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Abstract

Recycling has become increasingly relevant to solve environmental problems related
to the enormous amount of plastic waste. Recycling plastic has many environmental
benefits, but it is challenging to find applications where recycled plastic can provide
the same functionality as virgin plastic. This thesis highlights the challenges of using
recycled High-density polyethylene (HDPE) in pipe applications. Additionally, the
thesis addresses how the addition of recycled content in a blend may affect product
quality and how different sources of recycled HDPE may affect the characteristics and
quality of pressure pipes. HDPE plays a crucial role in the pipe industry since it is one
of the most demanded plastics for manufacturing non-pressure and pressure pipes.
The method involves literature review in two phases, one focusing on LCA studies on
HDPE and the one on pipes made from HDPE. The initial search was made to include
the entire life cycle of high pressure pipes made from HDPE and the second to include
additional types of pressure pipes to gather insight if the allowed recycled content in
manufacturing differ depending on pipe application.

The results suggest that the possibility of using recycled material in pipe
manufacturing depends on several factors such as quantity of recycled content in the
blend, pipe grade and designated application. It is challenging to incorporate recycled
HDPE in plastic pipes since it may affect properties of the pipe. Additionally, the
quality of the waste and the presence of contaminants and impurities can affect the
quality of the pipe. However, using recycled material in pipe manufacturing can create
environmental benefits such as reduced use of resources, less energy consumption and
lower impact on acidification. This thesis provides insights into the role of recycled
HDPE in the pipe industry and its potential to contribute to a more sustainable and
circular economy.
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Popularvetenskaplioc ssmmanfattning

Produktionen av plast 4r omfattande och plast férekommer nistan Gverallt i vardagen
i en mingd olika produkter. Det finns minga olika typer av plast,
anviandningsomradena ir flertaliga och ett liv utan plast skulle se vildigt annorlunda
ut. Plast anvinds bland annat vid tillverkning av klider, leksaker och plastrér som
exempelvis forser oss med rent vatten. Utan plast skulle vi inte ha nagon el, inga
mobiltelefoner och ingen tillgang till internet da plastisolerade ledningar férser oss med
elektricitet. Utmirkande for de flesta plaster ar att de ér slitstarka och svarnedbrytbara,
egenskaper som goér dem anvindbara men ocksa skadliga f6r miljon.

Ett stort anvindningsomrade for plast dr rortillverkning. Rér transporterar
enorma mingder resurser sasom avloppsvatten och dricksvatten for sanitdra system
och anvinds dven f6r hushall och kommunala reningsverk samt inom jordbruket. I
tryckror dr hogdensitets polyeten (HDPE) den vanligaste plasten for tillverkning och
HDPE har egenskaper som ér praktiska f6r en rad olika rér, bland annat draneringsror,
vattenrOr och gasledningar. For att tillverka HDPE krivs betydande mingder energi
och ramaterial vilket paverkar miljon negativt. Atervinning av plasten kan leda till
mindre resursutnyttjande och en minskad mingd plastavfall pa deponier. Att dtervinna
plasten for att anvinda den igen vid tillverkning av r6r kan dessutom innebira
kostnadsbesparingar jimfort med tillverkning med jungfrulig plast. Forskare och
plasttillverkare stoter dock pa en del hinder kring utvecklingen av plastitervinning med
syfte att ateranvindas vid tillverkningen av tryckror:

e Under dtervinningsprocessen kan HDPE bli kontaminerat av andra material,
sasom andra plastsorter och kemikalier, vilket férsvagar materialet och
férsamrar kvaliteten av roret.

e Blandningen av dtervunnet material och jungfruligt material kan paverka
plastrérens egenskaper.

e Avfallskillan har stor betydelse f6r den slutliga kvaliteten av roret vilket kan
péaverka dess prestanda och hallbarhet.

e Lftersom plastavfall dr av varierande kvalitet kan utbudet inte alltid vara stort
vilket gbr det svart att fi tag pd duglig plast

Med en litteraturstudie 1 tva faser som utgingspunkt dmnar denna uppsats att belysa
mojligheterna att anvinda atervunnen HDPE vid tillverkningen av plastror.
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1. Introduction

Global plastic use has increased rapidly, and 300 million tons of plastic waste is
produced every year (Ellen MacArthur Foundation, 2017). In the United States plastic
waste in the municipal solid waste stream increased from less than 1% in 1960 to
12.7% in 2012 which is an issue since the production rate of virgin plastic is
significantly higher than the recycling rate (Beheshtian Ardakani et al., 2018). Geyer et
al. (2017) predicts that 12,000 Mt of global plastic waste will be in landfills or in the
natural environment by 2050 if current production and waste management trends
continue. The contamination of the natural environment with plastic waste is a
growing concern and the commonly used plastics are not biodegradable, which means
they accumulate (Geyer et al., 2017). Plastic debris is contaminating all major ocean
basins, freshwater systems, and terrestrial habitats (Geyer et al., 2017). Microplastics
have been found in various environments and impose a threat to organisms since they
can enter the food chain and cause ecological imbalances (Free et al, 2014).
Additionally, microplastics have been found in the air and in food destined for human
consumption (Wright & Kelly, 2017). Thus, exposure via diet or inhalation could occur
and possibly affect human health (Wright & Kelly, 2017).

Plastic waste can be treated in different ways such as disposal, incineration, or
through recycling processes (Istrate et al., 2021; Mannheim, 2021). From the estimated
6300 million metric tons (Mt) plastic waste generated up to 2015, only 9 percent was
recycled, 12 percent was incinerated, and 79 percent was accumulated in landfills or in
the natural environment (Geyer et al.,, 2017). Mechanical recycling is a common
method of plastic recycling that includes the following steps: cutting or shredding,
contaminant separation and flakes separation, which are followed by granulating the
material by processing and milling (Singh et al., 2017). To remove glue particles, the
material is then pre-washed and dried (Singh et al., 2017).

Despite the challenges associated with waste, the European Union prioritizes
extending the life cycle of products as a circular economy strategy to prevent waste
(European Commission, 2018; Faraca et al., 2019; Mannheim, 2021). Efficient
resource management and waste prevention lower the greenhouse gas emissions and
minimizes material and energy use (Mannheim, 2021; Sabaliauskaité & Kliaugaité,
2014). Today many stakeholders are considering the consequences of materials used
in products and their EoL. management (Simdes et al., 2014). According to Bicalho et
al. (2017), LCA can be used to evaluate and compare the environmental impact of
virgin and recycled plastics. They point out that LCA allows companies to identity,
assess, consolidate, interpret, and disseminate data on the environmental impacts



generated by their actions. Since LCA includes the environmental impact of all stages
of a product’s life cycle from raw materials extraction to the product’s end of life (EoL)
stage, it can improve management and decision making within the company (Bicalho
et al, 2017). This can lead to the company achieving cleaner production and
environmental and financial savings (Bicalho et al., 2017).

1.1 Production

Polyethylene (PE) is a versatile material combining exceptional functionality with low
cost and with many fields of application (Ellen MacArthur Foundation, 2017; Juan et
al., 2020). Because of the versatility, it is not easy to find replacement materials with
the same characteristics. However, the increasing production of virgin PE results in
more waste which has a negative impact on the environment if not handled properly
(Juan et al., 2020). The generation of plastic waste means that material will go to waste,
more virgin materials need to be extracted and emissions will keep increasing to
produce more plastic (Juan et al., 2020). PE is one of seven families of ‘commodity
thermoplastic’ polymers that account for around 70% of plastic production in North
America and is the largest contributor to plastic waste in the world, which is illustrated
by Geyer (2020) in Figure 1 (Geyer, 2020; Posen et al., 2017).

Total World Plastic Waste Resins Waste Management
5600 Mt. Worldwide
Others Recycling
4% PE 21%
41%
PS‘;R Landfill
o 529
PET 23%
14% PS Energy
PVC 7% Recovery
6% 27%

Figure 1 Plastic Waste Resins Worldwide
World Plastic Waste Resins generated by the end of 2018 and estimated Waste Management rates for
these resins, as taken from (Geyer, 2020).

The PE-family includes High-density polyethylene HDPE, low-density polyethylene
(LDPE) and linear low-density polyethylene (LLDPE) (Posen et al., 2017). HDPE is
a type of PE that is prepared at lower temperature and pressure with a modified
structure and it is one of the most demanded plastics within the construction industry,
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especially for non-pressure and pressure pipes (Juan et al., 2020; Ronca, 2017).
Products, such as pipes, ate produced with HDPE granules that are shown in Figure
2 (Alzerreca et al.,, 2015). When manufacturing with recycled material plastic waste
from different soutces is recycled and granulated (Alzerreca et al., 2015).

Figure 2 Plastic Granules
Plast1c Granules. From Polyethylene Ba]ls By Lluis tgn, Wikimedia. Reprinted with permission.
iki iki h ipg). CC BY-SA 3.0

(https://creativecommons.org/licenses/by-sa/3.0/deed.en)

In addition to pipe applications, such as pipelines for water transportation (shown in
Figure 3), HDPE is also used to produce safety devices, bags, cups, meshes, nets and
grids for product protection (Alzerreca et al., 2015; Du et al., 2013; Nguyen et al., 2020;
Ronca, 2017; Simdes et al., 2020; Singh et al., 2017). It is a thermoplastic that imposes
environmental burdens when produced and environmental costs at end of life (EoL)
(Nguyen et al, 2020). According to Sangwan & Bhakar (2017), HDPE is a
thermoplastic with relatively low production cost and pipes made from HDPE have a
wide variety of pipe applications such as municipal, industrial, underwater, landfill gas
extraction, cable duct, mining, and agriculture. Additionally, they state that HDPE has
a low repair frequency per km per pipe per year relative to other pipe materials used
for urban water and gas distribution. Pipes made from HDPE are known to be durable
and are designed to have a long service life, often exceeding 50 years (Alzerreca et al.,
2015; Beheshtian Ardakani et al., 2015; Nguyen et al., 2023).
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Figure 3 HDPE Pipeline used for water transportation

HDPE Pipeline used for water transportation. From HDPE Pipeline in a harch Australian
environment, used for transporting water to a mine site, by Gordon J86, Wikimedia. Reprinted with
permission.

1.2 Previous studies

Several studies highlight the issue of plastic waste accumulating in the environment,
affecting oceans and terrestrial habitats while investigating the possibilities of replacing
plastic with other renewable materials. However, replacing plastic with other materials
may result in exploitation of other resources and other issues such as emissions
contributing to the greenhouse effect (Naturvdrdsverket, 2018). According to Istrate
et al. (2021), one of the challenges of manufacturing pipes with recycled HDPE is
being able to incorporate the recycled material which means it is not common within
the pipe industry and therefore there is a lack of research. Several studies have also
compared the environmental impact of commonly used plastics within the pipe
industry, rather than specifically recycled plastic (Istrate et al., 2021). Poduska et al.
(2019) assessed the possibility of combining recycled HDPE layers with virgin HDPE
layers in PE pressure pipes, and Juan et al. (2020) evaluated potential use of recycled
HDPE from various sources in the manufacture of PE pressure pipes. Replacing part
of the HDPE raw material with recycled material would enhance the circular economy
by closing the loop on HDPE for pipe application (Juan et al., 2020). Several studies
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have used Life Cycle Assessment (LCA) to compare the environmental impacts of
commonly used materials for pipe applications, including HDPE. Petit-Boix et al.
(2014) for example analyzed the construction impact of different virgin pipe materials,
comparing different stages of the life cycle’s impact. Studies of construction impact
are of relevance with the ongoing increase of urban population. However little
attention has been paid to the environmental impacts of incorporating recycled HDPE
into pipes.

1.4 The Waste Hierarchy

The Waste Hierarchy ranks waste management options according to what is best for
the environment where the top priority is preventing waste (Defra, 2011). Re-use and
recycling are the following priorities and disposal is last (Defra, 2011). Finding
solutions for plastic recycling is important to avoid its landfill disposal. Since plastic
has a negative impact on the environment, the study is relevant to investigate
possibilities for recycling plastic, specifically HDPE, and thus reducing the raw
material extraction and the emissions that occur during the manufacturing of plastic.
In addition, ISO 14001 describes the reuse and recycling of materials as both an
internal and external measure that companies should take to prevent pollution.

Manufacturing of pressure pipes from recycled HDPE keeps the material in a
circular flow instead of replacing it with other materials. This thesis is written in
collaboration with Esvama, whose customers include pipe manufacturers and the main
application for recycled HDPE will be within pipe manufacturing.

1.5 Aim and Research Questions

This thesis aims to facilitate decision-making regarding recycling of HDPE by
investigating the possibility to manufacture pressure pipes from recycled HDPE
instead of virgin HDPE, while fulfilling existing requirements for such pipes. Features
of HDPE are analyzed and possibilities of recycling HDPE for manufacturing of
pressure pipes to maintain it in a circular flow instead of replacing it with other
materials are highlighted. The analysis considers an LCA perspective, which is
important to avoid trade-offs between life cycle stages. The results can be used by
manufacturers that want to investigate the possibilities of using recycled HDPE in
their production as a replacement or complement to virgin HDPE. Additionally,
decision makers can use the results as guidance in investigations into environmental
risks linked to the manufacture of HDPE and plastic waste.
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The research questions for this thesis are:
e What are the challenges of using recycled HDPE in pipe applications?
e How do different sources of recycled HDPE for pipe manufacturing affect
the characteristics and the quality of the pipe?
e How does blending affect the quality of pipes?

1.6 Limitations

This thesis is limited to the study of pressure pipes made from HDPE, because
Esvama purchases and distributes plastic granules to pressure pipe manufacturers.
However, studies of other types of pipes have been included to broaden the insight of
recycling possibilities within the pipe industry. The main material group to produce
these types of pipes is HDPE which is why the thesis is limited to highlighting HDPE
as the production material. Furthermore, mechanical recycling is the most common
method for recycling plastic (Alzerreca et al., 2015) and the thesis is limited to
highlighting mechanical recycling.
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2. Method

To answer the research questions, the following method was used:

To find scientific basis for this thesis, a literature review in two phases was
carried out. All the material for the literature review was obtained from the
search database Web of Science. To limit the results, search terms identified
in literature within the subject were used. Keyword combinations used for
online searches are shown in Table 1 a-e. To achieve the purpose of the study
and to include the entire life cycle of the products, articles in the first phase
of the literature review involved LCA.

Since the main application for recycled HDPE is within pipe manufacturing
in this thesis, the second phase included an additional search that was made
to gather more information within this specific field. Search words were
identified from the articles in the initial phase of the literature review and
complemented with additional types of pipes to broaden the insights (see
Table 2). The addition of this search was made to include more relevant
information. According to Hart (2018) this is important to broaden the
collection of information.
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Table 1 a Search Schedule in Web of Science focused on LCA studies on HDPE
Search Schedule in Web of Science for scientific articles that are included in the search for the literature
review focused on LCA of HDPE used in pipe application.

high density” OR "polyethene” OR “Fossil based plastic*”OR “Fossil-based plastic*”
OR “virgin plastic*”)

AND

Topic: (“LCA” OR "life cycle assessment™ OR “Life cycle analysis” OR "life-cycle™”
OR "carbon footprint” OR "climate impact” OR "greenhouse gas emission*" OR
"GHG emission*" OR "plastic pollution*")

AND

Topic: (“recyc”” OR "mechanical recyc*” OR “Plastic granul*” OR "plastic pipe*”
OR "plastic-pipe*” OR "HDPE")

Databas, date Search terms U an
‘Web of Science

#1 Title: (“HDPE” OR "plastic product*” OR "High-density polyethylene” OR 74
2023-01-19 “polyethylene high-density” OR “High density polyethylene” OR “polyethylene

Table 1 b Search Schedule in Web of Science focused on LCA studies on HDPE
Search Schedule in Web of Science for scientific articles that are included in the search for the literature
review focused on LCA of HDPE used in pipe application.

high density” OR "polyethene” OR “Fossil based plastic*” OR “virgin plastic*”)
AND

Topic: (“LCA” OR "life cycle assessment™ OR "life cycle impact assessment™ OR
“Life cycle analysis” OR "life-cycle™” OR "carbon footprint” OR "climate impact”
OR "environmen* impact” OR "greenhouse gas emission*” OR "GHG emission™"
OR "plastic pollution*")

AND

Topic: (“recyc*” OR "mechanical recyc*” OR “Plastic granul*” OR “polymer
granul*” OR "HDPE pipe*" OR "HDPE tube*" OR "tube extruder*” OR "tube*"
OR "plastic tube*" OR "plastic pipe*" OR "plastic-pipe*” OR "HDPE flake*" OR
“mixed-plastic product*” NOT chemical recyc*)

Databas, date Search terms Eimitatnns ome
‘Web of Science ® ®
#2 Title: (“HDPE” OR "plastic product*” OR "High-density polyethylene” OR Filter: :Article 58
2023-01-25 “polyethylene high-density” OR “High density polyethylene” OR “polyethylene icrl;elvlew

cle
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Table 1 ¢ Search Schedule in Web of Science focused on LCA studies on HDPE
Search Schedule in Web of Science for scientific articles that are included in the search for the literature
review focused on LCA of HDPE used in pipe application.

polyethylene” OR “polyethylene high density” OR "polyethylene” OR “Fossil based
plastic*” OR “virgin plastic*”)

AND

Topic: (“LCA” OR "life cycle assessment™ OR "life cycle impact assessment™ OR
“Life cycle analysis” OR "life-cycle*” OR "sustainable business model*" OR "carbon
footprint” OR "climate impact” OR "environmen* impact” OR "greenhouse gas
emission*” OR "GHG emission*" OR "plastic pollution*")

AND

Topic: ("virgin HDPE" OR "recyc* HDPE" OR "virgin polyethylene” OR "virgin
HDPE" OR "virgin High-density polyethylene” OR “virgin polyethylene
high-density” OR "recyc* polyethylene” OR "recyc* PE" OR "recyc* High-density
polyethylene” OR "recyc* polyethylene high-density” OR* Plastic granul*” OR
“polymer granul*” OR "HDPE pipe*" OR "HDPE tube*" OR "tube extruder*” OR
"tube*" OR "plastic tube*" OR "plastic pipe*” OR "plastic-pipe*” OR "HDPE flake*"
OR "homogeneous plastic*” OR “mixed-plastic product™”
plastic*”)

AND

Topic: (“recyc*” OR "mechanical recyc*”

NOT chemical recyc*)

OR "post-consumer

Databas, date Search terms . ;f
‘Web of Science =
#3 Topic: ("plastic product™ OR "polyethylene” OR "PE" OR “HDPE” OR Fil;:r: Mde 16
2023-01-25 "High-density polyethylene” OR “polyethylene high-density” OR “High density icmelvlew

cle

Table 1 d Search Schedule in Web of Science focused on LCA studies on HDPE
Search Schedule in Web of Science for scientific articles that are included in the search for the literature
review focused on LCA of HDPE used in pipe application.

polyethylene” OR “polyethylene high density” OR "polyethylene” OR “Fossil based
plastic*” OR “virgin plastic*”)

AND

Topic: (“LCA” OR "life cycle assessment™ OR "life cycle impact assessment™ OR
“Life cycle analysis” OR "life-cycle*” OR "sustainable business model*" OR "carbon
footprint” OR "climate impact” OR "environmen* impact” OR "greenhouse gas
emission*" OR "GHG emission™" OR "plastic pollution*" OR "climate impact” OR
"environmen* impact” OR "greenhouse gas emission*" OR "GHG emission*” OR
"plastic pollution*")

AND

Topic: ("virgin HDPE" OR "recyc* HDPE" OR "recyc* polyethylene” OR "recyc*
PE" OR "recyc* High-density polyethylene” OR "recyc* polyethylene high-density”
OR "homogeneous plastic*” OR “mixed-plastic product
plastic*”)

AND

Topic: (“recyc*” OR "mechanical recyc*” NOT chemical recyc*)

*

OR "post-consumer

Databas, date Search terms i oNf ; "
‘Web of Science =
#4 Topic: ("plastic product* OR "resin*" OR "polyethylene” OR "PE" OR “HDPE” Filcer: MCIC 104
2023-02-04 OR "High-density polyethylene” OR “polyethylene high-density” OR “High density icrléelvlew

cle
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Table 1 e Search Schedule in Web of Science focused on LCA studies on HDPE
Search Schedule in Web of Science for scientific articles that are included in the search for the literature
review focused on LCA of HDPE used in pipe application.

“polyethylene high density” OR “PE High-density” OR “PE High density” OR
"virgin HDPE" OR “pristine HDPE” OR “fossil HDPE” OR “fossil based HDPE”
OR “fossil-based HDPE” OR “pristine HDPE” OR “fossil High-density
polyethylene” OR “fossil based High-density polyethylene” OR “fossil-based
High-density polyethylene” OR "virgin High density polyethylene” OR “pristine
High density polyethylene” OR “fossil High density polyethylene” OR “fossil based
High density polyethylene” OR “fossil-based High density polyethylene” OR "virgin
High-density PE" OR “pristine High-density PE” OR “fossil High-density PE” OR
“fossil based High-density PE” OR “fossil-based High-density PE” OR “pristine
High-density PE” OR "virgin High density PE" OR “pristine High density PE” OR
“fossil High density PE” OR “fossil based High density PE” OR “fossil-based High
density PE” OR “pristine High density PE” OR "virgin polyethylene high-density”
OR “pristine polyethylene high-density” OR “fossil polyethylene high-density” OR
“fossil based polyethylene high-density” OR “fossil-based polyethylene high-density”
OR “pristine polyethylene high-density” OR "virgin “polyethylene high density”
OR “pristine “polyethylene high density” OR “fossil polyethylene high density” OR
“fossil based polyethylene high density” OR “fossil-based polyethylene high density”
OR “pristine polyethylene high density” OR "virgin PE High-density” OR “pristine
PE High-density” OR “fossil PE High-density” OR “fossil based PE High-density”
OR “fossil-based PE High-density” OR “pristine PE High-density” OR "virgin PE
High density” OR “pristine PE High density” OR “fossil PE High density” OR
“fossil based PE High density” OR “fossil-based PE High density” OR “pristine PE
High density”)

AND

Topic: (“LCA” OR "life cycle assessment™ OR "life cycle impact assessment™" OR.
“Life cycle analysis” OR "life-cycle*” OR "sustainable business model*" OR "carbon
footprint” OR "climate impact*” OR "environmen* impact” OR "greenhouse gas
emission*" OR "GHG emission™" OR "plastic pollut*")

AND

Topic: ("recyc* HDPE" OR "recyc* High-density polyethylene” OR "recyc*
polyethylene high-density” OR “recyc* PE High-density” OR “recyc* PE High
density” OR “post-consumer HDPE” OR “post consumer HDPE” OR
“post-consumer High-density polyethylene” OR “post consumer High-density
polyethylene” OR “post-consumer polyethylene high-density” OR “post consumer
polyethylene high-density” OR “post-consumer PE High-density” OR “post
consumer PE High-density” OR “post-consumer PE High density” OR “post
consumer PE High density”)

AND

Topic: (“recyc”” OR "mechanical recyc™)

NOT

Topic: (chemical recyc*)

Databas, date Search terms Eations an 5
‘Web of Science =
#5 Topic: (“‘HDPE” OR "High-density polyethylene” OR “High density polyethylene” Filter: Article 27
23-03-06 OR "High-density PE” OR "High density PE” OR “polyethylene high-density” OR
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Table 2 Search Schedule in Web of Science focused on pipes made from HDPE
Search Schedule in Web of Science for scientific articles that are included in the search for the literature
review focused on LCA of HDPE used in pipe application.

“polyethylene high density” OR “PE High-density” OR “PE High density” OR
"virgin HDPE" OR “pristine HDPE” OR “fossil HDPE” OR “fossil based HDPE”
OR “fossil-based HDPE” OR “pristine HDPE” OR “fossil High-density
polyethylene” OR “fossil based High-density polyethylene” OR “fossil-based
High-density polyethylene” OR "virgin High density polyethylene” OR “pristine
High density polyethylene” OR “fossil High density polyethylene” OR “fossil based
High density polyethylene” OR “fossil-based High density polyethylene” OR "virgin
High-density PE" OR “pristine High-density PE” OR “fossil High-density PE” OR
“fossil based High-density PE” OR “fossil-based High-density PE” OR “pristine
High-density PE” OR "virgin High density PE" OR “pristine High density PE” OR
“fossil High density PE” OR “fossil based High density PE” OR “fossil-based High
density PE” OR “pristine High density PE” OR "virgin polyethylene high-density”
OR “pristine polyethylene high-density” OR “fossil polyethylene high-density” OR
“fossil based polyethylene high-density” OR “fossil-based polyethylene high-density”
OR “pristine polyethylene high-density” OR "virgin “polyethylene high density”
OR “pristine “polyethylene high density” OR “fossil polyethylene high density” OR
“fossil based polyethylene high density” OR “fossil-based polyethylene high density”
OR “pristine polyethylene high density” OR "virgin PE High-density” OR “pristine
PE High-density” OR “fossil PE High-density” OR “fossil based PE High-density”
OR “fossil-based PE High-density” OR “pristine PE High-density” OR "virgin PE
High density” OR “pristine PE High density” OR “fossil PE High density” OR
“fossil based PE High density” OR “fossil-based PE High density” OR “pristine PE
High density”)

AND

Topic: ("pipe line*" OR "pipeline*” OR "industrial pipeline*" OR "industrial pipe
line*" OR "municipal pipeline*” OR "municipal pipeline*” OR "cable*” OR
"protective tube*”" “protective pipe” OR “tube*” OR "drain* pipe*” OR "drainage
pipe™ OR "drain*" OR “drain” tube*” OR "pipe*” OR “pipe applica®™” OR
“pressure pipe*” OR “pressure tube*” OR “water pipe*” OR “water tube™” OR “gas
pipe*” OR “gas tube*” OR “HDPE pipe*” OR "High-density polyethylene pipe™”
OR “High density polyethylene pipe*” OR “HDPE pipe manufacturing” OR “pipe
grade*” OR “resin” OR “PE100” OR “PE80” OR “PE63” OR PE40” OR “PE32”
OR “PE 100” OR “PE 80” OR “PE 63” OR PE 40” OR “PE 32”)

AND

Topic: ("recyc* HDPE" OR "recyc* High-density polyethylene” OR "recyc*
polyethylene high-density” OR “recyc” PE High-density” OR “recyc* PE High
density” OR “post-consumer HDPE” OR “post consumer HDPE” OR
“post-consumer High-density polyethylene” OR “post consumer High-density
polyethylene” OR “post-consumer polyethylene high-density” OR “post consumer
polyethylene high-density” OR “post-consumer PE High-density” OR “post
consumer PE High-density” OR “post-consumer PE High density” OR “post
consumer PE High density”)

AND

Topic: (“recyc
NOT

Topic: (“chemic” recyc™")

9

OR "mechanical recyc*")

Limitati Nk
Databas, date Search terms
‘Web of Science ol mendics
#1 Topic: (“‘HDPE” OR "High-density polyethylene” OR “High density polyethylene” Filiess 'Article 49
23-03-06 OR "High-density PE” OR "High density PE” OR “polyethylene high-density” OR ﬁe;new

icle
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Principles for selection and relevance assessment in the literature search

The process of carrying out a literature review includes different activities such as
determination of key words, search, selection, assessment, and compilation (Host et
al., 2000). The criteria for including articles should be broad enough to encompass the
likely diversity of the studies but narrow enough to assure that a relevant result can be
obtained when studies are compared (Higgins et al., 2022). Similarly, Hart (2018)
explains that the search needs to be narrow to avoid too much literature. To get an
overall view of the knowledge in the area for this study an initial, more general, search
in Web of Science was conducted to find relevant search terms. These search terms
were selected to accurately describe the content relevant to this thesis. According to
Hart (2018) a literature review should be initiated with searching for relevant sources
and reading with a purpose to extract materials based on themes. The chosen search
terms were combined a certain way which is shown in Table 1. All articles that were
included in the literature review have undergone scientific review. This is of great
importance for the credibility of the study (Host et al., 2016). According to Geyer et
al. (2017) plastic has been produced in large-scale since around 1950 and Gandhi et al.
(2021) points out that plastic production has been increasing rapidly since 1950. Thus,
only articles published after 1950 were included.

In the selection of articles from the search different criteria was used. Selected
articles included HDPE as the material for the product and incorporating both virgin
and recycled plastic. Some of Esvama’s customers are pipe extruders that Esvama
provides with HDPE. Thus, articles that involved LCA of products with HDPE that
are very different compared to pipes were excluded. Such products may be film used
for wrapping and other types of plastics that require different characteristics compared
to the ones used in pipe application. However, some other product types were
included in a few of the articles which were also read to gain a broader insight of the
overall challenges regarding recycling. In addition, other search terms such as “climate
impact”, “environmen* impact” and “GHG emission” were used to include studies
that evaluate relevant environmental impacts of HDPE from other perspectives or
methods. In the literature, many authors compare virgin plastic with bio-based plastic.
To avoid mainly results of studies comparing exclusively these, the search included
search terms of specifically virgin and recycled plastic. However, some of the articles
that were selected and used in the literature review include bio-based plastic in addition
to recycled and virgin plastic. Furthermore, the articles included recycling. More
specifically, mechanical recycling was included while chemical recycling was excluded
since mechanical recycling is a more common method (Alzerreca et al., 2015).

The search in the first phase resulted in 27 articles. The abstract of all 27 articles
was read thoroughly and the remaining text was read briefly to confirm that no relevant
information was excluded unintentionally. Based on the criteria, 21 articles were
included, and 6 articles were excluded. The 21 articles that remained after the first
selection were read in depth. Each article was summarized and the content relevant to
the scientific questions were highlighted. The main features were color-coded and
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relevant content in the articles was marked with the respective colors of the main topic.
The search was filtered with article and all years were selected since every study was
published after 1950. Additionally, according to Baumann & Tillman (2003) the 1990’s
was a period of harmonization of the LCA methodology and the first guidelines for
LCA were published 1993. Thus, articles involving LCA that were included in this
thesis were published after 1993.

For the additional search to gather more detailed information about virgin and
recycled HDPE within the pipe industry, search words were identified during the initial
phase of the literature search. These search words were complemented with additional
search terms referring to different types of pipes to broaden this specific perspective.
In this search, non-pressure pipes, low-pressure pipes and high-pressure pipes were
included with the purpose of finding out whether the allowed recycled content may
differ between the three. Additionally, several pipe grades were included for the same
reason. This search resulted in 48 articles. The abstract of the 48 articles was read and
based on criteria of only including studies of pipes made from HDPE 19 were read in
depth. In this search studies on pipes made from other materials, such as metal, were
excluded. Additionally, studies of other types of processes apart from recycling were
excluded.

2.1 Ethical considerations

While using LCA as an evaluation method, too much aggregation can hide relevant
information while too little aggregation drowns the information in too much detail
(Baumann, 2003). LCA is complex and results can be presented in different ways, e.g.,
inventory results, characterisation results or weighted together (Baumann, 2003). Thus,
it is of great importance that the material in this thesis is elaborated in such a way that
it cannot be interpreted unfairly. Since this thesis is built on a literature review only the
material collected from the search has been studied. This means that not all the data
available on the subject has been evaluated and studied.

To test properties and quality of blends with different ratios of virgin and
recycled HDPE different measurements are made. Just like in any other situation
where measurements are involved it is of great importance that they are precise and
carefully conducted to successfully measure what is intended. This is something that
is impossible for the author of this thesis to control since the assessments and
measurements are made by others.

To fulfill the aim, no personal information has been collected and there are no
conflicts of interest to declare. Additionally, the scientific references that have been
used do not discriminate between gender, culture, or background.
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3. Results

The results indicate that there are several challenges to using recycled material in pipes.
However, there are also several advantages and developing technology and new
techniques of recycling is of great importance to the plastic and the pressure pipe
industry to become more circular. In Table 3 and Table 4 (see page 28) the main
challenges, and the positive effects of using recycled material in pipe application are
summarized. In the following results these sections will be presented further.

Table 3 Summary of challenges
Summary of the main challenges of using recycled material in pipe applications that have been
identified.

Challenges to recycling and use = Explanation
of recycled material

Properties Incorporation of recycled HDPE for pipe manufacturing may affect properties such as
Rapid Crack Propagation, Slow Crack Growth, stiffness, Elongation at break, Tensile
strength at yield and Flexural modulus (Dominguez, 2009; Istrate et al.,, 2021; Juan et al,,
2020; Moser and Folkman, 2008; Nguyen et al., 2020).

Impurities and contaminants Impurities and contaminants are present in recycled HDPE which may affect properties
that lead to formation of crazes during stress. Additionally, contaminants are added while
sorting recyclable HDPE which may affect the quality of the final product and create
other issues (Beheshtian Ardakani et al., 2018; Juan et al., 2020; Simées et al., 2014).

Efficiency of waste management Factors such as the distance to recovery facilities and the transportation logistics have an
impact on the success of recycling. Additionally, the method of handling, sorting,
separation, and selection of the plastic waste is important to achieve required pipe
specifications and to increase the percentage of recycled HDPE into final products (Juan
ctal., 2020; Nguyen etal., 2020).

Quality of the waste Plastic waste of lower quality results in contamination of the recycled material. Thus,
improvements of the sorting of HDPE recovered from waste can reduce the degree of
contamination (Juan et al., 2020; Perugini et al., 2005).
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3.1 Challenges to using recycled materials for pipe
manufacturing

3.1.1 Product properties

Recycling plastic waste results in a range of environmental benefits, but recycled plastic
is a complex and heterogeneous material and may not provide the same functionality
as virgin plastics. In consequence it is important to identify strategies to substitute
virgin plastic for recycled plastic, while maintaining functionality (Faraca et al., 2019;
Istrate et al., 2021). The physicochemical properties of the polymer, the processing
conditions and the purity of the input waste affect the quality of the recycled plastic
product (Faraca et al., 2019; Mannheim, 2021).

Manufacturing standards in the pipe industry recommend against the use of
recycled materials which Alzerreca et al. (2015) argues depends on poor understanding
of the properties and long-term mechanical performance of such materials. According
to Juan et al. (2020) current EN and ISO standards should be revised soon to allow
introducing recycled PEs. Although, recycled PE is currently being utilized to
manufacture non-pressure or low-pressure pipes used for gardening or agriculture
among other things (Juan et al., 2020; Singh et al., 2017). Poduska et al. (2019) assume
that the use of recycled materials for pressure pipes will be allowed eventually even
though it is not allowed according to current regulations.

According to Juan et al. (2020) recycling processes can lead to chain scission,
branching and cross linking caused by thermomechanical degradation of the materials
due to the deterioration of properties during reprocessing. These results are similar to
those reported by Isaacson et al. (2020) who found that thermal degradation can cause
contamination of the surrounding substances, such as water. Furthermore, the
degradation influences crystallinity which affects the properties of the materials, such
as stiffness or elongation at break (Juan et al., 2020). This results in restrictions in the
use of recycled plastics, especially in some sectors (Juan et al., 2020). Additionally,
Nguyen et al. (2020) mention that crystallinity and fracture energy are properties that
require higher qualities of material in recycled HDPE compared to virgin HDPE to
extend the pipe service lifetime (Nguyen et al., 2020). For pipes that are buried quite
deep in the ground, pipe stiffness and pipe strength are important design parameters
due to higher soil pressure (Moser and Folkman, 2008). For example, Beheshtian
Ardakani et al. (2015) mention that landfill leachate collection pipes need to have
enough strength to support the weight of overlying waste, cover system, and post-
closure loadings. Furthermore, they mention that the pipes must withstand the stresses
caused by the vehicles passing during construction and operating hours.

Slow Crack Growth (SCG) and Rapid Crack Propagation (RCP) are two key
properties that are required in pipe application (Istrate et al.,2021; Juan et al., 2020;
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Nguyen et al., 2020). In the case of pipe grade PE80 and PE100, both SCG and RCP
are sensitive to the recycled content (Istrate et al., 2021). Additionally, the mechanical
properties of the polymer can be reduced when polymers experience several thermal
cycles to the melting temperature for mechanical recycling (Greene, 2014). However,
Juan et al. (2020) mention that minimum requirements for properties such as tensile
strength at yield, elongation at break and flexural modulus can be met for a blend with
recycled and virgin HDPE for PE100 grades. A comparison between virgin, post-
manufacturer, and post-consumer HDPE compounds provided by producers of
plastic pipes, confirms that current recycling processes can result in production of
recyclable compounds with acceptable quality for pipe applications (Alzerreca et al.,
2015).

3.1.1.1 Enbancement of properties

Pipes made from PE generally contain added colorants, stabilizers, fillers, antioxidants
and other essential ingredients to achieve desired properties that strengthen and
protect the pipes during manufacturing and service (Diera et al., 2023). To enhance
the mechanical and physical properties of the polymer and extend the lifetime of a
pipe, Nguyen et al. (2020) suggests that a small concentration of nanoclay can be
blended with recycled material. This may result in stress cracking resistance and
prolonging of the polymer failure time (Na et al., 2016; Wang et al., 2006). The
nanoclay production is energy intensive but very small quantities are needed to
improve the polymer properties (Na et al., 2016; Nguyen et al., 2017). Similarly, de
Oliveira Sampaio & Pimentel Real (2012) point out that it is necessary to blend the
recycled content with virgin materials and additives to maintain the required
properties. Due to the degradation of plastic products chemicals, including such
additives, can migrate into the water that is transported through the pipes for example
(Tang et al., 2015). These additives can be plasticizers (which is one of the most
controversial additives), anticorrosive or antioxidant coatings (Tang et al., 2015).
However, Oliveira Sampaio & Pimentel Real (2012) highlight that reuse of recycled
polymers in plastic pipes is important from an environmental and economical point
of view. The results of Oliveira Sampaio & Pimentel Real (2012) can be linked to the
ones from Juan et al. (2020) who found that the use of natural fibers such as sisal and
jute can reinforce polyethylene. Additionally, it is common that minor amounts of
polypropylene are present in the PE waste streams and compatibilizers can address
the mixture integration to reduce the negative effect of immiscible materials in the
polymer matrix (Juan et al., 2020). Such compatibilizers may be nanoparticles which
according to Maris et al. (2018) are cheap, non-specific compatibilizers for polymer
blend systems and a good alternative in response to industrial issues for recycling

blends.
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3.1.2 Impurities and contamination

Recycled HDPE often shows lower mechanical performance due to degradation and
contamination (Juan et al., 2020). The presence of impurities and contaminants of
different sizes and shapes in recycled HDPE can affect properties such as SCG
resistance and lead to craze openings and propagation (Juan et al., 2020). The SCG
involves the formation of a craze at a point of stress concentration (Creton et al., 1992;
Dominguez, 2009). Additionally, contaminants are added while sorting recyclable
HDPE which may affect the quality of the final product and create other
environmental or economic issues (Beheshtian Ardakani et al., 2018). Because of the
favorable properties of PE pipes they are often used to transport water (Diera et al.,
2023). However, according to Diera et al. (2023) compounds can migrate from the PE
pipes to the water. Materials in contact with drinking water can release unwanted
compounds which can affect odor and taste, cause microbial growth, or in worst case,
be toxic (Diera et al., 2023). Alzerreca et al. (2015) found that recycled HDPE contains
metallic residues and other inorganic contaminants. They found that the main
contaminants are titanium and calcium. Calcium is a common filler substance in
thermoplastics and may therefore be expected to be detected in HDPE (Alzerreca et
al., 2015). Alzerreca et al. (2015) also detected other metals such as iron and zinc.
Additionally, Isaacson et al. (2020) found that HDPE pipes exposed to high
temperatures can generate benzene, toluene, ethylbenzene, and xylene which can leach
from cooled plastics into the water. These temperatures might be reached when a fire
in the surroundings takes place for example (Isaacson et al, 2020). A possible
improvement to the material qualities of recycled HDPE is to minimize the amount
of contaminants which is why plastic waste usually requires washing, cleaning, and
purifying steps to reduce and prevent contamination in the recycled polymer
(Alzerreca et al., 2015; Juan et al., 2020).

According to Istrate et al. (2021) waste from households generally contain a
certain level of impurities while waste from e.g., industry and car scrapping is very pure
and allow for a higher recycled content in pipe applications. Similarly, Juan et al. (2020)
mention that plastic waste that is sourced from controlled and closed plastic flows,
such as containers and fuel tanks, are less exposed to external contamination.
Recyclates from municipal solid waste are usually more heterogenous and contain
more contaminants (Juan et al., 2020).

3.1.3 Efficiency of waste management

The pipe industry is an important market for HDPE and investments in technology
for sorting HDPE would be justified (Juan et al., 2020). To reproduce high quality
plastics at low-cost advanced recycling management for solid waste has been
developed (Al-Salem et al., 2009). Nguyen et al. (2020) found that factors such as the
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radius in which the waste materials are collected and delivered to a recovery facility
can change the environmental impact of recycled HDPE. Thus, the efficiency within
origin-to-destination transportation logistics need improvement (Nguyen et al., 2020).
According to Alzerreca et al. (2015) the quality of the polymer can be affected during
any of the recycling steps and Juan et al. (2020) point out the importance of improving
these steps to achieve required pipe specifications. Improving the sorting and recycling
process of plastic waste would lead to an increase of the allowed recycled PE content
related to virgin HDPE materials in blends while fulfilling the requirements and
specifications for PE80 and PE100 pipe grades, without compromising its
performance (Juan et al., 2020). These results are similar to the ones reported by Al-
Maaded et al. (2012) who mention that the method of handling, storage and processing
of solid waste at the source plays an important role as it makes the recycling more
efficient and brings economic benefits.

3.1.4 Quality of the waste

Different pipe grades are used for different applications, PE100 pipe grade for
example is of high quality and fulfills the requirements of pressure pipes (Juan et al.,
2020). The designations PE8O and PE100 are based on the long-term strength of the
materials, the minimum required strength (Istrate et al, 2021). As previously
mentioned, waste from households generally contain more impurities than industrial
waste (Istrate et al., (2021). In households plastic waste is often mixed with other types
of garbage which according to Al-Maaded et al. (2012) makes the separation process
difficult. According to Istrate et al. (2021) the LCA results are highly affected by the
recycled content of the blend. Using pure HDPE waste feedstocks, such as automobile
fuel tanks and industrial containers, allows a higher recycled content to manufacture
PESO quality which results in a lower impact. Both Istrate et al. (2021) and Beheshtian
Ardakani et al. (2018) mention that the source of the plastic waste affects the possibility
to recycle the plastic and the quality of the recycled plastic. Post-consumer plastic
waste such as crates/caps and packaging/detergency bottles usually originate from the
waste stream collected from households while post-industrial containers and
automobile fuel tanks can be obtained from industry and car scrapping etc (Istrate et
al., 2021).

According to Istrate et al. (2021) PE8O pipe grade may allow a content between
5-96%. The large range is due to different sources of the plastic waste. For the
manufacturing of PE80 pipe grades, plastic waste generated from crates and caps allow
for a recycled content between 5-23% and packaging and detergency bottles allow for
a recycled content between 9-37% (Istrate et al., 2021). However, plastic waste sourced
from industrial containers allow for a recycled content of 25-68% and automobile fuel
tanks for 31-96%. For pipe grade PE100 the maximum allowed recycled content is
31% when the source of the waste is automobile fuel tanks. Istrate et al. (2021) explain
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the lower percentage by the fact that PE100 grades are used in applications with higher
requirements than PE8O.

3.2 Positive effects of using recycled materials for pipe
manufacturing

Table 4 Summary of positive effects
Summary of the positive effects of using recycled material in pipe applications that have been identified.

Positive effects of using recycled material

Explanation

Reduced use of resources and less energy
consumption

The production of virgin HDPE requires oil and natural gas which will be
reduced when producing recycled HDPE (Nguyen et al., 2020).

Production of virgin HDPE is energy intensive and a higher recycled
content reduces the energy consumption (Istrate et al., 2021).

Reduced microplastic pollution By increasing the recycling, landfill disposal can be reduced and thereby
microplastic pollution which is more likely to occur when plastic waste is
disposed of in landfill. Recycling can also reduce the amount of plastic that

reaches the ocean (Al-Maaded et al.,, 2012; Istrate et al., 2021).

More space due to reduced space for landfill By recycling plastic the space used for plastic waste in landfill can be reduced

and used for other purposes (Al-Maaded et al., 2012).

Lower impact on acidification The production of ethylene with virgin content largely contributes to
acidification. Thus, higher recycled content in blends reduces the impact on
acidification (Istrate et al., 2021).

Lower greenh gas emissi Manufacturing with recycled material can reduce the greenhouse gas

emissions during raw material extraction and production (Arena etal,,
2003; Brown & Buranakarn, 2003; Perugini et al., 2005).

Price reduction By recycling waste, manufacturers may be able to reduce the price of

products (Beheshtian Ardakani etal., 2018).

3.2.1 Reduced use of resources and lower energy consumption

According to Beheshtian Ardakani et al. (2018) recycling of HDPE waste products
reduces the environmental impact and minimizes the use of resources. Since plastics
are composed mainly of non-renewable resources, petroleum, or natural gas, recycling
old plastics will use much less energy than manufacturing it from virgin material (Al-
Maaded et al., 2012). Similarly, Istrate et al. (2021) found that higher recycled content
in PE80 and PE100 pipes results in lower impact on the depletion of fossil fuels. This
is mainly due to the energy consumption while producing ethylene, the virgin content
bears the largest burden.
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3.2.2 Reduced microplastic pollution and reduced space for landfill

Perugini et al. (2005) mention that landfilling is not encouraged by policy and Istrate
et al. (2021) mention the importance of utilizing the waste and found that avoiding
incineration of waste in favor of landfilling can reduce the carbon footprint. However,
Istrate et al. (2021) also state that increasing the landfilling of plastic rejects can result
in other environmental problems such as microplastic pollution. By increasing the
recycling, landfill disposal can be reduced and thereby microplastic pollution which is
more likely to occur when plastic waste is disposed of in landfill. Recycling can also
reduce the amount of plastic that reaches the ocean, releasing toxic chemicals during
their decomposition process (Al-Maaded et al., 2012; Istrate et al. 2021). Additionally,
increased recycling decreases waste disposal in landfill and helps the environment by
reducing the amount of space used in a landfill for plastic products (Al-Maaded et al,,
2012; Beheshtian Ardakani et al., 2018).

3.2.3 Lower impact on acidification

Simoes et al. (2014) concluded that in the production phase the environmental impact
is higher for manufacturing with recycled HDPE than with virgin HDPE. The
exceptions are the impact categories respiratory organics and fossil fuels (Simdes et al.,
2014). Thus, the use of fossil fuels and emissions to air are minimized when using
recycled HDPE and the consumption of fossil fuels during the production phase has
a significant environmental impact. Additionally, Istrate et al. (2021) found that due to
the production of ethylene the virgin content is the largest contributor to the impact
on acidification and a higher recycled content in the blend results in a lower impact on
acidification (Istrate et al., 2021).

3.2.4 Lower greenhouse gas emissions

Using recycled polymers instead of virgin plastics can also reduce the energy
consumption and greenhouse gas emissions during raw material extraction and
production (Arena et al., 2003; Brown & Buranakarn, 2003; Perugini et al., 2005). This
is further exemplified by Nguyen et al. (2020) that states that due to the consumption
of energy to produce ethylene from oil and natural gas, the average greenhouse gas
emissions for the manufacturing of 1 kg of virgin HDPE resin (cradle-to-gate) is
higher than the manufacturing of recycled HDPE.
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3.2.2 Reduced price of the final product

Manufacturers may be able to reduce the price of products by recycling waste products
(Beheshtian Ardakani et al., 2018). In the production costs, energy makes up a larger
portion than materials for recycled HDPE (Nguyen et al., 2020). According to Nguyen
et al. (2020) this is mainly due to the low cost of plastic waste and since virgin HDPE
is a large contribution to the recycled blend the feedstock cost governs the cost of the
production of recycled HDPE. Juan et al. (2020) argues that the use of recycled HDPE
could help reduce costs and lower the environmental impact. Due to the lower cost of
recycled HDPE, production with recycled HDPE has a 30% lower potential internal
life cycle (LC) cost (Simdes et al., 2014). Simoes et al. (2014) points out that from an
economic perspective, recycling is the best EolL option for products manufactured
with virgin HDPE. However, the EoL scenario of incineration with energy recovery
shows a marginally lower potential internal L.C cost but a higher potential external LC
cost (Simdes et al., 2014). This is due to revenues generated from the sale of electricity
which are offset by the higher emission costs (Simdes et al., 2014).
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4. Discussion

The aim of this thesis was to identify challenges of using recycled HDPE in pipe
application and how different sources of post-consumer HDPE for pipe
manufacturing affect the quality of the pipe. The results indicate that HDPE is an
excellent material to use in the manufacturing of pressure pipes (Alzerreca et al., 2015;
Beheshtian Ardakani et al., 2018; Istrate et al., 2021; Juan et al., 2020; Singh et al.,
2017). However, the manufacturing of virgin HDPE has a negative impact on the
environment since it is energy intensive and requires a significant amount of raw
materials (Istrate et al., 2021; Nguyen et al., 2020). Several of the authors of the studies
included in this thesis point out that recycling HDPE can reduce the amount of plastic
waste in landfills and conserve resources. Although, the results also suggest that there
are several challenges of incorporating recycled HDPE in plastic pipes which will be
further discussed in this section of the thesis. In the following discussion the results
of this thesis are analyzed to highlight the challenges of using recycled plastic in pipe
applications.

4.1 Properties

The findings of this thesis suggest that a main challenge to utilize recycled material
from many different waste streams in plastic pipe manufacturing is how to maintain
product performance and durability. Pressure pipes have unique properties and
specific requirements such as service lifetime and the mechanical properties of HDPE,
such as tensile strength and elongation at break can be influenced by the addition of
recycled HDPE (Alzerreca et al., 2015). In general, the more recycled HDPE that is
added, the lower the mechanical properties of the resulting blend. The results suggest
that a possible explanation for the lower mechanical properties is that recycled HDPE
may contain impurities or other degradation products that may weaken the material.
Recycling processes can affect properties of pipes since it can cause chain scission,
branching and cross linking (Juan et al., 2020). Additionally, crystallinity, which is
affected by degradation, influences properties such as stiffness (Juan et al., 2020).
However, the results suggest that properties such as tensile strength at yield, elongation
at break and flexural modulus can be met even when using recycled material in the
blend for producing plastic pipes (Juan et al., 2020). Thomas et al. (2015) collected a
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dozen samples of corrugated HDPE pipes in North America, South America, and the
United Kingdom to evaluate if the samples met requirements of the pipes. The results
showed that only two of the twelve samples met all the requirements. Five of the
samples contained significant amounts of polypropylene which according to Thomas
et al. (2015) is an indication of recycled HDPE being present. These results create
concern that pipes that the studies included in this thesis have evaluated may also have
contained a certain amount of recycled HDPE which can affect the result of allowed
recycled content. Thus, further research of pipes where the initial composition is
evaluated as a first stage is needed. Thereby, the result of allowed recycled content
based on property requirements will have a higher credibility.

4.2 Contaminants of HDPE and additives to reduce the
effect of properties

The result indicates that pipes made from virgin HDPE are already at risk of leaching
chemicals. Additionally, contaminants are added while washing, cleaning and purifying
the material (Alzerreca et al., 2015; Juan et al., 2020). Taken together, these results
indicate that recycled HDPE may contain higher levels of contaminants than virgin
HDPE. Materials in contact with drinking water can release unwanted compounds
which can impact odor and taste, cause microbial growth, or be toxic (Diera et al.,
2023). Additionally, Diera et al. (2023) found several compounds in HDPE pipes.
Approximately 25% of the detected compounds were oxygeneted phenolic species
which are likely related to commonly used phenolic antioxidants. Added antioxidants
can decompose into many products which can degrade further (Diera et al., (2023).
Thus, not only do the compounds found in HDPE pipes impose a direct threat if they
leak into the water or surrounding environments but also because the compounds can
decompose into other products and degrade. These contaminants, compounds or
other products may impose a threat to both humans and the environment. The result
also indicates that thermal exposure seems to be one of the main influencing factors
on the degradation of HDPE pipes which may lead to leaching of chemicals (Greene,
2014; Isaacson et al.,, 2020; Juan et al., 2020). These observations are important to
consider when areas are exposed to higher temperatures. Examples of areas that might
be affected by such temperatures are areas where wildfires occur. This is of relevance
since the impact of climate change contributes to an increased incidence of wildfires
(Naturvardsverket, 2022).

The incorporation of additives such as nanoclay or antioxidants or natural fibers
such as sisal and jute has been suggested as a possible solution to improve the quality
of the blends with virgin and recycled HDPE (De Oliveira Sampaio & Pimentel Real,
2012; Juan et al., 2020; Nguyen et al., 2020). This solution must be interpreted with
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caution since it does not include information about the full life cycle of these additives.
It may be of importance to investigate and compare the production of these additives
to assure that they do not result in further exploitation of resources and energy
consumption. For example, the results state that nanoclay production is intensive but
to improve the polymer properties very small quantities are needed (Na et al., 2016;
Nguyen et al., 2017). To further explore these options LCA might be a suitable tool.
In relation to these results regarding additives, Thomas et al. (2015) found that some
additives dramatically improve the resistance of HDPE to exposures. Such exposures
may be UV exposure, but the presence of additives may affect the results of tests
performed on the pipes (Thomas et al., 2015). This is something to take into
consideration when performing tests on HDPE pipes. For example, Thomas et al.
(2015) mention that in addition to recycled content, presence of fillers and the use of
poor quality carbon black may affect tensile tests.

4.3 Waste management and cost savings

The results of this thesis suggest that the characteristics of thermoplastics allow
treatment including heating and formation multiple times (Nguyen et al.,, 2020).
However, the results also indicate that the molecular weight of the polymer and its
mechanical properties can be reduced when polymers experience several thermal
cycles (Greene, 2014). There would therefore seem to be a definite need for improving
current, and developing new, recycling processes to achieve the best possible quality
of the recycled material. It is likely that this can lead to a higher allowed recycled
content in pressure pipes which will lead to less resource use and energy consumption.
However, these improvements may not be possible to implement everywhere since it
requires investments, specific competence, and right technology. Countries with
greater economic conditions have more possibilities to invest in proper recycling
methods that reduce emissions and will lead to further cost savings (Al-Salem et al.,
2009). Although the cost of producing plastic from recycled material is lower than
producing plastic from virgin material it may still be less expensive to produce virgin
HDPE than recycled HDPE if capital for investing in recycling facilities and
technologies is insufficient. This may lead to continuing or increased production of
virgin HDPE in some regions which can result in further contamination of the
environment. To implement legislation to avoid this outcome might lead to further
inequality as some regions may have to reduce or cut their production which will result
in less income. A reasonable approach to tackle this issue could be to support
developing countries to effectively implement strategies and technologies for
recycling. Additionally, this is aligned with what the United Nations state in the Paris
Agreement - to support developing countries for effective implementation to allow
for higher ambition in their actions (United Nations Framework Convention on
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Climate Change [UNFCCC], 2016). Gu et al. (2020) found a high correlation between
the recycled plastic price returns and the performance of plastic manufacturers which
implies that companies could be using more recycled plastic. According to Gu et al.
(2020) crude oil is a volatile commodity, and these observations may imply that the
availability of oil can affect the demand for recycled plastics. Additionally, the demand
of recycled materials could also influence the adaptation of new regulations,
technologies and business models and thereby affect recycling practices and related
environmental performance (Gu et al., 2020).

The results suggest that there are currently limitations to manufacture pressure
pipes with recycled content. The Plastics Industry Pipe Association (2022) mentions
that plastic pipes are manufactured using engineered polymer materials that are very
stable and the majority of pipes are made from a single type of plastic. This design
facilitates simple recycling and supports a circular economy. Taken together, the results
of this thesis and the fact that the design of plastic pipes makes them suitable for
recycling indicate that even though it may not be possible to manufacture plastic pipes
with certain amounts of recycled content, it is likely that plastic pipes may be recycled
at their EoL to be used in other types of products. Although this does not relate to
the aim of this thesis, it is of relevance from a wider environmental perspective to
reduce the amount of plastic waste, reduce the use of resources and enhance the
circular economy.

4.4 The role of the origin of plastic waste

Post-consumer plastic such as crates/caps and packaging/detergency bottles are
usually sourced from households and generally contain a higher level of impurities
than post-industrial plastic that is sourced from industry and car scrapping etc (Istrate
et al., 2021). The results show that these impurities affect the quality of the recycled
HDPE and thus also the plastic pipes manufactured from the recycled HDPE.
Additionally, while sorting recyclable HDPE waste, contaminants are added which
may also affect the quality of the final product (Beheshtian Ardakani et al., 2018).
However, improvements have been identified to enhance the quality of post-consumer
recycled HDPE. Thomas et al. (2015) also addresses that contamination is a main
concern regarding the use of recycled HDPE and states that it must be controlled to
ensure consistent performance of the pipes.

The results show that a reduction of the amount of contaminants and
improvements in the process for sorting and recycling may reduce the risk of
degradation of the HDPE in plastic pipes which may lead to leaching of chemicals
(Alzerreca et al.,, 2015; Isaacson et al. (2020)). Additionally, compounds generated
during plastic pipe production or used pipes that are no longer useful due to quality
issues or quality problems during production may be recycled directly within the pipe
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industry (Beheshtian Ardakani et al., 2015). This may be a solution to avoid the
contamination that other types of plastic waste can contain. Another strategy
suggested by Thomas (2011) is to include a specification on recycled materials which
will allow pipe manufacturers to make appropriate blends while controlling their
properties.

The Plastics Industry Pipe Association (PIPA) mentions that plastic used in pipes
are very different to single-use plastics, such as flexible packaging. This type of
packaging is composed of multiple polymers and incorporates other materials, such as
aluminum foil. Thus, plastic packaging is difficult to separate and recycle (Plastics
Industry Pipe Association, 2022). Recent research has also suggested that waste created
when quality problems occur during pipe production or after use, the plastic can be
collected and recycled immediately (Beheshtian Ardakani et al., 2018). In a report from
PIPA it is mentioned that recycled plastic used in plastic pipes can come from post-
consumer plastics e.g. from households or industrial facilities, pre-consumer plastics
that are diverted from the waste stream during a manufacturing process or from
unused products or from rework material where plastic scrap material is generated
during the manufacturer’s own production of pipes (Plastics Industry Pipe
Association, 2022). In the report it is also suggested that the pipe industry should work
together with the building and construction industry to implement initiatives to
recover off-cuts and products at the end of installation. Thereby, plastic that is more
fit for purpose in pipe applications can be recycled and reused in other pipes.
Additionally, by reusing rework material to make new pipes less waste is generated,
and less waste goes to landfill (Plastics Industry Pipe Association, 2022).
Manufacturers that use their own rework material also ensure that the material has a
known origin and is certified for use in pressure pipes (Plastics Industry Pipe
Association, 2022). Taken together, these points suggest that there is a great supply of
waste from used plastic pipes in some areas to be used for recycling which could be
blended with waste from plastic pipes collected during production. It is possible that
these blends would have a better chance of being suitable for pipe applications while
tulfilling the requirements. Although this type of waste may be more suitable for pipe
applications it may require transportation of waste over unknown distances, and it is
therefore important to analyze and quantify emissions to ensure that it does not
adversely affect the environment to a greater extent than other options. Although
initial observations suggest that there may be a substantial supply of waste from plastic
pipes, in the report from PIPA two aspects that may contradict these facts are
mentioned. First, that currently there is a low volume of material available for
recycling. However, the industry is proactively capturing this material. Additionally,
they discuss the fact that the service lifetime of pipes is relatively long which first of
all means that plastic pipes do not contribute to the data of yearly generation of waste.
Secondly, this means that the availability of plastic waste generated from plastic pipes
may be low, which reduces the amount of plastic waste that can be recycled more easily
for pipe applications. This increases the importance of developing strategies to
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enhance the separation of different types of waste which may benefit and facilitate the
development of recycling in a more efficient way.

4.5 Recycled content in the blend

Research suggests that the allowed recycled content in the blend for plastic pipe
manufacturing depends on the origin of the plastic waste and what type of pipe that is
being manufactured. For example, the results suggest that the allowed recycled content
differs for the pipe grades PE80 and PE100 (Istrate et al., 2021). PE80 pipe grades
may allow a recycled content of up to 96% and PE100 pipe grades up to 31% (Istrate
et al., 2021). These pipe grades can usually be used with the same functionality for
certain applications (Istrate et al., 2021). Thus, it is important to note that the
percentage of recycled content in plastic pipes varies depending on the pipe grade.
Additionally, it is important to consider factors such as durability and other
requirements in addition to the recycled content. Also, the specific application of the
pipe and the origin of the waste also affects the recycled content. Taken together, the
results of this thesis suggest that using pure feedstocks creates better opportunities for
HDPE recycling in pipe applications. Industrial waste, for example, allows for a higher
recycled content than municipal solid waste or waste from households such as
packaging or detergency bottles (Al-Maaded et al., 2012; Istrate et al., 2021; Juan et al.,
2020). The results do not rule out the influence of other factors but there would seem
to be a need for improving the sorting and handling of plastic waste to simplify the
recycling processes and be able to distribute the plastic waste for the right application
at an early stage. The results also show that the presence of other types of plastic in
the blend may deteriorate miscibility and decrease the possibilities of using recycled
content in the blend. It is evident that the recycled content is of great variation ranging
from 0 - 96% depending on the source of the plastic waste and the desired quality of
the resultant plastic, which is related to its application domain. However, the results
bring hope that future improvements may allow for incorporating more recycled
material and increasing the recycled content. Additionally, the focus of this thesis was
pressure pipes, mainly high pressure ones, but it may already be possible to use a higher
recycled content in other types. The observation that PESO pipe grades allow a higher
recycled content than PE100 grades would seem to suggest that low-pressure pipes or
non-pressure pipes may fulfill requirements with a higher recycled content. PIPA
confirms this by stating that non-pressure pipes have greater flexibility to
accommodate all forms of recycled materials and can incorporate recycled materials
without compromising performance. They point out that there is capacity to increase
the use of recycled material across a range of non-pressure pipes if suitable waste
stream volumes are available. According to Thomas & Cuttino (2011) pipes containing
100% recycled PE can be manufactured to exceed the requirements for highway
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applications and have estimated service lifetimes of more than 100 years. However,
Thomas (2011) mentions that recycled resins should only be used in low-risk
applications or by experts who truly comprehend the limits involved with using
recycled PE.

4.6 Future research

This study has shown that the quality of a plastic pipe containing recycled HDPE
depends on several factors such as the quality of the recycled material and the quantity
of recycled content. Previous research also concludes that it is of great importance to
carefully consider these factors in the design and the production phase to ensure that
required specifications are met. The use of recycled HDPE in pipe applications is an
area that requires ongoing research and development to improve effectiveness of
recycling processes as well as to meet short- and long-term goals for sustainability.
Because of the restricted use of recycled material today it is of great importance to
modify current standards and develop new potential recycled materials that
demonstrate durability and fill the requirements for pipe application. In the future,
initiatives may force virgin material to be replaced or partly replaced by recycled
material in the production of pipes which is yet another reason why it is important to
turther study the possibilities of using recycled material in pipe applications.

Research should strive to explore new methods for removing contaminants in
post-consumer plastic products to improve the quality of the recycled HDPE. New
methods that simplify the monitoring and controlling of the quality of the recycled
materials can be developed. Additionally, the process of recycling HDPE for plastic
pipes involves a range of different steps. Research could focus on improving the
efficiency and effectiveness of these steps, such as shredding, grinding and washing.
Apart from removing contaminants, the addition of additives to the blend to improve
the properties of pipes with recycled content should also be further investigated.

To understand the environmental impacts of recycled HDPE in pipe applications
requires assessments of the full manufacturing process. Thus, it is important that
research explore the life cycle of the material to identify opportunities for improving
environmental performance. To augment the use of plastic waste for recycling it would
be beneficial to further study strategies that facilitate the separation of waste. It may
also be of interest to already in the initial phase design products in a way that makes
separation easier.

As mentioned previously it is important to change regulations or apply incentives
to increase the recycled content in pressure pipes as an important step towards more
sustainable plastic production and use. Research of the possibilities to use recycled
HDPE in pipe applications can increase the recycling rate of and contribute to a more
sustainable and circular economy for this type of plastic.
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5. Conclusions

Recycled HDPE is currently not being used to manufacture high-pressure pipes.
However, the results indicate that there are possibilities of doing so with increasing
knowledge and developed processes for recycling and blending. The possibilities to
manufacture pipes from recycled plastic depend on various aspects, such as:

e Available resources and the quality of the recycled material.

The origin of plastic waste which affects the quality of the recycled material.
Current standards for manufacturing which are expected to be revised in the
near future.

e Dossibilities to maintain product performance and durability.

The quantity of recycled content allowed in the blends. Currently, higher
recycled content results in lower mechanical properties of the blend.

e Present additives and contaminants which can be a barrier for recycling, but
some additives may increase performance of the blend. Additionally,
chemicals can leach into, and affect, surrounding environments.

e The sorting and collection of plastic waste, which plays an important role to
make the recycling more efficient and thereby minimize the risk of leaching
chemicals as well as bringing economic benefits.

To address plastic waste problems, recycling is an important step towards
environmental protection. Additionally, creating possibilities to increase the recycled
content in plastic pipes will lead to lower energy consumption and use of resources.
Mechanical recycling also causes relatively less pollution and needs low investment. To
preserve the environment while meeting consumption demands, a global effort to shift
the linear economy into a circular model must be made. Finally, continuing research
and development of more efficient recycling processes will help tackle the challenges
around using recycled material in plastic pipes.

39



40



6. Acknowledgement

This thesis is the result of my studies in environmental science at Lund university. 1
would like to express my gratitude and appreciation to all those who have contributed
to the completion of this master’s thesis. Their support and guidance have been
instrumental in shaping this thesis and overcoming challenges along the way. Without
them, this certainly would not have been possible. I would like to express my gratitude
and appreciation to Esvama for giving me the opportunity of conducting this research.
The opportunity has provided me with insights that has enhanced my knowledge.

Firstly, I would like to thank my supervisors, Dr Jagdeep Singh, and Ratil Lépez
I Losada, for their guidance and expertise. Their insightful feedback and constructive
criticism have been crucial in shaping this thesis.

I would like to thank Peter Olsson for guiding me through the different sections
of my thesis to make sure I am moving in the right direction. I would also like to
express my heartfelt gratitude to Nina Reistad who has instilled a calmness in me
during the most stressful times over these months. I am very grateful for your kindness
and intelligent recommendations. Anja Zimmerman and Frida Rosengren from the
library have offered me invaluable support in how to refer correctly which I am very
thankful for. Additionally, I would like to extend my gratitude to my friends and
classmates for their support and encouragement throughout this journey. Their moral
support and engagement in thought-provoking discussions has been very valuable.

Finally, I would like to thank my forever supporting family; Alex, Elsa, Johan and
Katrin. I am deeply grateful for their love and constant encouragement. Their belief
in my abilities have been a source of strength and motivation during the challenging
times of writing this thesis. Completing this thesis is certainly an important milestone
and a very rewarding experience.

41



42



7. References

Al-Maaded, M., Madi, N. K., Kahraman, R., Hodzic, A., & Ozerkan, N. G. (2012). An
Overview of Solid Waste Management and Plastic Recycling in Qatar. Journal of Polymers and
the Environment, 20(1), 186—194. https://doi.org/10.1007/510924-011-0332-2

Alzerreca, M., Paris, M., Boyron, O., Orditz, D., Louarn, G., & Cotrec, O. (2015). Mechanical
properties and molecular structures of virgin and recycled HDPE polymers used in gravity
sewer systems. Polymer Testing, 40, Pp- 1-8.

Arena, U., Mastellone, M. L., & Perugini, F. (2003). The environmental petformance of
alternative solid waste management options: A life cycle assessment study. Chemical
Engineering Journal, 96(1-3), pp. 207-222. https://doi.org/10.1016/j.c€j.2003.08.019

Baumann, H., & Tillman, A. M. (2003). The hitch hiker’s guide to LCA: An orientation in life
cycle assessment methodology and application. Studentlitteratur AB.

Beheshtian Ardakani, M., Ebadi, T., & Mir Mohammad Hosseini, S. M. (2018). Effect of using
postmanufacturer HDPE compounds on the behavior of landfill leachate collection pipes.
Journal of Pipeline Systems Engineering and Practice, 9(3), Article 04018007.
https://doi.org/10.1061/(ASCE)PS.1949-1204.0000325

Bicalho, T., Sauer, 1., Rambaud, A., & Altukhova, Y. (2017). LCA data quality: A management
science  perspective.  Journal ~of  Cleaner Production, 156, pp. 888-898.
https://doi.org/10.1016/j.jclepro.2017.03.229

Brown, M. T., & Buranakarn, V. (2003). Emergy indices and ratios for sustainable material
cycles and recycle options. Resoutrces, Conservation and Recycling, 38(1), pp. 1-22.
https://doi.org/10.1016/50921-3449(02)00093-9

Creton, C., Kramer, E. J., Hui, C. Y., & Brown, H. R. (1992). Failure mechanisms of polymer
interfaces reinforced with block copolymers. Macromolecules, 25(12), pp. 3075-3088.
https://doi.org/10.1021/ma00038a010

Defra. (2011). Guidance on applying the waste hierarchy.
https://assets.publishing.service.cov.uk/government/uploads/system/uploads/attachment

data/file/69403 /pb13530-waste-hierarchy-guidance.pdf

Diera, T., Thomsen, A. H., Tisler, S., Karlby, L. T., Christensen, P., Rosshaug, P. S,
Albrechtsen, H.-J., & Christensen, J. H. (2023). A non-target screening study of high-density

43



polyethylene pipes revealed rubber compounds as main contaminant in a drinking water

distribution system. Water Research, 229, 119480.
https://doi.org/10.1016/j.watres.2022.119480

Dominguez, C., Garcfa, R. A., Aroca, M., & Carrero, A. (2012). Study of the PENT test
conditions for reducing failure times in high-resistance polyethylene resins for pipe
applications. ~ Mechanics of Time-Dependent Materials, 16(1), pp. 105-115.
https://doi.org/10.1007/s11043-011-9151-2

Du, F., Woods, G. J., Kang, D., Lansey, K. E., & Arnold, R. G. (2013). Life cycle analysis for
water and wastewater pipe materials. Journal of Environmental Engineering, 139(5), pp. 703—
711. https://doi.org/10.1061/(ASCE)EE.1943-7870.0000638

Ellen MacArthur Foundation. (2017). The new plastics economy: rethinking the future of
plastics  and  catalysing  action.  https://emf.thirdlicht.com/file/24/RrpCWLER-

yBWPZRrwSoRBIKM2/The%20New%20Plastics%020Economy%3A%20Rethinking%20th
e%20future%200f%20plastics%620%26%20catalysing%o20action.pdf

Faraca, G., Martinez-Sanchez, V., & Astrup, T. F. (2019). Environmental life cycle cost
assessment: Recycling of hard plastic waste collected at Danish recycling centres. Resources,
Conservation and Recycling, 143, Pp- 299-3009.
https://doi.org/10.1016/j.resconrec.2019.01.014

Fokaides, P. A., Apanaviciene, R., Cerneckiene,].,]urelionis, A., Klumbyte, E., Kriauciunaite-
Neklejonoviene, V., Pupeikis, D., Rekus, D., Sadauskiene, J., Seduikyte, L., Stasiuliene, L.,
Vaiciunas, J., Valancius, R., & Zdankus, T. (2020). Research challenges and advancements in
the field of sustainable energy technologies in the built environment. Sustainability, 12(20),
Article 8417. https://doi.org/10.3390/su12208417

Geyer, R. (2020). Production, use, and fate of synthetic polymers. Plastic Waste and Recycling.
pp. 13-32. Elsevier. https://doi.org/10.1016/B978-0-12-817880-5.00002-5

Geyer, R,, Jambeck, J. R., & Law, K. L. (2017). Production, use, and fate of all plastics ever
made. Science Advances, 3(7), Article e1700782. https://doi.org/10.1016/B978-0-12-817880-
5.00002-5

Gordon]86 (2013). HDPE Pipeline in a harsh Australian environment, used for transporting
water to a mine site. [Photograph]. Wikimedia.
https://commons.wikimedia.org/wiki/File:HDPE Pipeline in a harsh Australian environ

ment.jpg

Greene, J.P., (2014). Sustainable Plastics: Environmental assessments of biobased,
biodegradable, and recycled Plastics. John Wiley and Sons, Inc, Hoboken, New Jersey.

Gu, F., Wang, |., Guo, J., & Fan, Y. (2020). Dynamic linkages between international oil price,
plastic stock index and recycle plastic markets in China. International Review of Economics &
Finance, 68, pp. 167-179. https://doi.org/10.1016/}.iref.2020.03.015

44



Higgins JPT, Thomas J, Chandler ], Cumpston M, Li T, Page MJ, Welch VA (editors).
Cochrane handbook for systematic reviews of interventions version 6.3 (updated February
2022).

Isaacson, K. P., Proctor, C. R., Wang, Q. E., Edwards, E. Y., Noh, Y., Shah, A. D., & Whelton,
A. ]J. (2021). Drinking water contamination from the thermal degradation of plastics:
Implications for wildfire and structure fire response. Environmental Science: Water Research

& Technology, 7(2), 274-284. https://doi.org/10.1039/DOEW00836B

Istrate, I.-R., Juan, R., Martin-Gamboa, M., Dominguez, C., Garcia-Munoz, R. A., & Dufour,
J. (2021). Environmental life cycle assessment of the incorporation of recycled high-density
polyethylene to polyethylene pipe grade resins. Journal of Cleaner Production, 319, Article
128580. https://doi.org/10.1016/j.jclepro.2021.128580

Juan, R., Dominguez, C., Robledo, N., Paredes, B., & Garcla-Mufioz, R. A. (2020).
Incorporation of recycled high-density polyethylene to polyethylene pipe grade resins to
increase close-loop recycling and underpin the circular economy. Journal of Cleaner
Production, 276, Article 124081. https://doi.org/10.1016/j.jclepro.2020.124081

Lluis tgn (2011). Polyethylene Balls. [Photograph]. Wikimedia.
https://commons.wikimedia.or iki/Fi lene ballsl.j

Mannheim, V. (2021). Life cycle assessment model of plastic products: comparing
environmental impacts for different scenarios in the production stage. Polymers, 13(5), pp.
777. https://doi.org/10.3390/polym13050777

Maris, J., Bourdon, S., Brossard, J.-M., Cauret, L., Fontaine, L., & Montembault, V. (2018).
Mechanical recycling: Compatibilization of mixed thermoplastic wastes. Polymer Degradation
and Stability, 147, 245-266. https://doi.org/10.1016/j.polymdegradstab.2017.11.001

Moser, A. P., & Folkman, S. L. (2008). Buried pipe design (3rd ed). McGraw-Hill.

Na, S., Nguyen, L., Spatari, S., & Hsuan, Y. G. (2018). Effects of recycled HDPE and
nanoclay on stress cracking of HDPE by correlating | ¢ with slow crack growth. Polymer
Engineering & Science, 58(9), pp. 1471-1478. https://doi.org/10.1002 /pen.24691

Na, S., Nguyen, L., Spatari, S., & Hsuan, G. Y. (2016). Evaluating the effect of nanoclay and
recycled HDPE on stress cracking in HDPE using J-intergral approach.

Naturvirdsverket. (2022). Begrinsad klimatpaverkan: Foérdjupad utvirdering av miljémilen
2023.  (2022). Naturvardsverket.  Retrieved  June 13, 2023, from URL
https://www.naturvardsverket.se/4ad0c0/globalassets/media/publikationer-pdf/7000/978-

91-620-7068-7.pdf

Naturvirdsverket. (2016). Minskad férbrukning av  plastbirkassar. Redovisning av
regeringsuppdrag. Retrieved May 5, 2023, from URL
https://www.naturvardsverket.se/4946da/contentassets /f379eaaad5974edeb4e7d82101£f499

d/rapport-plastbarkassar-slutl-20160321.pdf

45



Nguyen, L., Hsuan, G. Y., & Spatari, S. (2017). Life cycle economic and environmental
implications of pristine high density polyethylene and alternative materials in drainage pipe
applications. Journal of Polymers and the Environment, 25(3), pp. 925-947.
https://doi.org/10.1007/s10924-016-0843-y

Nguyen, L. K., Na, S., Hsuan, Y. G., & Spatari, S. (2020). Uncertainty in the life cycle
greenhouse gas emissions and costs of HDPE pipe alternatives. Resoutces, Conservation and
Recycling, 154, Article 104602. https://doi.org/10.1016/j.resconrec.2019.104602

Nguyen, K. Q., Mohamed, K., Cousin, P., Robert, M., El-Safty, A., & Benmokrane, B. (2023).
Stress-crack resistance and life prediction of corrugated recycled and virgin HDPE pipes used
in road drainage systems in Quebec, Canada. Journal of Materials in Civil Engineering, 35(1),
Article 04022360. https://doi.org/10.1061/(ASCE)MT.1943-5533.0004522

Perugini, F., Mastellone, M. L., & Arena, U. (2005). A life cycle assessment of mechanical and
feedstock recycling options for management of plastic packaging wastes. Environmental

Progtess, 24(2), pp. 137-154. https://doi.org/10.1002/ep.10078

Petit-Boix, A., Sanjuan-Delmas, D., Gasol, C. M., Villalba, G., Suarez-Ojeda, M. E.,
Gabarrell, X, Josa, A., & Rieradevall, J. (2014). Environmental Assessment of Sewer
Construction in Small to Medium Sized Cities Using Life Cycle Assessment. Water Resources

Management, 28(4), 979-997._https://doi.org/10.1007/s11269-014-0528-2

Plastics Industry Pipe Association. MAY (2022). The use of recycled material in plastic pipes.
https://pipa.com.au/wp-content/uploads/2022/06/PIPA-Disucssion-Paper-The-use-of-
recycled-materials-in-plastic-pipes-June-2022.pdf

Plastic Pipe Institute. (2021). Life cycle assessment of North American stormwater pipe
systems. Retrieved January 31, 2023, from URL
https://plasticpipe.org/Common/Uploaded%20Files/1-

PPI/General%20Literature /Technical%020Reports/TR-53 /TR-53%202021%20-
%20Life%20Cycle%20Assessment%20Summary%e200f%20Drainage%20Pipe%20 Alternativ
es.pdf

Poduska, J., Dlhy, P., Hutat, P., Frank, A., Kucera, J., Sadilek, J., & Nahlik, L. (2019). Design
of plastic pipes considering content of recycled material. Procedia Structural Integrity, 23, pp.
293-298. https://doi.org/10.1016/j.prostr.2020.01.102

Posen, 1. D., Jaramillo, P., Landis, A. E., & Griffin, W. M. (2017). Greenhouse gas mitigation
for U.S. plastics production: Energy first, feedstocks later. Environmental Research Letters,
12(3), Article 034024. https://doi.org/10.1088/1748-9326/2a60a7

Ronca, S. (2017). Polyethylene. In M. Gilbert (Ed.), Brydson’s Plastics Materials (8th ed., pp.
247-278). Elsevier. https://doi.org/10.1016/B978-0-323-35824-8.00010-4

46



Sabaliauskaite, K., & Kliaugaite, D. (2014). Resource efficiency and carbon footprint
minimization in manufacture of plastic products. Environmental Research, Engineering and
Management, 67(1), pp. 25-34. https://doi.org/10.5755/j01.erem.67.1.6587

Sangwan, K. S., & Bhakar, V. (2017). Life cycle analysis of HDPE pipe manufacturing — A case
study from an Indian  industry.  Procedia ~ CIRP, 61, pp. 738-743.
https://doi.org/10.1016/j.procir.2016.11.193

Simoes, C. L., Pinto, L. M. C., & Bernatdo, C. (2014). Environmental and economic analysis
of end of life management options for an HDPE product using a life cycle thinking approach.
Waste Management & Research: The Journal for a Sustainable Circular Economy, 32(5), pp.
414-422. https://doi.org/10.1177/0734242X14527334

Singh, N., Hui, D., Singh, R., Ahuja, I. P. S., Feo, L., & Fraternali, F. (2017). Recycling of plastic
solid waste: A state of art review and future applications. Composites Part B: Engineering, 115,
pp. 409—422. https://doi.org/10.1016/j.compositesb.2016.09.013

Tang, J., Tang, L., Zhang, C., Zeng, G., Deng, Y., Dong, H., Wang, J., & Wu, Y. (2015).
Different senescent HDPE pipe-risk: Brief field investigation from source water to tap water
in China (Changsha City). Environmental Science and Pollution Research, 22(20), pp. 16210—

16214._https://doi.org/10.1007/s11356-015-5275-z

Thomas, R. W., Paredes, M., Tri, P., & Cuttino, D. (2015). Assessment of HDPE corrugated
pipes used in mining applications and their compliance with specifications.
https://www.researcheate.net/publication/283513305 Assessment of HDPE corrugated

pipes used in mining applications and their compliance with specifications

Thomas, R.W. and Cuttino, D.M. (2011). Performance of corrugated pipe made with recycled
polyethylene content, NCHRP. Report 696, Transportation Research Board, Washington, DC.
https:/ /www.researchgate.net/publication/328965935 Petrformance of Corrugated Pipe

Manufactured with Recycled Polyethylene Content

United Nations Framework Convention on Climate Change. (2016). The Paris agreement.
https://unfccc.int/sites/default/files/resource/parisagreement publication.pdf

U.S. Energy Information Administration. (2023). Petroleum & other liquids. Retrieved March
1, 2023, from URL
https://www.eia.gov/dnav/pet/pet move impcus d NUS Z00 mbbl m.htm

Wang, K., Zhao, P., Yang, H., Liang, S., Zhang, Q., Du, R., Fu, Q., 2006. Yu, Z., Chen, E.,.
Unique clay orientation in the injection-molded bar of isotactic polypropylene/clay
nanocomposite. Polymer, 47(20), Pp- 7103-7110.
https://doi.org/10.1016/j.polymer.2006.08.022

Wright, S. L., & Kelly, F. J. (2017). Plastic and human health: a micro issue? Environmental
Science & Technology, 51(12), pp. 6634-6647. https://doi.org/10.1021 /acs.est.7b00423

47



LUNDS

UNIVERSIT#Y

WWW.CEC.LU.SE
WWW.LU.SE

Lunds universitet

Miljovetenskaplig utbildning
Centrum fér miljo- och
klimatforskning
Ekologihuset

223 62 Lund



