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Abstract

Liquid packaging board is one of the highly demanded packaging mediums for liquid food and
beverages, generating substantial waste each year. Even though the fibre part of the liquid
packaging board is recycled through a repulping process, the plastic and aluminium are usually
used for energy recovery and as alternative raw materials in cement factories. This practice
reduces the life span and economic value of plastic and aluminium, which does not fit within
a circular economy. The plastic and aluminium from liquid packaging board waste can be
recycled mechanically and chemically. This study used the consequential life-cycle assessment
method to compare the environmental impact of the recovery options of rejected materials from
liquid packaging board waste treatment. Four scenarios were established: (1) energy recovery
by waste incineration, (2) composite pallet production by mechanical recycling, (3) plastic
pallet production by mechanical recycling, and (4) plastic pallet production by chemical

recycling. The study showed that when the consumed energy was supplied from renewable
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sources, plastic pallet production by mechanical recycling process had the lowest
environmental impact, and energy recovery by waste incineration had the highest impact. A
sensitivity analysis revealed that composite pallet production by mechanical recycling process
showed the best impact if the energy was sourced from the average production mix, and plastic
pallet production by chemical recycling had the lowest impact when mechanically recycled
plastic substituted for 0%, 30%, and 50% of virgin plastic. These results should be of interest

to liquid packaging board manufacturers and other related stakeholders.

1 Introduction

The market for liquid packaging board (LPB) is one of the fastest growing liquid packaging in
the world. The demand for LPB is increasing, resulting in over 900 kilotonnes of LPB in the
European market each year (ACE, 2020). Due to its unique material structure, LPB can protect
beverages and food from light and oxygen over its entire lifetime, maintaining the nutritional
value of the products during transportation, while for sale in a shop and at home. LPB is made
of paperboard covered with thin layers of plastic and aluminium (Al). A standard structure of
LPB consists of 80% fibre, 15% plastic and 5% Al (Khan et al., 2021b). LPB contributes to a
low-carbon circular economy by using renewable materials and recycling at the end of life
(EoL).

Due to the complex nature of LPB waste, recycling it with other cardboard waste proves
inefficient. In a normal cardboard recycling process, paper-based waste is soaked in water for
2—-4 minutes, which is inadequate for LPB waste due to its laminated layers (Lahme et al.,
2020). In a recycling plant, LPB waste undergoes a drum pulping process, where it is soaked
in water at an ambient temperature for 20 minutes. This helps in the separation of the fibre
from the plastic and Al. After the drum pulping process, the fibre portion is put through a series
of high- and low-density separation processes. Contaminants, such as glass, grit and stones, are
removed by a high-density separation process; plastic and Al are separated using a low-density
separation process. Around 20 specialised mills in the EU recycle LPB waste (ACE, 2021).
Currently, 51% of LPB waste in the EU is recycled, mainly due to the recycling of fibre parts
(Khan et al., 2021). The repulping reject containing plastic, Al and some fibre is incinerated
for energy in a waste incineration plant or used as an alternative fuel in the cement industry. A
mechanical process can recycle the rejected plastic and Al (Khan et al., 2021; Georgiopoulou
etal., 2021; Robertson, 2021). However, mechanically recycled plastic residues of LPB cannot

be used to produce high-quality products such as source-separated plastic waste (Khan et al.,



2021; Robertson, 2021), making the process financially unfeasible (Lahme et al., 2020). Due
to impurities, the extrusion of mechanically recycled plastic produces carbon and water vapour,
resulting in a compromise in quality (Robertson, 2021). Another way of recycling rejected
plastic and Al is with a pyrolysis process, in which pyrolysis oil is produced from separated
plastic (Khan et al., 2021). The pyrolysis oil can be used for recycled, high-quality plastic
production or as a fuel. In addition to the conventional mechanical and chemical recycling
processes, plastic and Al can also be recycled mechanically by producing composite products.
All of the aforementioned recycling processes have environmental impacts. Therefore, a
thorough investigation of these processes is needed to find the best environmentally friendly
recycling process for repulping rejected LPB waste.

Several studies have been conducted on the environmental impact of the EoL of LPB waste.
By analysing available studies, the environmental impacts were found for the four different
EoL options for LPB waste: (1) energy production (Khan et al., 2021; Bisinella et al., 2018;
Ruttenborg, 2017), (2) fibre production (Bisinella et al., 2018; Ruttenborg, 2017; Verghese et
al., 2012), (3) landfilling (Verghese et al., 2012), and (4) plastic granulate production from
mechanical and chemical recycling processes (Khan et al., 2021). This research work continues
the study conducted by Khan et al., (2021). In that study, only light-density polyethene (LDPE)
was considered as a plastic residue, while high-density polyethene (HDPE) used in the LPB
cap was excluded. In addition, the study did not focus on the role of renewable energy in the
recovery options of LPB waste. The source of energy may significantly impact the recovery
options of LPB because the processes involve a substantial amount of energy consumption. So
far, no studies have analysed the environmental impact of the recovery options of repulping
reject when using renewable energy. A composite product from fibre, plastic and Al could be
another recycling option for repulping reject. The environmental impact of composite product
manufacturing from repulping reject was not investigated in any studies. In considering this
knowledge gap, the following questions were formulated and consequently addressed in this
study:

1. What is the environmental performance of the recovery options in repulping reject?

2. What are the differences in the environmental impacts among energy recovery from
incineration, plastic products from a mechanical or chemical recycling process and
composite products from a mechanical recycling process?

3. What are the main contributors to environmental impacts?

4. What is the role of renewable energy on the environmental impact of the recovery
options of repulping reject from LPB waste?



2 Materials and methods

The environmental impact assessment of repulping reject was conducted with life-cycle
assessment (LCA), a well-established method to analyse the environmental impact of a
product’s or service’s entire life cycle (EN 1SO 14044:2006, 2006). The following sections
describe the study’s goal and scope, system boundary and inventory data and used life-cycle
impact assessment (LCIA) to explain the results. This study also used sensitivity analysis to
highlight the impact of specific parameters on the results of the study. As an LCA modelling
tool, GaBi (version 10.5.0.78) by Sphera was used, and Microsoft Excel was used for the data

analysis.

2.1 Goal and scope

The study aimed to investigate the environmental impacts of four material and energy recovery
options for repulping reject collected from the LPB treatment process. The study focused on
the context of Finland. However, this study can be used globally, especially in the EU countries
where proper waste management systems exist. This investigative work can be used for policy
development. This is why this study used consequential LCA (CLCA). CLCA investigates the
environmental impacts of products in which demand or supply changes with the production or
use of the studied product (Khan et al., 2021a).

The CLCA of the study applied the system expansion method, which means that the additional
functions that arise from the treatment options of repulping rejects, such as recovered energy
and materials, were considered. System expansion can be modelled by two approaches: (i)
additional approach and (ii) avoided production approach (Horttanainen et al., 2020). An
additional approach is used when unequal amounts of materials and energy are produced from
different treatment options. In this method, materials and energy are supplied to the system
from outside sources so that every treatment option has an equal amount of materials and
energy output, which makes the comparison difficult. In the avoided production method, credit
is given to the system when any product or energy is recovered to avoid the emissions that
would otherwise be generated to produce these resources. In this study, the recovered energy
and materials from different recovery options were used to substitute the primary product;
therefore, the substitution method was used.

A functional unit is needed to be established to determine the reference flow. In this study, one
tonne of repulping reject was selected as reference flow, and the treatment of one tonne of

repulping reject was selected as the functional unit of this study. The shares of plastic:fibre: Al



in the repulping reject were 73:11:16 based on laboratory tests (details are in the supplementary

materials).

2.2 System boundaries

This research used a cradle-to-gate LCA approach, which means this study investigated the
environmental impacts of the waste management phase of repulping the reject and
manufacturing of the product from recovered materials of different recovery options. The
summarised version of the system boundary of this study is presented in Figure 1. More details
of the system boundary can be found from supplementary materials Figure 1-4. As part of the
LPB waste treatment process, the fibre component is separated from the plastic and Al through
a repulping process. The system boundary is established starting from the treatment options for
repulping reject, such as incineration and mechanical and chemical recycling processes, and
ends after materials and energy are recovered. This study excluded the repulping process
because the environmental impacts of the repulping of LPB waste were the same for all the
studied treatment options.

The analysis included the environmental impacts of the energy production required for the
repulping reject treatment. In the CLCA, electricity and heat were supplied from marginal
production sources. Marginal technologies are those that are most likely to respond to small
changes in demand (Khan et al., 2021a). By 2030, biomass will be Finland’s primary heat-
supplying source (Ministry of Employment and the Economy, 2017); wind and solar will be
the prime electricity-supplying sources (Ministry of Employment and the Economy, 2017;
SKM Market Predictor, 2019). Therefore, a biomass-based heat source was included as the
marginal heat-supplying source, and wind and solar were included as the marginal electricity-

supplying sources.
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Figure 1. The system boundary of the study with different scenarios: Sl, waste incineration;
SM 1, mechanical recycling with composite pallet production; SM 2, mechanical recycling
with plastic pallet production; and SC, chemical recycling with plastic pallet production.

2.3 Scenario analysis

Four scenarios were established for the treatment of repulping reject: a waste incineration
scenario (Sl), a chemical recycling scenario (SC) and two mechanical recycling scenarios (SM
1 and SM 2). It was assumed that energy was recovered from the SI, SM 2 and SC scenarios.
In addition to energy, fibre-polymer composite pallets and plastic pallets were considered the

recovered material in the scenarios.

Waste incineration scenario (SI)

The repulping reject was incinerated in a waste to energy plant in the SI scenario. The
environmental impact of repulping reject incineration was included in this study. The produced
electricity and heat were assumed to substitute for an equal amount of thermal energy from
biomass and marginal electricity production. The system boundary of this scenario is presented

in more detail in Figure 1 of the supplementary materials.

Mechanical recycling scenarios (SM 1 and SM 2)

This study considered two mechanical recycling processes: mechanical recycling with

composite pallet production (SM 1) and mechanical recycling with plastic pallet production



(SM 2). In SM 1, the rejected materials were not separated; instead, they were used for
composite pallet production. A composite pallet or recycled plastic pallet can provide the same
functional quality as a virgin plastic pallet (Khan et al., 2021a). Therefore, in this study, it was
considered that the produced composite pallet substituted a plastic pallet made from virgin
plastic and gained credit for avoiding plastic pallet production.

In contrast, the rejected materials were separated in the SM 2 scenario. The separated plastic
was used for pallet production, which substituted plastic pallets made from virgin plastic. The
substituted plastic pallet in both scenarios (SM 1 and SM 2) was assumed to be produced from
high-density polyethene (HDPE) plastic using an average production mix. More information
about the background process of plastic pallet production can be found in supplementary
materials Table 1. The credits in the SM 2 scenario were obtained when thermal energy and
electricity from separated fibre incineration substituted thermal energy from biomass and
electricity from marginal sources, produced plastic pallets substituted virgin plastic made
pallets, and separated Al substituted the average Al production mix ( 60% virgin Al and 40%
recycled Al). More information on the substituted average Al production mix can be found in
the supplementary materials Table 1.

Chemical recycling scenario (SC)

Resembling SM 2, plastic was separated from fibre and Al in the chemical recycling scenario
(SC). The separated plastic went through a pyrolysis process in which ethylene was produced,
which was later used for HDPE granulate production. The produced HDPE granulate was used
for plastic pallet production. Similar to the SM 2 scenario, the separated fibre was used for
energy production, and the Al was used for Al ingot production. In this scenario, the credits
were obtained by replacing plastic pallets, biomass thermal energy and electricity from
marginal sources, and the average Al production mix. Substituted Al and plastic were assumed
to be produced similarly to the mechanical recycling scenario. More info about background

processes are available in supplementary materials Table 1.

2.4 Inventory analysis

The inventory data were collected from the life-cycle stages of the repulping reject treatment
options: mechanical recycling with mono material production, mechanical recycling with
composite production, a pyrolysis process and the production of additional materials and

energy. The LCI data were collected from the literature, personal communications, Sphera



GaBi database and real-time industrial data. The background dataset used in this study is given

in the supplementary materials Table 1.

Incineration of repulping reject

At the beginning of the Sl scenario, the collected repulping reject went through a drying process
to remove moisture and improve its lower heating value as received (LHVar). In a laboratory
test, the moisture content of the repulping reject was found to be 15% after drying (details are
in the supplementary materials). The energy demand for drying was 0.2 MJ kg repulping
reject (get recycling, 2021). After drying, the repulping reject was mechanically separated by
an eddy current separator with 85% efficiency into plastic, fibre and Al. The plastic and fibre
were incinerated in a plant for those materials, whereas the Al was treated in an inert waste
incineration plant. According to Reimann (2012), the thermal efficiency of the CHP plant in
Northern Europe was 72.6%, and the electrical efficiency was 11%. Furthermore, it is found
that annual CHP power plant efficiency in Finland is between 80-90% (POyry, 2012;
Suojansalo, 2020); therefore, the thermal efficiency of 72.6% and electrical efficiency of 11%

were considered in this study.

Mechanical recycling

Similar to scenario Sl, in the SM 1 scenario, the repulping reject was dried to remove moisture.
After drying, the residue went through an agglomeration process, where different additives,
such as lubricants and maleic acid, were mixed with the residue. In the end, the composite
pallets were produced by a compression process. The inventory data for the composite pallets

and plastic pallet production are given in Table 1.

In the plastic pallet production by mechanical recycling process (SM 2), the rejected residue
went through several processes, such as shredding, washing, drying, extruding and injection
moulding. The residue was crushed in a shredding process followed by wet disintegration in a
hydrocyclone to remove fibre residues, Al, foreign substances and impurities. The separated
plastic residue was dried before sending it to the extrusion process. After extrusion, the
recycled plastic was cooled down and formed into small grains, from which a plastic pallet was
produced through injection moulding. An eddy current process separated the Al from the fibre-
Al mixture, which later substituted the Al ingot. The fibre part was used for energy production
through the incineration process.



Table 1. LCI data for mechanical recycling processes.

Parameter Value Unit Reference
Composite pallet

Electricity for pneumatic transport 0.02 MJ kg* pallet Khan et al., 2021a

Diesel for pneumatic transport 0.004 MJkg!pallet Khan et al., 2021a

Electricity for agglomeration 0.5 MJ kg* pallet Khan et al., 2021a

Electricity for compression 0.4 MJ kgt pallet Khan et al., 2021a

Polypropylene granulate 0.002 kg kg pallet Khan et al., 2021a

Lubricants 0.002 kg kg™ pallet Khan et al., 2021a

Maleic acid 0.0001 kg kg* pallet Khan et al., 2021a

Plastic pallet

Electricity for shredding 4 MJ kgt Laboratory test*
repulping reject

Electricity for wet disintegration 1 MJ kgt Laboratory test*
repulping reject

Electricity for screening 3 MJ kgt Laboratory test*
repulping reject

Electricity for mechanical 0.2 MJ kgt get recycling, 2021

dewatering repulping reject

Electricity for injection moulding 18 MJ kg pallet Khan et al., 2021a

Electricity for extrusion 0.6 MJ kg pallet Khan et al., 2021a

Electricity for plastic pallet crushing 0.1 MJ kg pallet Khan et al., 2021a

Chemical recycling

Similar to mechanical recycling with the plastic pallet production process (SM 2), in chemical
recycling (SC), the repulping reject also went through shredding, wet disintegration and
mechanical dewatering. After that, the separated plastics were segregated into LDPE and
HDPE using a cyclone separator with an efficiency of 99%. Pure LDPE and HDPE then went
to a pyrolysis process. Pyrolysis is the thermal degradation of plastic waste at different
temperature ranges of 300-900°C into valuable energy resources, such as pyrolysis gas, oil and
char (Sharuddin et al., 2018). In this process, plastic is heated without oxygen to degrade longer
polymer molecules into smaller ones. The pyrolysis process requires pure polyethene,
polypropylene and polystyrene (Ragaert et al., 2017; Selina et al., 2021). It was assumed that
the plastics are free of O, Cl, N, S and other heteroatoms because, in this research work, HDPE
and LDPE passed through several separation processes. Therefore, the studied plastics were an

ideal feedstock for the pyrolysis process.

The polymers are broken down into condensable and non-condensable gases during the
pyrolysis process (Jeswani et al., 2021). Condensable gas can be converted into pyrolysis oil
through distillation. However, non-condensable gas can be used for supplying energy to the

pyrolysis process. The yield of pyrolysis oil, gas and char depends on the operating
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temperature, reactor and residual time. This study assumed that the pyrolysis process was
performed in a batch reactor at 500 °C with a residual time of 20 minutes. For LDPE, the
pyrolysis oil yield was 95% and the gas was 5%; for HDPE, the yield was 85% oil, 10% gas
and 5% char (Sharuddin et al., 2018). The char was sent to an incineration plant for energy
recovery. An ultimate analysis of the char showed that HDPE pyrolysis char had 51.4% volatile
matter, 42.65% C, 3.06% H and 0.43% N (Jamradloedluk and Lertsatitthanakorn, 2014), which
is similar to that of HDPE (92.9% volatile matter, 79.9% C, 12.6% H and 0.55% N) (Kumar
and Singh, 2011). Because the chemical components of the char were similar to HDPE, it was
assumed that char incineration had the same environmental impact as the HDPE incineration

process.

The LDPE and HDPE pyrolysis process inventory data are given in Table 2. Pyrolysis oil from
the LDPE and HDPE was processed to remove impurities, such as H, N and CO, with a
purification efficiency of 97% (BASF, 2020). The purified pyrolysis oil was used as feedstock
in a thermal cracker to produce ethylene, which was later polymerised into HDPE granulate.
The efficiency of the thermal cracker was considered to be 81.3%, and the polymerisation was
98% (Joosten et al., 2001).

Table 2. Inventory data for the production of ethylene from LDPE and HDPE pyrolysis.

Parameter Value used Unit Reference

Pyrolysis process

Electricity 3.26 MJ tonne™* pyrolysis oil Jeswani et al.,

Thermal energy 0.47 MJ tonne™ pyrolysis oil 2021

LHVar of pyrolysis 20 MJ kg Jamradloedluk

char and

Lertsatitthanako
rn, 2014
Purification

Electricity 3.51 MJ tonne™* pyrolysis oil BASF, 2020
Thermal cracking

Electricity 0.29 GJ tonne™! pyrolysis oil Joosten et al.,

Thermal energy 23 GJ tonne™! pyrolysis oil 2001

Ethylene production
Thermal energy 0.291 GJ tonne™! pyrolysis oil Joosten et al.,

Electricity 1.96 GJ tonne! pyrolysis oil 2001
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2.5 Sensitivity analysis

The results of the LCA can be affected by methodological approaches and initial assumptions,
for example, the system expansion method and allocation rules (Cellura et al., 2011). In
addition, many of the required input parameters in LCA are uncertain. Therefore, a sensitivity
analysis was conducted to study the key parameters influencing the product system, the
robustness of the results and their sensitivity to uncertain factors (Wei et al., 2015). It is an
essential tool for analysing the effects on the output of the study results due to the
methodological approach and input data (1ISO, 2006). Scenario analysis is a type of sensitivity
analysis that is often used in LCAs (Junnila and Horvath, 2003). In this study, four scenario
analyses were conducted based on a “one at a time approach”, where each input parameter was

changed individually to investigate the influence of each on the results.

Scenario Analysis 1—Changing the repulping reject composition

The repulping reject composition was considered based on a laboratory test in the modelling.
Only LPB waste was analysed in the laboratory to investigate its composition. In contrast to
the laboratory results, the industry-based repulping reject composition differs. In Finland, LPB
is collected and treated along with cardboard waste. Therefore, the share of materials in the
repulping reject differs from the laboratory-based result. The LPB waste used in Scenario
Analysis 1 was collected along with the cardboard waste from the source and measured in the

laboratory. The data for Scenario Analysis 1 are presented in Table 3.

Scenario Analysis 2—Virgin plastic replacement ratio

It is impractical to consider 100%-virgin plastic replacement with recycled plastic. Recycled
plastic has a weaker structure compared to virgin plastic; therefore, it is downcycled to lower-
quality products (Julie, 2019). This study assumed that the fibre-polymer composite plastic
from scenario SM 1 had comparable properties to the recycled plastic pallet from scenario SM
2. Considering the downcycling issue, three different virgin plastic replacement ratios (see
Table 3) for fibre-polymer composite pallets and recycled plastic pallets were used in Scenario
Analysis 2.
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Table 3. Parameters for scenario analysis.

Plastic:fibre: Al ratio

Ratio 1 Base Ratio 2
50:39:11 73:11:16 42:44.14
Changing Energy Source
Virgin plastic replacement ratio
0% 30% 50% 80%

Scenario Analysis 3—Changing energy source

For the modelling, marginal heat and electricity were considered the energy sources for
different treatment processes and substitutions. The robustness of the LCA study was analysed
by changing the marginal heat and electricity production to average heat and electricity
production mix. In Scenario Analysis 3, the average heat and electricity production mix was
considered based on 2017 production data in Finland (electricity: 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% and photovoltaics 0.07%; heat: biomass
36.4%, hard coal 30.5%, peat 17%, natural gas 14.1%, light fuel oil 1%, and heavy fuel oil
1%).

2.6 Assumptions and limitations

It was assumed that all treatment options had the same transportation; therefore, transportation
was excluded from this study. The recycled plastic from the mechanical recycling system was
assumed to substitute 100% virgin plastic because the fibre and Al were separated adequately
with almost 100% separation efficiency from plastic. Therefore, it was assumed that the
mechanical properties of the plastic were the same as virgin plastic. It was also assumed that
composite pallets by mechanical recycling could substitute 100% virgin plastic based on the
functionality of the composite pallet. The composite pallet has similar mechanical properties
as a plastic pallet (Khan et al., 2021a); therefore, 100% virgin plastic substitution by composite
material was assumed. However, in the sensitivity analysis, the environmental impact of
substituting 0%, 30%, 50%, and 80% virgin plastic by composite pallet and plastic pallet
production by mechanical recycling process were analysed to show the impact of virgin plastic
replacement ratio on the different mechanical recycling processes.

The data used in the pyrolysis of the plastic from LPB waste were unavailable from a single
source. Therefore, the data of different sections of the pyrolysis process, for example,

purification, thermal cracking, and ethylene production, were collected from different sources.



13

It was assumed that the data from different sources did not have a significant impact on the
output of the pyrolysis process because the output of one stage of the pyrolysis from one study

is almost similar to the input of the next stage of the pyrolysis process from another study.

2.7 LCIA

This study assessed the environmental impact using ReCiPe 2016 v1.1 (midpoint hierarchist
time-frame) methods. This method is widely used in LCA studies globally (Hischier et al.,
2010; Abdulkareem et al., 2021) and is included here to analyse the environmental performance
associated with the treatment of repulping reject materials. ReCiPe 2016 v1.1 has 19 impact
categories. It is challenging to discuss all of the impact categories; therefore, the most important
impact categories were discussed in this study such as climate change (excluding biogenic
carbon), fossil depletion, freshwater eutrophication, human toxicity (cancer), photochemical
ozone formation (POF) (ecosystems) and terrestrial acidification. More detailed information
regarding the impact assessment results, including other impact categories, such as fine
particulate matter formation, freshwater consumption, freshwater ecotoxicity, freshwater
eutrophication, human toxicity (non-cancer), ionising radiation, land use, marine ecotoxicity,
metal depletion, stratospheric ozone depletion and terrestrial ecotoxicity, are provided in Table

2 of the supplementary material.

3 Results

In this section, the environmental impacts of the four different treatment processes of repulping
reject are compared. The results of the study are illustrated in Figure 2. The study revealed that
mechanical recycling with plastic pallet production (SM 2) had a substantially lower
environmental impact than the SI, SM 1 and SC scenarios in all categories, except for Fossil
depletion (Figure 2 (b)) and Human toxicity (Figure 2 (d)). In these two categories, SM 1 had
the lowest environmental impact. In contrast, SI had a significantly higher environmental
impact compared to the other scenarios because of the incineration of the reject materials and
lower avoided environmental impact. A more detailed result is presented in the supplementary

materials in Table 2.
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Figure 2. Environmental impacts from different treatment processes of repulping reject
materials. Here, SI, waste incineration; SM 1, mechanical recycling with composite pallet
production; SM 2, mechanical recycling with plastic pallet production; and SC, chemical
recycling with plastic pallet production.

By analysing the results, it was found that substituted heat, electricity and materials
significantly impacted the overall emissions of the different recovery options. The total
substituted heat and electricity were 21150 MJ and 3900 MJ, respectively, in the Sl scenario;
1900 MJ and 230 MJ, respectively, in the SM 2 scenario and 1700 MJ and 193 MJ, respectively,
in the SC scenario. The negative value in the result was due to the avoided environmental
impact of substituting energy and materials. The avoided CO2 emissions were 32 kg CO: eq.
tonne™ repulping reject in Sl, 1885 kg CO- eq. tonne™ repulping reject in SM 1, 2187 kg CO,
eq. tonne repulping reject in SM 2 and 1726 kg CO; eq. tonne™ repulping reject in SC.
Scenario SM 2 had the maximum avoidance in climate change (Figure 2 (a)) due to the
substitution of higher quantities of materials: 766 kg of plastic pallet and 62 kg of Al compared
to the 860 kg of plastic pallet in SM 1, and 295 kg of plastic pallet and 62 kg of Al in the SC
scenario. For a similar reason, SM 2 also had the lowest impact on Freshwater eutrophication
(Figure 2 (c)), POF (Figure 2 (e)), and Terrestrial eutrophication (Figure 2 (f)). In contrast, SM
1 had the highest avoidance in Fossil depletion (Figure 2 (b)) and Human toxicity (Figure 2
(d)); therefore, it had the lowest impact in those categories.

The net climate change impact (Figure 2 (a)) was 2051 kg CO2 eq. tonne™ repulping reject
without the avoided emissions in Sl, 11 kg CO; eq. tonne™ repulping reject in SM 1, 129 kg
COz eq. tonne™ repulping reject in SM 2 and 256 kg CO; eq. tonne™ repulping reject in the SC
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scenario. In the Sl scenario, incineration of the reject materials had almost a 100% share, while
0% in SM 1, 60% in SM 2 and 23% in SC. The recycling process was responsible for 99% of
the total emissions in the SM 1 scenario, 29% in SM 2 and 72% in the SC scenario.

In the SC scenario, 185 kg CO- eq. tonne™ repulping reject was generated from recycling, of
which 108 kg CO: eq. was generated from the pyrolysis process. The emissions from the
pyrolysis process were dominated by the pyrolysis of the plastic (20%), purification (20%) and
thermal cracking (49%).

4 Sensitivity analysis results

The results of the sensitivity analysis are presented in Figure 3 with three estimated aspects:
(i) reject composition, (ii) virgin plastic replacement ratio and (iii) energy production mix.
Climate change is one of the policy drivers that is also reflected in the waste management and
energy sectors. Therefore, the discussion of the sensitivity analysis focuses on climate change
impact. The details of the result can be found in supplementary materials Table 3-9. The results
in Figure 3 show that changing the plastic, fibre and Al ratio impacted the SI, SM 2 and SC
scenarios. In the Sl scenario, the climate change impact was lowered by reducing the plastic
and increasing the fibre share because fibre incineration generates less CO2 emissions than
plastic. However, in the SM 2 and SC scenarios, the impact of climate change increased when
the plastic share decreased due to the substitution of a lower amount of plastic pallet. Changing
the composition in the SM 1 scenario did not impact climate change, because the total

substituted amount of plastic pallet was unchanged.
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Figure 3. Climate change impact of different recovery options of repulping reject. Here, Sl,
waste incineration; SM 1, mechanical recycling with composite pallet production; SM 2,
mechanical recycling with plastic pallet production; and SC, chemical recycling with plastic
pallet production. Three sensitivity analyses were presented: SA 1.1 (plastic:fibre:Al =
50:39:11, SA 1.2 = 42:44:14); SA 2 (changing thermal energy and electricity source district
heating and electricity production in 2017 in Finland); SA 3.1 (0% virgin plastic replacement);
SA 3.2 (30% virgin plastic replacement); SA 3.3 (50% virgin plastic replacement); and SA 3.4
(80% virgin plastic replacement).

The substituted energy source significantly impacted climate change in all scenarios. In
Sensitivity Analysis 2, it was found that CO, emissions were reduced by 41% in Sl and 21%
in the SM 1 scenario. In contrast, the emissions increased by 4% in SM 2 and 57% in the SC
scenario. The Sl scenario consumed 198 MJ of thermal energy, and the SM 1 scenario had 158
MJ of electricity and 800 MJ of thermal energy consumption. In contrast, SM 2 had 19,218 MJ
of electricity and 671 MJ of thermal energy consumption; SC had 10,256 MJ of electricity and
9752 MJ of thermal energy consumption. Electricity and thermal energy were supplied from
marginal sources in the baseline scenarios. Therefore, the emissions from energy consumption
were not significant. In contrast, substantial emissions were generated by changing the thermal
energy and electricity source from the marginal to average production mix. It is evident from
Scenario Analysis 2 that mechanical recycling with composite pallet production can have the
lowest environmental impact than other recovery options if the energy is supplied from average

production sources.
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Virgin plastic replacement also had a significant impact in the SM 1 and SM 2 scenarios. It
was found that SM 1 and SM 2 had a lower environmental impact than the SC scenario only
when these scenarios substituted 80% or more virgin plastic, or else SC had the lowest
environmental impact. At a 50% virgin plastic replacement rate, the SM 2 and SC scenarios

had almost the same environmental impact.

5 Discussion

Even though energy can be recovered by the waste incineration process, the lifespan and
economic value of materials are reduced if the material is incinerated before reuse and
recycling. This study found that the waste incineration of rejected materials had more
environmental impact than mechanical and chemical recycling processes. It is difficult to
compare the results with other literature because not many studies have analysed the
environmental impact of the repulping reject. In addition, different studies have used different
system boundaries, energy mixture, credit to the system, etc. Khan et al. (2021), had 1933 kg
CO eq. tonne™ repulping reject, which was 86 kg CO; eq. more than the present study. This is
due to differences in the plastic:fibre:Al ratio. In that study, the plastic:fibre: Al was 75:20:5,
while in this study, the ratio was 79:9:12. However, in both studies, waste incineration had a
more significant environmental impact than mechanical and chemical recycling processes.

Mechanical recycling is widely used for EoL of plastic products, as it transforms plastic into
new products. Even though this recycling process has not reached its full potential, it is a useful
method for recycling a single polymer, such as LDPE or HDPE. However, this recycling
method is ineffective for multilayer plastics, such as multilayer food packaging waste.
Mechanical recycling usually produces mediocre products from mixed plastic waste. As a
result, it has become a critical issue in the LCA sector to deal with reduced plastic quality when
comparing the EoL impacts fairly. This study assumes that plastic pallets from mechanically
recycled plastic could replace 100%-virgin plastic pallets. Perhaps this is not always true;
therefore, a sensitivity analysis was performed to show the environmental impact with different
virgin plastic replacement ratios. However, this assumption depends to a large extent on the
market, which will likely to differ over time and in different locations. Furthermore, it also
depends on technological development. A 100% virgin plastic replacement would be possible
if the separation efficiency reached 100%. The quality of mechanically recycled plastic can be

improved over time due to steering for more recycled content in plastic products.
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The environmental and economic impact largely depends on the yield of the chemical recycling
process, and the yield depends on the quality of the plastic waste. Any impurities or mix of
different types of plastic reduces the yield ratio (Ragaert et al., 2017; Selina et al., 2021).
Chemically recycled plastic can replace virgin plastic (BASF, 2020). However, this is an
energy-intensive process that may render it unsuitable as a sustainable process. Even though
by-products such as char and gas can be used for energy, this does not make it a net-energy
positive process (Rollinson, 2018). Due to the high energy consumption, chemical recycling is
considered a low-value recycling process compared to mechanical recycling (Tabrizi et al.,
2020).

By analysing the study, it was found that energy sources significantly impact the life cycle of
the repulping reject. Renewable energy sources have lower emissions than fossil sources.
Consequently, any product that uses renewable energy in the process has a lower environmental
impact than fossil energy. Similarly, when renewable energy is substituted, the product obtains
lower credit than when substituting fossil energy. This study showed that SM 2 had a lower
impact compared to SM 1, even though it consumed more energy than SM 1 because the energy
was consumed from renewable sources and had more avoided impact by substituting Al and
plastic pallets than SM 1. In contrast, SM 1 had a better environmental impact than SM 2 when
fossil energy was consumed in the process, even though the avoided amount of plastic pallets
and Al was unchanged.

In summary, waste incineration should be the last option for repulping reject because it has a
higher environmental impact than the chemical and mechanical recycling processes.
Composite production could be a better option if energy is sourced from the average production
mix. However, composite pallet production from repulping reject could not be considered as a
proper closed loop recycling. Separating plastic, Al, and fibre is technically challenging at the
EoL stage of the composite materials. So far, the most feasible way to treat composite material
waste is to incinerate it in the waste incineration plant. Therefore, the materials in the composite
do not circulate in the system for a long time. On the contrary, recycled plastic pallet production
by mechanical recycling and chemical recycling close the loop because, in those recycling
processes, the same plastic can be recycled several times.

Plastic pallet production from repulping reject by mechanical recycling could be a better option
when the energy is supplied from renewable sources. Chemical recycling could be
environmentally friendlier than mechanical recycling if mechanically recycled products can
not substitute more than 50% of virgin plastic. However, more research should be done on
chemical recycling to minimise energy consumption and increase the yield ratio. The
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mechanical and chemical recycling processes should be used to complement each other rather
than as replacements. It could be possible to recycle more plastic in a more environmentally
friendly way by using both processes. However, technological advancement and investment
are required to gain the maximum benefit from both mechanical and chemical recycling

processes.

6 Conclusion

This study investigated the environmental impact of the recovery options of the rejected
materials from the liquid packaging board waste treatment process using the consequential life
cycle assessment method. Four scenarios were established: waste incineration, mechanical
recycling with composite pallet production, mechanical recycling with plastic pallet production
and chemical recycling with plastic pallet production. Nevertheless, three areas of sensitivity
were also investigated in this study.

The results of this study showed that mechanical recycling with plastic pallet production had
the lowest environmental impact and waste incineration had the highest impact. The avoided
impact of substituting materials and energy played a significant role in the environmental
impact of the recovery options. In addition to energy sources, the virgin plastic replacement
ratio also played an influential role in the study results, which was revealed by conducting a
sensitivity analysis. It was found that mechanical recycling with composite pallet production
had a 13% lower environmental impact than mechanical recycling with plastic pallet
production when the energy consumed was sourced from the average production mix. In
addition, chemical recycling showed the lowest impact when the mechanical recycling
processes (including mechanical recycling with composite pallet and mechanical recycling

with plastic pallet) substituted 0%, 30% and 50% of virgin plastic.
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