ash
treatment has been shown to have a minor contribution to the results of
the waste-to-energy (WtE) and recycling process (Liikanen et al., 2017).
Consequently, ash treatment was also excluded from the present study.

2.2. Inventory analysis

The inventory data were collected from different studies in the
literature, by interviewing experts and from the Sphera database. The
substituted energy and virgin PE production data were collected from
the Sphera database. The incineration, electricity and heat production
data are representative of Finland. However, it is possible to use this
model from a global perspective by changing the incineration, heat and
electricity processes in GaBi. The details of the used processes are given
in the supplementary materials Table 1.

2.2.1. Incineration

In the incineration process, repulping reject residue is the input; the
outputs are electricity, thermal energy and emissions. Although the
incineration process data were collected from the Sphera database, the
efficiency is adjusted to represent the efficiencies of the Finnish waste
incineration plants. According to Reimann (2012), combined heat and
power (CHP) incineration plants in Europe have an average efficiency of
76%, but this varies between regions. According to that report, thermal
efficiency in Northern Europe is around 72.6%, and electrical efficiency
is 11%. In that report, the energy needed for pre-treatment of feed was
taken into account while calculating the efficiency of the power plant
(Reimann, 2012). Since the total efficiency of the incineration technol-
ogy is 83.6% (72.6% heat efficiency and 11% electric efficiency), it can
be considered as a waste recovery option according to Waste Framework
Directive 2008/98/EC (Europa, 2018; European Commission, 2020).

GaBi uses a lower heating value as received (LHVar) of 10.4 MJ kg !
for paper and board by considering moisture content of 22% and LHVar
of 41.2 MJ kg™ ! for plastic waste. Based on the information obtained
from a cardboard recycling facility, the moisture content of repulping
reject is around 37% (Ramo, 2020). Therefore, based on the moisture
content of the repulping reject, the heating values in the present study
were adjusted to 8 MJ kg~! and 26 MJ kg™! for fibre and plastic,
respectively, and they were used in every scenario. Furthermore, the
effect of Al was considered as a mass that does not generate energy.

2.2.2. Mechanical recycling

The mechanical treatment scenario starts with the separation of fibre
and plastic through centrifugation. PE and Al were separated from fibre
through the separation process. Subsequently, the separated PE and Al
were extruded into granulates. It was assumed that Al does not cause any
problem in the PE extrusion process. The plastic and Al fraction that
could not be separated from the fibre was treated using the incineration
process to recover energy. The upstream process for producing the
required electricity and the downstream process of the reject treatment

Table 2
The mechanical recycling parameters.
Parameter Value Unit Reference
used
Centrifuged plastic separation 80 %
efficiency
Centrifuge energy demand 1.4 kWh tonne of  Alfa Laval
residue (2020)
Extrusion energy demand 1800 kJ kg~! Vantsi and Karki
(2015)
Replacement ratio of the virgin 0 %

plastic granulate
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were accounted for.

In modelling mechanical recycling, pre-set processes from GaBi were
used, such as electricity production and incineration. The incineration
process used in this scenario was the same as the process was used in the
incineration scenario. The data from the separation and extrusion pro-
cesses were obtained from the literature and by contacting companies
that recycle plastics mechanically or provide suitable technology.
Table 2 presents the mechanical recycling scenario parameters. The
mechanical recycling process substitutes thermal energy (either heat
from biomass (scenario 2.1) or natural gas (scenario 2.2) and electricity.

2.2.3. Chemical recycling (pyrolysis)

In the chemical recycling scenario, the repulping reject was directed
to the separation process, where the plastic-Al and fibre were separated
by centrifugation. Similar to the mechanical recycling scenario, the fibre
residue was directed to the incineration system, but the plastic-Al res-
idue was directed to the dryer for pyrolysis. Plastic decomposes back to
oil and other possible products in the pyrolysis process, such as gas, char,
and wax. The oil fraction was refined to produce the plastic granulates,
while the gas fraction was used to produce energy, which is later used in
the pyrolysis process.

In this scenario, it was assumed that the pyrolysis temperature was
around 400-450 °C. It was also assumed that a catalyst (silica-alumina)
was used to enhance the yield of oil instead of wax. Lee (2012) and
Miandad et al. (2017) found that pyrolysis of PE without any catalysts
primarily yields wax. The present study assumed that the production has
oil but no wax by using the catalyst. However, the production of a
catalyst or its regeneration was not included in this study. The yields
from the pyrolysis are presented in Table 3.

Since the residue contains a large amount of moisture (37%), a dryer
was used before feeding the plastics into the pyrolysis process. After
drying the plastics, the Lower heating value as received (LHVar) of the

Table 3
Parameters and yield from the pyrolysis process.
Parameter Min. Max. Av. Value Unit Reference
used
Dryer 2.3 MJ Ingrao et al.
energy kg! (2014)
demand plastic
LHVar of 22 43 325 26 MJ Aguado et al.
the waste kgt (2002)
plastics Horttanainen
et al. (2013)
LHVar of 38 MJ Kalargaris et al.
the plastic kg’l (2017)
pyrolysis
oil
Energy 148.5 250 250 kWh Aguado et al.
demand tonne™! (2002);
of Ecomation
plastic (2016)
Shares of the plastic pyrolysis products: w-% Achilias
Gas 8.5 323 17.11 17 et al.
oil 67.4 80.2 7324 73 (2007);
Char 0.53 19.4 9.6 10 Shah et al.
(2010);
Uddin et al.
(1997)
CO4 2.34 3.05 2.87 2.87 kg CO, Calculated
emissions kg!
from gas
burning
gas
CO, 0.116 0.180 0.148 0.148 kg CO,  Calculated
emissions kg!
from char
burning
char

LHVar*= Lower heating value as received
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Table 5
Data for the uncertainty analysis.

Table 4
Parameters for plastic production from pyrolysis oil.
Parameter Value Unit Reference
used
Mass of oil to produce 1 kg 1.1 kg Boustead (2005)
naphtha
Mass of natural gas to 0.031 kg Boustead (2005)
produce 1 kg naphtha
Mass of naphtha to produce 1 1.151 kg Calculated
kg ethylene
Mass of natural gas to 0.202 kg Calculated
produce 1 kg ethylene/kg
naphtha
Mass of ethylene to produce 1.012 kg Calculated
1 kg PE
Mass of natural gas to 0.125 kg Calculated
produce 1 kg PE/kg
ethylene
Extrusion energy demand 1800 kJ/kg Vantsi and Karki (2015)
Emissions from processes
Naphtha production 0.13 kg CO2-eq Calculated
kg ! feed
in
Hydrogenation 0.018 kg CO2-eq Estimated, Bezergianni
kg’1 feed and Chrysikou (2016)
in
Cracking 0.93 kg COz-eq Calculated
kg~ ! feed
in
Polymerisation 0.35 kg COz-eq Calculated
kg~ ! feed

in

plastic increased from 26 MJ kg™! to 41.2 MJ kg L. The heat for drying
was obtained from the surplus energy of the pyrolysis process. The
LHVar of the pyrolysis gas and char were calculated by the difference in
the plastic’s energy content and the pyrolysis oil.

Emissions from burning the gas were calculated using the gas com-
positions presented in Williams and Williams (1999) and Achilias et al.
(2007). Emissions from burning the char were calculated using the
emissions based on the ultimate analysis of char by Jamradloedluk and
Lertsatitthanakorn (2014) and Syamsiro et al. (2013). Although, these
studies were performed for char from high-density polyethene, they
were used as a reference in the present study due to the lack of data.

Plastic production from pyrolysis oil requires thermal energy from
natural gas. Moreover, natural gas was used in the reactions. Electricity
was used in the extrusion process. The emission data of thermal energy
from natural gas and electricity from the electricity production mix were
collected from the Sphera database. The parameters used for plastic
production are presented in Table 4. The values were calculated using
Boustead (2005), Plastic Europe (2016) and Plastic Europe (2012) as a
reference. The hydrogenation emissions were evaluated using Bezer-
gianni and Chrysikou (2016) as a reference.

2.2.4. Uncertainty analysis

Uncertainty analysis is conducted in LCA when a lack of data and
data inaccuracy is observed in the LCI (Guo and Murphy, 2012). The
repulping reject composition that was used in this study is not a constant
value. In this study, the composition was: plastic (70 w-%), fibre (25 w-
%) and Al (5 w-%). However, the compositions of plastic: fibre: Al could
be 80:15:5 or 60:35:5. In addition to the LHVar of plastic (26 MJ kg_l)
and fibre (8 MJ kg'l), several other LHVar has been reported, such as 22
MJ kg~ and 30 MJ kg™ for plastic (Aguado et al., 2002; Horttanainen
etal., 2013) and 6 MJ kg’1 and 10 MJ kg’1 for fibre (calculated based on
the moisture content).

In addition to the repulping reject composition and LHVar, un-
certainties in the data were also observed in the yield from pyrolysis. In
the pyrolysis process, the gas and oil yield is interconnected. It was
found that the oil yield could be increased to 80 w-% and decreased to
60 w-% (Achilias et al., 2007; Shah et al., 2010; Uddin et al., 1997).

97

Uncertainty 1 (Changing plastic, fibre and aluminium ratio)
Plastic:Fibre:Aluminium Plastic:Fibre:Aluminium Plastic:Fibre:Aluminium

60:35:5 70:25:5 (Base) 80:15:5
Uncertainty 2 (Separation efficiency)
60% 70% 80% (Base) 90%
Uncertainty 3 (Virgin plastic replacement ratio)
0% (base) 30% 50% 80% 100%
Uncertainty 4 (Change in LHVar)
Low Base High
Plastic 22 26 30
Fibre 6 8 10

Uncentainty 5 (Pyrolysis yield)
Yield 1 (oil: gas: char) Base (oil: gas: char)
60:30:10 73:17:10

Yield 2 (oil: gas: char)
80:10:10

Consequently, the gas yield is changed to 10 w-% if the oil yield in-
creases and 30 w-% if the oil yield decreases. The separation efficiency
of the centrifuge is not a constant figure, and thus different separation
efficiency was analysed in the uncertainty analysis. Virgin plastic
replacement by recycled plastic from the mechanical recycling process
depends on the separation efficiency and the presence of impurities.
Technological improvements might improve the removal of impurities
from PE. By assuming technological improvement in the future, the
uncertainty analysis investigated the impact of mechanical recycling
with different virgin PE replacement ratios. However, the virgin plastic
replacement ratio is always 100% for the chemical recycling scenario
since the pyrolysis process produces pyrolysis oil from which the plastic
granulates are produced.

Since the considered LCI data varies depending on different factors,
this study conducted an uncertainty analysis based on ISO 14040:2006.
The data shown in Table 5 were used for the uncertainty analysis.

2.3. LCIA

The environmental impact of the treatment of plastic residue was
classified according to the ReCiPe 2016 v1.1 Midpoint (H) method. This
method is widely used in LCA due to its robustness and low uncertainty
(Sphera, 2020; Abdulkareem et al., 2021). Only the GWP excluding
biogenic carbon was employed when assigning the LCI results since this
impact is relevant for assessing the emissions from the studied repulping
reject treatment processes. The other impact categories from the ReCiPe
2016 v1.1 Midpoint (H) method were excluded due to the lack of in-
ventory data for the chemical recycling process.

3. Results

The results of the three reject treatment scenarios illustrated in Fig. 2
depended on several factors, such as the substitution of biomass-based
heat source and natural gas-based heat source, avoided emission by
substituting energy and virgin plastic, and energy consumption in the
recycling process. It was found that waste incineration scenarios (1.1
and 1.2) had the maximum GWP impact compared to mechanical
recycling and chemical recycling scenarios. In contrast, chemical recy-
cling scenarios had the lowest GWP impact than mechanical recycling
scenarios and waste incineration scenarios. The chemical recycling
scenarios replaced 300 kg of virgin plastic. On the contrary, the me-
chanical recycling process did not replace any virgin plastic. As a
consequence, scenarios 3.1 and 3.2 had a better environmental impact
than scenarios 2.1 and 2.2. The details of the results are presented in the
supplementary materials Table 2.

Repulping reject treatment through the incineration process resulted
in the maximum GWP impact due to the incineration of the plastic
portion, which is also evident from the findings reported in other
research (IEL, 2019; Korhonen and Dahlbo, 2007; Lazarevic et al.,
2010). In this scenario, 700 kg of plastic was incinerated, which caused
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Fig. 2. Impact of GWP, excluding biogenic carbon from different scenarios.

2100 kg CO; eq. tonne ! repulping reject with an emission factor of 123
kg CO, eq. MJ™! plastic. In Eriksson and Finnveden (2009), the emis-
sions from plastic incineration were 2400-2500 kg CO; eq. tonne -1
plastic. In Shonfield (2008), the emissions were 1800 kg CO5 eq. tonne
plastic. A clear difference can be seen between the present study’s
findings and the results reported in other studies, which is due to the
differences in the types of plastic and the LHVar.

The substituted heat source influenced the total emissions from
different scenarios. It was found by comparing scenario 1.1 with 1.2, 2.1
with 2.2, and 3.1 with 3.2 that the total emissions from scenarios
(1.1,2.1,3.1) with the substituted biomass-based heat source were
higher compared to the scenarios (1.2,2.2,3.2) with the substituted
natural gas-based heat source. The CO, emission factor is lower for
biomass than natural gas. Therefore, the biomass-based heat source has
a lower amount of avoided emissions than the natural gas-based heat
source, resulting in an increase in the total emissions seen in the incin-
eration scenario.

Compared to the mechanical recycling scenarios, chemical recycling
scenarios had a lower GWP impact due to the avoided emissions by
substituting energy and virgin plastic. The total avoided emission in
scenarios 3.1 and 3.2 was more than 1000 kg CO5 eq. and 1280 kg CO,
eq., respectively. On the contrary, scenario 2.1 avoided 35 kg CO; eq.
and 2.2 avoided 345 kg CO2 eq. It is difficult to compare the total
emissions from the mechanical recycling processes in the present study
with the other studies since the process chain, and system boundary
varies from study to study. Without the substituted emission, the total
emission from the mechanical recycling scenarios was 770 kg CO3 eq.
tonne ! repulping reject. Of this, 438 kg CO, eq. was generated from
burning the plastic and fibre portion and 333 kg CO; eq. from electricity
consumption during the recycling process.

In the chemical recycling scenarios, the GWP impact resulted from (i)
incineration of the fibre and plastic that was separated from the cen-
trifugal process, (ii) the pyrolysis process and (iii) the substituted virgin
plastic, heat and electricity. Excluding the avoided emission by replac-
ing virgin plastic, heat and electricity, the total emission generated from
the chemical recycling scenarios was 1570 kg CO5 eq. tonne™! repulping
reject. Of this, nearly one-third of the emission was related to inciner-
ation of the plastic portion, 21% resulted from electricity consumption
in the pyrolysis, 17% was due to thermal energy consumption in the
pyrolysis process, 18% was from thermal energy consumption in the
thermal cracking of naphtha. The remaining 16% was generated from
the distillation process, polymerisation, natural gas acquisition and
incinerating the fibre portion of the repulping reject. Jeswani et al.
(2021) showed that the pyrolysis process emits 1162 kg CO5 eq. tonne™
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of mixed plastic waste treatment without considering system credits is
slightly higher than what was observed in the present study (1130 kg
CO3 eq.) due to the consideration of different types of plastic and the
system boundary. In that study, one-third of the emission was generated
from the pyrolysis process, 26% was from waste collection and sorting,
and 8% was from the purification of the pyrolysis oil.

3.1. Uncertainty analysis

The uncertainty analysis results presented in Fig. 3 showed that the
composition of the repulping rejects significantly impacted the overall
emissions. The details of the results are given in the supplementary
materials Table 3-7. The total emission increased in the incineration
scenarios due to the increased amount of plastic in the incineration
process. In contrast, the total emission decreased when the plastic share
decreased from 70% to 60%. Resembling the incineration scenarios, the
GWP impact increased when the plastic share increased in the chemical
recycling scenarios. Because, the amount of plastic that was separated
from the centrifugal system was increased compared to the base sce-
nario. When the increased amount of plastic was incinerated, it pro-
duced more GHG emissions and thus had higher GWP than the base
scenario. The GWP impact decreased as the share of plastic decreased.
Similar to the waste incineration and chemical recycling scenarios, the
GWP increased with the increase of plastic share in the reject, and GWP
decreased with the decrease of plastic share in the reject.

Separation efficiency had a significant impact on the mechanical and
chemical recycling scenarios. The emission decreased as the separation
efficiency increased because more plastic was recovered, and a lower
amount of plastic was incinerated (scenario 2.1,2.2,3.1,3.2). In addition,
more virgin plastic was substituted (scenario 3.1,3.2). The impact of the
virgin replacement ratio had a significant impact on the overall result of
the study. An increase in the replacement ratio by mechanical recycling
process resulted in a decrease in the total emission due to the increase in
the avoided emission by replacing virgin plastic. Mechanical recycling
had a lower GWP impact than chemical recycling only when it replaced
virgin plastic. However, replacing virgin plastic with the mechanical
recycling process is a highly optimistic view which is impossible with
current separation technologies.

It was also found that changing the LHVar impacted the overall GWP
of the studied scenarios. The overall emissions increased with the
decrease of the LHVar of the repulping reject and decreased with the
increase of the LHVar. The emission changing ratio was higher for the
replaced biobased energy than for the replaced natural gas-based en-
ergy. Changes in the pyrolysis yields did not significantly impact the



Waste Management 136 (2021) 93-103

Md.MusharofH. Khan et al.

Plastic:Fibre:Aluminium

Plastic:Fibre:Aluminium

80:15:5

60:35:5

1147

334
_

514

592

803

2207

2500

1659

2000

o
o
n
—

o
o o
o
—

669
439 524
I I 238

772

1800
ao 1600

c

109[au

1400
1200
1000

800
600
400
200

0

idjndaJ ;.auu0l "ba ¢0) 8y

(a)

Virgin plastic replacement ratio 50%

2200

1933

960

558

286
v

205
S

1700

1200

o
o
~

200
-300

09fau Suidindau ;.suu0l *ba ¢0) 8y

Virgin plastic replacement ratio 30%

1933

960

558

N
(,)(1

286
|
N

134
|
v

(7(4

417
N
(9(1

2200

1700

1200

700

13(au Suidindad ;-auuo} "ba ¢0) By

Virgin plastic replacement ratio 100%

Virgin plastic replacement ratio 80%

286
I

i
%,
o0 %A\@
2 - 2o
0\
— .4\»00
— .
- e
%
a K
-, 3 2 %
%,
o m.A\Q
S I e
%
o “%
. (%)
& J 2 2y 3
.\kpoA\
o o o o o o o o ®Q
o o o o o o o o\
wn o [¥p] o wn wn o
o~ o~ — i ! 1__
13faJ Suidindad ;-auuo0l "ba ¢0) 8y
% L e
@ .
%o\«
o0 . AOA\@
w [ 2 %
0\
..\@
2 %
N X
0\
A %
[ 2 X
0\
o .(mv
(3
S M &
%
e “%
& J 2 X
0\
%,
o o o o o o o o oNv
o o o o o o o o
wn o n o wn n o
o~ o~ — — ' 1_‘

129(aJ Suidindad ;.auuoy "ba Q) 8y

(b)

Fig. 3. Results of the uncertainty analysis.
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Fig. 3. (continued).

total GWP impact of the chemical recycling scenarios. When the yield of
oil increased 9.6%, the emissions decreased by 2-4%. When the yield of
oil was decreased by 18%, the emissions increased by 4-8%.
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4. Discussion

Due to its composite nature, LPB cannot be recycled by paper mills
that recycle paper-based packaging. Recycling LPB requires a different
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Fig. 3. (continued).

and more intense pulping process than with normal paper and board. In
the EU, there are 20 mills available where fibres are separated from
plastic and Al (Lahme et al., 2020). Recycling the repulping rejects is
more challenging than recycling the fibre fraction because of the
immature technology. To address this problem, the ACE has provided
some recommendations for its member states in the EU; this includes, for
example, appropriate collection and sorting of LPB at a national level,
easy separation of non-fibre materials from fibre, introducing high tech
technologies that can separate polymer and Al streams more effectively,
and manufacturing composite products (Carpentier, 2020; Lahme et al.,
2020).

Collection and separation are prerequisites for an efficient recycling
system. In Finland, LPBs are collected with other cardboard waste. After
collection, either LPB is separated in the sorting facilities before sending
it to the paper mills or sent to the recycling centre without separation.
Efficient collection and sorting increase the volume of recyclable ma-
terials and creates high-quality waste streams. The commingled collec-
tion of LPB with other cardboard waste impacts the purity of the
repulping reject materials. Therefore, a separate collection of LPB waste
would increase the purity of the waste. However, separate collection of
LPB will probably result in lower collection rates than co-collection
systems, which may discourage the recycling company from recycling
LPB waste.

Over the last couple of years, the share of LPB that has been recycled
has been steadily increased to recover more fibres. This involved sig-
nificant investments in a volatile market where the price of related
collected paper and board feedstocks has significantly varied in the last
decade, which greatly affected these enterprises’ profitability. There are
several plants in Germany, Finland, and Brazil where the plastic and Al
are separated from the fibre and used for different purposes such as
making composite products, paraffin, and gas for heating by using me-
chanical and chemical recycling processes (Pretz and Pikhard, 2010).
However, the repulping reject materials are mainly used for energy re-
covery options because the technology is not advanced enough to effi-
ciently separate the plastic part from the fibre and Al fractions. The
recycled PE from mechanical recycling contains impurities such as
polypropylene (PP), fibre, and Al. As a consequence, the recycled
product from a mechanical recycling system does not have the same
quality as virgin materials. This limitation reduces the economic
viability of recycling repulping reject. For example, several recycling
companies in Germany and Spain started to separate plastic and Al but
stopped after a few years of operation because it was not financially
feasible (Lahme et al., 2020). In this case, the technology should be
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improved to increase repulping reject recycling.

The data used in this study originate from various sources, which
may not reflect the real-time situation in the industry. However, based
on the available data, this study showed that a significant reduction in
GHG emissions could be possible using the chemical recycling process
for repulping reject materials. Compared to the incineration process, the
chemical recycling process could reduce 70%-71% of GHG emissions,
and the mechanical recycling process could reduce 55%-60%. The
chemical recycling process (pyrolysis) requires a reasonably pure PE, PP
or polystyrene (PS) (Selina et al., 2021; Ragaert et al., 2017). Since LPB
reject does not contain O, Cl, N, S or other heteroatoms, it is an ideal
feedstock for the pyrolysis process. The chemical recycling process can
produce mono plastic; therefore, it can retain the quality of the recycled
product. However, chemical recycling is an energy-intensive, and
complex process. The other option for addressing repulping reject
recycling could be producing composite material, which ACE also rec-
ommends. The composite material can be used to make garden furni-
ture, pallets, flower pots, etc. However, further analysis is required to
investigate the environmental impacts of the composite material pro-
duced from the recycling of repulping reject material.

In summary, this study found that the chemical recycling process had
the lowest GWP impact, while the incineration process resulted in the
maximum GWP impact. To increase the recycling rate of the repulping
reject, it is important to design LPB so that a consumer can easily sort it
from other waste streams, and non-fibre materials can be easily sepa-
rated from the fibre material. Moreover, greater emphasis should be
given to technological improvement to increase the separation effi-
ciency of non-fibre materials from fibre materials.

5. Conclusions

In this study, a detailed investigation of the treatment of plastic
residue from LPB waste treatment was conducted using LCA. Three
different scenarios based on the treatment methods were considered:
incineration, mechanical recycling and chemical recycling. On top of the
main scenarios, two sub scenarios based on the heating sources were
also investigated in this study. Furthermore, five uncertainty analyses
were performed.

By conducting LCA, it was found that the incineration process had
the maximum GWP impact followed by the mechanical recycling pro-
cess. The chemical recycling process showed the best environmental
performance among all the treatment options, mainly due to avoiding
GHG emissions by substituting virgin plastics. By investigating sub-
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scenarios, it was found that substitution of bio-based thermal energy
resulted in more GWP in all of the main scenarios than natural gas-based
thermal energy. The uncertainty analysis showed that the total GWP
impact of the treatment options was significantly influenced by the
residue composition, separation efficiency, replacement ratio and LHVar
of plastic and fibre, while pyrolysis yield had a minor impact.

Chemical recycling could be a better option in a circular economy-
based approach because it produces substantially lower GHG. The
chemical recycling process also helps retain the value of plastic residue
for a more extended period by producing material, which can be used as
a raw material in other products. On the contrary, mechanical recycling
produces mediocre quality plastic. In this case, a more sustainable way
to recycle repulping rejects would be using the chemical recycling
process. However, the technology related to the pyrolysis process should
be increased to reduce energy consumption and increase pyrolysis oil
yield.
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