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Abstract Polyester is a synthetic material which is produced from the petroleum
products. The various environmental impacts are associated with polyester from
manufacturing to end of life. Therefore, the manufacturing of recycled polyester
(rPET) is an important to process as concerned with environmental impact and also
inevitable. The rPET has a wide scope of their potential applications similar to
virgin polyester. Generally, life cycle assessment (LCA) technique investigates the
environmental impacts of the particular products from its cradle to grave. Therefore,
it helps to identify the critical phase which creates the maximum impact on the entire
product life cycle. So, it is significant to understand the environmental impact of
rPET, nevertheless, LCA on rPET is foreseeable. The data from the LCA can initiate
preliminary steps to reduce the environmental burdens from the products, also it
provides the detailed information on how it affects the ecosystem. In this chapter we
discussed about the LCA on rPET, initially, the brief introduction will be provided
about the present manufacturing techniques of rPET. Various issues associated with
sustainability of rPET manufacturing, importance and methodology of LCA on rPET
were explained in detail. Based on the LCA results, the important parameters with
respect to the sustainability of rPET would be present in this chapter.
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1 Introduction

The several natural fibers were chiefly used for the production of textiles and garments
until the seventeenth century [1, 2]. Either way today’s situation differs, according to
the development of synthetic fibers in the late 1930s, these fibers are now largely used
for textiles [3]. Polyester fibers are the examples of synthetic fibers containing ester
groups in their main polymeric chain [4]. Polyethylene terephthalate (PET) having
the ester group and generally known as polyester. In 2018, 106 million tons of global

A. P. Periyasamy () - J. Militky

Faculty of Textile Engineering, Department of Materials Engineering, Technical University of
Liberec, Studentska 2, 46117 Liberec, Czech Republic

e-mail: aravin.prince @tul.cz

© Springer Nature Singapore Pte Ltd. 2020 1
S. S. Muthu (ed.), Environmental Footprints of Recycled Polyester, Textile Science
and Clothing Technology, https://doi.org/10.1007/978-981-13-9578-9_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-9578-9_1&domain=pdf
mailto:aravin.prince@tul.cz
https://doi.org/10.1007/978-981-13-9578-9_1

2 A. P. Periyasamy and J. Militky

production compared to 25% cotton fibers, however, polyethylene terephthalate
produced and consumes higher than any other textile fibers [5]. Eco-friendly indus-
tries and eco-friendly industrial practice has been promoted by the awareness created
on environmental concerns. In the case of environmental benefits, the classical 3R
can be implemented in the rPET industry, also it must be promoted to make aware-
ness to the consumers [6, 7]. As it is known recycling is not new with vast history
[8]. Last two decades, the awareness of sustainability and waste management results
protection towards to the environment by practicing the more and more recycling
process. Humanity poses large problems mainly due to plastic and polymeric waste
in which crude oil is the first non-renewable materials which is the raw materials
to produce various thermoplastic materials including the textile fibers. Majority of
the synthetic materials consists of larger molecular size and rigid structure resulting
non-biodegradable and non-decomposable. Accounting into the problems above it
is advisory to recycle plastics and polymers and recycling motivates to decrease or
lower landfill expenses, compared to virgin plastics recycled polymers are cheaper
and further energy can be recovered from the plastic through various process [9].
60% of the global PET produced with high-molecular weight further utilized to pro-
duce the textile fibers and 30% of PET is utilized to produce the bottles and other
articles [10]. According to the reference [11], 70-80% of crude oil is used to produce
virgin polyester, among them only 30-40% were recycled. Therefore, it is necessary
to take attention which increase the recycling percentage, resulting the reduction
of the environmental burdens by landfilling as well as carbon emission. In order to
reduce our carbon footprint, larger companies receive tons and tons of paper and
plastic which is recyclable. However, some of the statistics says 91% of plastics are
not recycled, apart from that people buy millions of plastic bottles (food, beverages,
water etc.) per minute [12]. In 2015, approximately 20% of textiles were reused in
Sweden [13], in 2018 it can be increased to 40% as per the Swedish Environmental
Protection Agency (SEPA) [14] and is predicted to increase further 20% in 2020.
Figure 1 shown the recycled PET bottles% in various forms in the USA. Public
imagination has been gathered by the idea of using recycled PET materials includ-
ing bottles, molded articles, textile fibers, buttons etc. The concept of recycling has
become green option, since it reduces the energy requirement for the production of
virgin PET also reduce the consumption of non-renewable resources.
Generally, the textile wastes can be classified into three types, which are [15]:

e Wastes from pre-consumer stage
e Wastes from post manufacturing
e Wastes from post-consumer stage

Pre-consumer stage waste is defined as waste generated during the production,
for example in textile productions, short fibers in the spinning, yarns in both weaving
and knitting and fabrics from garment cutting and many. Generally, these wastes can
be reused and produce different products, for example the short fibers were used to
produce the coarser (i.e. thicker) fabric. After manufacturing, products having the
defects are classified into the wastes from post manufacturing stage, perhaps it can
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Fig. 1 Percentage of PET bottled recycled in various forms in the USA (2017)

be sold to very less price to the consumers or it will be reused and produced as same
or different products.

To make rPET itincludes the recycling of the accessories and beverage bottles as an
example. Figure 2 summarizes the various routes of recycling and reuse of textiles.
In any process waste is inadvertent and it has to be reused for the improvement
of the environment. Recycling is the best solution for the polyester textile which
drastically reduced the carbon emission and saves the energy as compared to virgin
PET manufacturing.

If the materials were recovered from the waste use it again is called as reuse,
whereas, after recovering, modify into the product is called recycling, meanwhile
the recycled product is higher values than the original product is called as upcycling
and lower values is called downcycling. There are four approaches for the recycling
which is well explained in Fig. 3. Primary recycling defines the recycle of waste
into original products. Recycling the post-consumer plastic waste into new products
with reduced properties may classified into secondary recycling. Production of fuel
or monomer from the PET waste are classified into tertiary recycling approach [17].

2 The Life Cycle Assessment Methodology

LCA is the method to evaluate the environmental performance of the products
throughout the cycle, starting from raw material to it last stage of cycle. In accordance
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to the ISO standard, life cycle assessment can be conducted with four phases namely
(Fig. 4) [18-20]. First stage comprises of aim of study and describe all the products
that are assessed. In the second stage of inventory the raw material is acquired to the
process of development to its final information of the product are collected [21]. In
order to develop, calculate the data of discharge from the process of the life cycle
of the product in this stage energy consumption, raw material requirement, environ-
mental emission and discharged are figured and calculated. The third stage is impact
assessment stage the data of inventory are translated into the effect of human health,
ecological health and resource depletion. The last stage of the life cycle assessment
is the interpretation where the results are interpreted and discussed. The four stages
of LCA has been described graphically in Fig. 4.

e Goal and scope,

e Inventory analysis,

e Impact assessment and
e Interpretation.

The first phase is “goal and scope” where the purpose of LCA study can be
well explained. It is clearly discussed in ISO 14040 and 14044 standards. Inventory
analysis deals with the energy and material requirement to produce the products
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Fig. 2 Recycling and reuse routes for textile wastes, (reused under the terms of the Creative
Commons Attribution license from Journal of Cleaner Productions, Elsevier Publications [16])
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and its analysis from cradle to grave. Impact assessment can assess the significant
potential effect on the environment with respect to throughout their life cycle of the
product. Interpretation defines the discussion of the results.

Goal and Scope

In the life cycle assessment, goal and scope could be the first phase. If the goal and
scope will be perfectly planned, the entire study could be easy. While planning for
goal and scope, there are many things to be strictly considered, they are given below.

The product system

Function of the product system

Functional units (rPET, virgin PET)

Product system boundary

Various LCA procedures

Limitations of product system

Critical review

Requirement of data for this phase
Hypothetical assumption of the product system

The scope of the study may require modification according to the product design
and other parameters since LCA is an iterative technique further information is
collected for every LCA study.

Life Cycle Inventory Analysis (LCI)

The LCA which is the second phase used in the data collection portion. It generally
involves to quantifying the values of input and output products which includes energy,
raw material and finished product. In the inventory analysis the following things must
be in the check list.

e Raw materials

e Energy requirement

e Water

e Recourses (renewable or non-renewable)

[ Primary recycling ]—»[ Industrial scraps ]

[Secondary recycling]—>[ Mechanically processing of post-consumer products ]

[ Tertiary recycling ]—»[ Make monomer from polymer by pyrolysis/ Hydrolysis ]

[Quaternary recyclingﬂ—>{ solid to generate heatBurning (polymers) ]

Fig. 3 Various recycling approaches
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Fig. 4 The life cycle
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In case of decentralized sectors, it is challenging job to analyze, since every
operation should not be in same place. For example, crude oil is available in the gulf
countries, it transported into India to refine, thereafter virgin polyester is produced
by using refined crude oil products. Then the produced fibers sent for the yarn and
fabric formation. Later, garment manufacturing can be done in India or in Bangladesh,
finally the garments were export into Europe or USA. If you consider in the supply
chain, there are lot of transportation taking place which directly increase the carbon
emission and energy utilization.

Impact Assessment (LCIA)

As discussed previous section, the impact analysis can quantify the potential impact
on the environment due to the product formation. Generally, the results of the inputs
and outputs are focused by this phase and categorize them strategically in order to
help the environment. As per the ISO, this step can be done or follow with proper
systematic procedure, the tentative procedure is given bellow, perhaps some of the
steps are compulsory and some are to keep optional.

Classification (compulsory)
Characterization (compulsory)
Normalization (optional)
Grouping (optional)
Weighting (optional)

Figure 5, explains the feasible implementation of a combined midpoint and dam-
age approach which including the ecosystem quality, human health and climate
changes [22].
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Interpretation

LCA’s last phase is the life cycle interpretation in which “identify, quantify, check
and evaluate”, previous phases such as life cycle inventory (LCI) and or the life
cycle impact assessment (LCIA) [23] are the results from the information above.
The Interpretation is made throughout all the phases with the purpose to summarize
and discuss the results achieved systematically and to verify if the results are in
accordance with the defined goal and scope. Final conclusion can be made in this
phase after considering the following points.

Identification of critical places

Identification of potential significance on the environmental impacts.
Determination of data sensitivity from the previous phases (LCI and LCIA).
Conclusion

Recommendation for the further analysis

Midpoint categories Damage categories

Human toxicity

Respiratory effects ———————» Humanhealth

lonizing radiation

Ozone layer depletion
Photochemical oxidation
Aquatic ecotoxicity
Terrestrial ecotoxicity
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Fig. 5 Feasible implementation of a combined midpoint and damage approach, (reused under the
terms of the Creative Commons Attribution license from Environmental and Climate Technologies,
The Journal of Riga Technical University [22])
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3 Product Life Cycle

The main purpose of the life cycle assessment is to reduce the utilization of various
resources and emission of GHG and other substance throughout its life cycle [24].
Figure 8 describes the entire life cycle of rPET. Generally, the polyester waste can
be recycled in two methods such as, ‘open and closed loop’ [25]. Simple explanation
for the closed-loop method of recycling, if the product can be recycled to back (i.e.
same product) is called open-loop recycling (e.g. bottle to bottle). If it recycled into
different product is called as closed loop (e.g. bottle to fiber) [26—28]. Figures 6 and
7 exhibits the open-loop and closed-loop methods of recycling of PET respectively.

System Boundary

A system boundary is the important part in the life cycle assessment, it explains
what are the things going to include in the LCA study [9, 29]. In case of rPET,
the system boundary includes from the collection of wastes from various places
(e.g. municipal centers) and it transport into the manufacturing hubs (i.e. melt spin-
ning or melt-blown units) [28, 30, 31].

3.1 Raw Material Collection

Municipal waste is the prime source for the recycling of PET, which contains the
various waste materials such as paperboards, brand labels, caps, lids, glass, plastic
materials and metals. However, some of the city and residential hubs have the plan to
keep these plastic containers in separately, which is not mixed with these wastes, it
makes easy to separate and sort. Recovering plastic bottle packaging from residences
has been reliable waste collection strategy, however it recovers only 20-45% [32-35].
Countries like India, the main sources for the collection of these plastic bottles are
cafes, airports, railway stations and bus depot [30, 34, 36].

Sorting

Sorting is the important process in the recycling sequence, it is generally carried
out by two method, either automatically or manually. While these processes, the
unwanted (i.e. non-PET materials) materials can be sort outed. In terms of textile
fabrics, polyester alone should be sorted, also ensures that the sewing thread must
be in the same as polyester if not it should be separated. In the case of food and
beverage PET bottles, the colored bottles must be separated from colorless one. Most
of these bottles have the polyolefin caps (lids), which is necessary to separate from
the batch. Usually the color sorting is very easy process [37, 38]. In automatic sorting
machines consists of color sensible sensor which can be used for sorting the colored
and colorless materials [39—41]. Fourier-transform near-infrared spectroscopy for
polymer structure study can help to evaluate the mixture of non-PET materials [37,
38, 42].

Cleaning
After sorting the recycling materials were sent to cleaning process. It is necessary to
clean the residual food items, beverages, short fibers, labels and other materials like
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Fig. 6 Open-loop recycling process of PET

adhesives [43—46]. Generally, the municipal waste requires more water for cleaning,
since it also calculated in the water footprint.

Final Separation

The final separation is the process where the PET can be separated from sink or
floating materials such as threads, labels, adhesives from the PET flakes [47—49].
Placing the Raman emission spectroscopic detectors reduce the PVC contamination
in the PET flakes [50, 51]. For PET flake sorting involves many methods which



10 A. P. Periyasamy and J. Militky

Collection of PET
bottles
| Opening

\i
Pre-sorting and
washing

Color sorting Green, red bottles

Chopping

. PE, PVC, PP,
Float separation solid waste
Chemicals, water Washing

Effluent treatment Rinsing

caps, PVC, PE

] Q

UUUU‘U‘LHU

!
Solid waste, Dry
wastewater

M

ng

Iting

Stretch blow molding

HapeA

Finished bottles

]

Fig. 7 Closed loop recycling process of PET

includes the conventional and modern methods, however there are some limitation
in terms of conventional methods such improper colored flake sorting and difficult
to sort the flake with different physical properties (i.e. variable density). The best
example for modern flake sorting is laser-sorting [50, 52, 53]. Laser-sorting involves
to sort the flakes by using of emission spectroscopy. Generally, the automotive plastic
materials consist of different physical properties, but in this method can be sort
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easily. Even it can separate the same density material such as polyethylene from
polypropylene [52-56].

3.2 Melt-Spinning

Recycling of PET can be carried out according to different strategies it has been
discussed deeply in the previous section of this chapter. Due to the molecular weight
(MW) reduction, the chemical recycling for the depolymerization of post-consumed
PET to make monomers which can be used as raw materials, generally these can
be reprocessed after several washing and few mechanical recycling process (i.e.
grinding) [57]. During the chemical recycling, the PET undergoes different chain
reaction due to thermal, mechanical and hydrolytic process.

3.3 Textile Manufacturing

Textile manufacturing is the series of process, here the fiber is fed as raw materials
which converting into yarn by using of various spinning machineries. Then the yarn
is fed as raw materials to produce the fabric (i.e. knitted or woven) and this process
is called weaving or knitting. Later the fabric is converted into garments. Figure 8
describes the whole life cycle of rPET garments from cradle to grave.

Spinning for Yarn Formation

Spinning is the process which involves to produce the yarn from the fibers. Currently
there are several spinning methods involved to produce the yarn. Due to the greater
number of machineries (i.e. blowroom, carding, draw frame, comber preparation,
comber, speed frame and ring frame), this process consumes high level energy. In
spinning there are possibility for the flying of micro and macro fibers, which generally
cause the byssinosis [6, 7, 21, 58-63].

Fabric Formation

The fabric can be prepared via weaving or knitting. The weaving is a process of
formation of fabric with interlacement of two or more sets of yarns using a stable
machine called loom. Human beings have started using the woven fabrics since
the dawn of history. For weaving, loom or weaving machine is used to the fabric
construction. Weaving process can be carried out after warping and sizing. In the
weaving, there are many fabric weave patterns (i.e. designs) available, however, the
plain weave is the simplest way of fabric construction in fabric weaving. In this
weave, each weft yarns passes under and over the warp yarn across the width of the
fabric. Similar to spinning, weaving also consumes high level of energy. Knitting is
the technique of forming the fabrics, which has achieved tremendous success all over
the world. A woven fabric has two sets of threads which cross each other at right
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Fig. 8 Production life cycle for the garments made from rPET, (inspired from [21])

angles, producing a fabric that is relatively inelastic. A knitted fabric has been formed
with only one thread or possibly a series of threads, and the fabric is composed of
series of inter-looped loops. Since these loops can be distorted to a certain degree
in any direction and since nearly all knitting yarns are more or less elastic, a knitted
fabric is quite elastic.

Coloration

The term ‘coloration’ means ‘to add color’. Textiles are usually colored to make
them attractive for aesthetic appeal. They are also colored for functional reasons,
e.g. military camouflage and fluorescent jackets for traffic or police personnel. Life
would be more hazardous and certainly dull if textiles were used only in their natural
colors. During the coloration of the recycled fabric, the dyes, water and chemicals
are used which is the major environmental impacts in the coloration process. Prior
to coloration, it is required to remove the impurities present in the fabric, therefore
scouring of rPET fabric can be carried out. In the scouring, strong or mild alkalis
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were used with warmer condition [6, 7, 21, 58-63], Perhaps, rPET or virgin PET,
both are hydrophobic fibers as well as no presence of polar groups, resulting poor
dye ability, therefore, it required a certain temperature (i.e. above 120 °C) for better
dyeability. Nevertheless, it required lots of energy as well as increasing the GHG
emission due to energy production. As environmental and health concerns, these
dyes create waste water and release the harmful substances into nearby water bodies
which is highly toxic [6, 7, 21, 58-63].

Garmenting

“Garment manufacturing” is the final process in the textile process sequence. In this
garment manufacturing, there are numerous operations involved namely spreading,
cutting, sewing, fusing, ironing and packing, also this process are more labor oriented
process as compared to yarn and fabric manufacturing. In Asian region, the garment
factories are located far away from spinning and weaving department, on other hand,
Europe and USA were importing the garments from in these regions. For both raw
fabric and finished garment requires to transport huge distance which results in higher
energy consumption and followed by increasing the CO, emission. Around 8% is
estimated to be the CO, emissions from freight transport. Eventually, transport costs
increase due to the price of oil and gas where transportation to the huge consumer
place which directly influenced the energy utilization. Recently the “green logistics”
become popular due to the reduction of GWP and CO, by reduction of the distance
between manufacturing hub to consumer place [7, 21, 64-67].

Consumer Use and Disposal

Consumer use and disposal phase is one of the important phases in the life cycle
assessment. Since we all think that the majority of GWP and carbon emission from the
manufacturing, but consumer disposal phase generating the almost equaling amount
of the carbon emission like the production phase. Every year, the purchasing capacity
of the people has been increased or sometimes they provide some better offer initiate
to buy more and more garments per person. After consumer use, discarded garments
may throw into municipal waste and finally it goes for the landfilling. Landfilling has
been increased every year, however some of the organization makes awareness to the
consumers to donate their clothes, which turns into partial success. Due to donating
or reusing makes sense which reduce the landfill burdens. But for synthetic materials
like polyester, there are huge possibilities to recycle into the same or different prod-
ucts. But usually the recycling ensures the higher or lower valued products. In this
case, consumer attitude and behavior have to change for reduction of environmental
impacts, the best was to reduce the buying of new products and make sure to reuse or
recycle the same products [6, 59—61, 68]. In the concerns with environment, Levi’s
started the concept of “8 bottle one Jean”, where 8 PET bottles recycled to produce
the new Jeans [69].

Impact Categories (IC)

Impact category is one of the important concerns in the life cycle assessment, since
it characterizes the environmental impacts. It can be selected in every life cycle
assessment study to define the various environmental impacts caused by the rPET or
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other products [70-73]. Currently the following six impact category is very important,
they are,

e Global warming potential (GWP), it also described as ‘climatic change’. It is
described in amount of CO, emission (kg CO; eq).

e Ozone depletion potential (ODP) is related to the decomposition of ozone layer
due to environmental impacts. It can be measured through [kg CFC-11 eq].

e Eutrophication Potential (EP) is related to the quantification of available of

nutrients present in the waterbodies (i.e. phosphorous and nitrogen). Sometime

it is called as phosphorous footprint.

Acidification potential (AP) is the releasing of protons (H* eq) in the ecosystems.

e Photochemical ozone formation is related to the degradation of volatile organic
compounds (VOC). It causes various health and environment issues.

o Primary energy consumption (PEI) is related to the non-renewable and renew-
able energy utilization.

Apart from these important impact categories, there are several categories includ-

ing,

e Human toxicity, defines the impact of human health due to the hazardous chemical
utilization.

e Aquatic toxicity, related to the enrichment of aquatic ecosystems with nutrients
with respect to the water quality.

e Particulate matter.

e Noise & Light pollution.

When we performing the LCA, the respective study might require more specific
impact categories. Since, if we need to achieve the proper results might require the
relevant and respective impact categories can fulfil.

4 Life Cycle Assessment of RPET

LCA on the Open-Loop Recycled PET

Shen et al. [29] studied the LCA of open-loop recycled PET. In this recycling, cradle
stage is very difficult to define, therefore they choose the cut-off approach, which
could easy to define the system boundary. The detailed system boundary is described
in Fig. 9. Here life can be split as first and second life which is purely independent.

From their results [29], Table 1 shows LCA results of rPET from cradle to gate
based on the cut-off approach. As compared to virgin PET, rPET fibers save around
45-85% of non-renewable energy utilization. Resulting, rPET has a strong influ-
ence on the reduction of global warming potential (GWP). Results show that there
is a reduction of 76% from mechanical recycling, 54% via semi-mechanical recy-
cling, 36% and 24% via chemical recycling of PET with oligomer and monomer
forms respectively. Therefore, it concludes that these recycling process reduced
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Fig. 9 Cradle to grave of open-loop recycled PET with cut-off approach, (reused from [29], with
kind permission of Elsevier Publications)

significantly the environmental impacts with respect to all seven Centrum voor
Milieuwetenschappen Leiden (CML) categories which excluding the freshwater
aquatic ecotoxicity. As compared to another recycling process, the mechanical type
of recycling shows the lowest environmental impacts. Since for the production of
fibers, need to increase the PET to above the melting temperature, where there is a
higher energy utilization, resulting in the responsible environmental impacts, par-
ticularly, abiotic depletion, photooxidation and acidification etc. Meanwhile, there
is a requirement of water for cleaning the PET bottles and other process makes
wastewater, which necessary to reduce the chemical oxygen demand. The wastew-
ater is responsible for the eutrophication followed the toxicity due to the mixing of
untreated water with nearby areas. Allocation factor (AF) can be calculated through
waste evaluation technique, which helps further to identify the baled PET waste and
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Table1 LCA result of open-loop recycled PET fiber, based on the “cut-oft” approach (reused from
[29], with kind permission of Elsevier Publications)

Recycling route M S-M Ch-BHET Ch-DMT V-PET
Company Wellman LIG FENC N/A N/A
Fiber type Staple POY POY POY Staple or POY
Non-renewable energy 13 23 39 51 95
use (GJ equiv.)

Global warming 0.96 1.88 2.59 3.08 4.06
potential 100a (t CO,

equiv.)

Abiotic depletion 6 11 18 N/A 45
(kg Sb equiv.)

Acidification (kg SO» 3 9 14 21
equiv.)

Eutrophication 0.8 0.7 23 1.2
(kg PO43~ equiv.)

Human toxicity 362 415 745 4393
(kg 1,4-DB equiv.)

Fresh water aquatic 296 250 303 58
ecotoxicity

(kg 1,4-DB equiv.)

Terrestrial ecotoxicity 7 7 17 12
(kg 1,4-B equiv.)

Photochemical oxidant 0.2 0.3 0.6 1.0
formation (kg CoHy

equiv.)

M mechanical recycling; S-M semi-mechanical recycling; Ch-BHET chemical recycling with the
monomer (BHET); Ch-DMT chemical recycling in the monomer (DMT) and V-PET virgin PET
fiber

virgin PET materials. The AF is the ratio of market value of waste PET bottle waste
and the market value of virgin PET bottle grade resin. However, the AF could have
varied with respect to the continent, amount of waste generations and most impor-
tantly on the crude oil price. Due to the fluctuation of crude oil price, sometimes it
is difficult to calculate the accrete value, nevertheless, we can add some percentage
in the tolerance. With respect to the AF, they compare the LCA results and it shown
in Table 2.

Mechanical and semi-mechanical recycled PET fibers supplies benefit to the envi-
ronment in all category than that of virgin fiber except in freshwater aquatic ecotox-
icity. Analyzing back-to-monomer recycling based on the “waste valuation” method
is not being possible due to lack of sufficient data. The rPET from bottle offers higher
environmental benefits than the single-use virgin PET fiber. Among the various types
of recycling, the mechanical rPET cannot be recycled for further, perhaps, the chem-
ical rPET can be further recycled even under the larger scale with economic viability.
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Table 2 LCA result of open-loop recycled PET fiber, based on the “waste valuation” approach,
(reused from [29], with kind permission of Elsevier Publications)

Mechanical S-M Ch-BHET | V-PET fiber
Company Wellman | LIG FENC

Type of fiber Staple POY POY Staple/POY
NREU (GJ equiv.) 40 49 66 95
GWP100a (t CO; equiv.) 2.03 2.95 3.66 4.06
Abiotic depletion (kg Sb equiv.) 19 23 31 45
Acidification (kg SO, equiv.) 8 14 19 21
Eutrophication (kg PO43~ equiv.) 1.1 1 2.6 1.2
Human toxicity (kg 1,4-DB equiv.) 1640 1700 2030 | 4390
Fresh water aquatic ecotoxicity 300 250 305 58
(kg 1,4-DB equiv.)

Terrestrial ecotoxicity (kg 1,4-DB equiv.) 8 7 17 12
Photochemical oxidant formation (kg CoHy 0.4 0.6 0.8 1
equiv.)

However, the bottle to bottle recycling is another way of recycling the PET bottles
which is an example of closed-loop recycling system.

LCA on the Closed-Loop Recycled PET

Chilton et al. [30] conducted the LCA on PET bottles under closed-loop method.
Figure 10 explains the system boundary as well as the closed-loop recycling process
for the respective studies. Table 3 described the overall emission results of rPET. In
each process steps, PET cleaning is the highest responsible for the GWP, since it emits
the various GHG such as CO,, CO, SO,, and NOy, particulate material and dioxins.
This is due to the utilization of electrical energy, of course while production of the
electrical energy emits the huge quantity of GHG. Apart from that, transportation of
PET from material reclamation facility (MRF) to processing plant is another source
for the generation of HCl, ammonia, lead and cadmium.

LCA on the Recycled PET Post-Consumer Use

Intini et al. [74] studied the thermal insulation panel from recycled PET bottles and
fiber which is obtained from post-consumer use. In this case, they make a nonwoven
fabric out of PET waste materials to use in the thermal insulation panel. The detailed
system boundary is given in Fig. 11. Separate collection increases the percentage
of recovered PET from nonwoven manufacturing, it would be reduced the amount
of purchased waste PET from other countries which reduce the transport and fol-
lowed by the GHG emissions. In place of acrylic resin, the use of thermo-bonding
virgin PET provides the better viscosity of the product. While maintaining the higher
thermo physical properties of recycled products, there will be drastic reduction of
environmental impacts due to the virgin PET, which involved by the use of waste
PET which is shown in the results Table 4 [74]. Table 4 discussed the environmen-
tal impact of rPET flakes, rPET fiber and rPET thermal insulated panel, which is
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Table 3 Emission from PET recycling, (reused from [30], with the kind permission of Elsevier
Publications)

Pollutant PET collection | MRF | PET cleaning | PET transport | Bottle
manufacture
CO; (kg) 4 4 76 12 5
CO (kg) 0 7 85 0 8
NOy (kg) 20 4 50 20 6
SO» (kg) 0 6 81 6 8
HCI (g) 6 1 33 60 1
Particulates (g) 0 5 66 22 7
VOC (g) 70 1 6 22 1
NH3 (g) 5 0 0 94 0
Pb (mg) 0 0 99 0
Cd (mg) 6 1 2 90 0
Hg (mg) 0 81 17 0
Dioxins (1 g) 11 5 63 14 6

weyd Bunakoas sapieq

Buuuids

T
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Fig. 11 The system boundary for PET recycling for post-consumer use, (reused from [74], with
the kind permission of Springer Nature)
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Table 4 Impact category results of PET recycling for post-consumer use (reused from [74], with
the kind permission of Springer Nature)

Impact category | Unit 1 kg of recycled | 1kg of recycle 1 kg of thermal
PET flakes PET fiber insulation panel

Global warming | kg CO; eq 0.365 0.901 1.675

potential

(GWP100)

Ozone layer mg CFC-11eq | 0.000 0.000 0.000

depletion (ODP)

Photochemical g CoHy eq 0.000 0.001 0.001

oxidation

Acidification kg SOz eq 0.001 0.002 0.005

Eutrophication gP0O4 eq 0.000 0.001 0.002

assessed by the first analysis. From this, it is found that, there is a very low impact
of rPET flakes as compared to the virgin PET. Perhaps, collection and transporting
the waste PET bottle accounts a 6% of GWP for one kg PET flakes, whereas over
20% same impact category takes over the additives influence.

LCA on the Bio-based and Recycled PET

Shen et al. [75] associated the life cycle energy and GHG emission of bio-based
PET, recycled PET, PLA and other man-made cellulosic fibers such as viscose rayon,
modal rayon and Tencel. The typical system boundary is shown in Fig. 12.

Figures 13 and 14 show [75] the results of cradle-to-grave non-renewable energy
use (NREU) and GHG emissions. Recycled PET uses lower non-renewable energy
utilization than other fibers, even less than the Tencel fiber.

Figure 14 describes the cradle to grave of PET and other polymers on GHG.
Recycled PET shows much lower GHG emission as compared to virgin Tencel and
virgin PLA, of course, petrochemical PET and bio-based PET.

LCA on the Textile Manufacturing

Kang et al. [76] studied the LCA on the different process of textile manufacturing.
Table 5 shows the inventory for LCA of polyester with respect to each production
stage in both inputs (i.e. resources, water, products with their energy consumption)
and output (i.e. wastewater, gas and solid waste) are established by the inventory
analysis. The data for cotton cultivation, transportation of material from cultivation
to the production factories and production factories to the consumer or distribu-
tors, textile spinning, pre-treatment, dyeing, printing is calculated from the previous
researchers [77—79]. The environmental impacts of the recycling process are ignored
as it was assumed that half of it is reused whereas another half is incinerated or used
in sanitary landfill. In their study, they calculated the gross coal consumption by
dividing the direct coal consumption for the energy production as well as the steam
consumption for the production. Among the various process, the coloration of textile
phase consumes huge energy as well as large requirement of resources (Table 6), on
other hand it produce vast quantity of solid and liquid waste.
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Future Scope and Conclusion

The world’s production of PET is accounted for 60% which is twice that of the plastic
bottles which are developed from the non-virgin supply chain for polyester fiber. It
has the greatest impact on the global energy and resource requirements, as a source
of raw materials used recycled PET petroleum in the lesser amount. In a quality wise
the rPET as same like virgin PET, yet the production of rPET requires 59% lesser
energy than the virgin PET. Additionally, discards are being curbed which is turn
prolongs landfill life and reduce toxic emission from incinerators. The environmental
impacts of recycling bottle-to-fiber (open loop methods) are discussed in this chapter.
The authors [29] used three techniques, such as cut-off, waste evaluation and system
expansion. The system boundary of the cradle-to-factory gate was followed by the
cut-off, system evaluation and the waste evaluation methods are analyzed. The non-
renewable energy saving of 40-85% from the rPET fiber based on all three techniques
as compared to virgin PET. Also, the rPET offers the reduction of GWP from 25 to
75% depends on the type of technology. In simple words, most of the environmental
categories are reduced by the impact of bottle-to-fiber recycling based on all three
techniques. Also, the authors analyzed the impact of rPET which is produced via
different methods such as mechanical, semi-mechanical, chemical- monomer and
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chemical-oligomer. The rPET fiber has diverse applications when it produced from
chemical recycling process than the semi-mechanical recycled PET. As concerns with
environmental impacts, the mechanical and semi-mechanical has a lower impact than
the chemical route of recycling. The chemical recycling offers the highest product
quality, meanwhile, it has the highest impact on the environmental impacts than the
mechanical and semi-mechanical route.

The overall conclusion, rPET offers the net reduction of emission of CO,, carbon
monoxide, acids and their gases, particulate matters, heavy metals and dioxins. This
is due to the reduction of the landfill as well as emission associated with the man-
ufacturing the virgin PET with respect to an equivalent amount. Of course, during
the recycling process also involved the emission of above said gases and materials,
among the various recycling process, the cleaning and transporting accounts huge
share than the other process. Last but not least, the LCA studies can provide infor-
mation which helps to make the decision process on the environmental impacts.
However, the various other factors should be included while making the final con-
clusions, the factors are the cost of recycling, the market potential for recycled PET
materials, national & international policy and regulations.

Regarding recycling, there are lots of facts which are important. Due to population
increase, each of them adds a significant amount of waste in his life time to this
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Table 5 LCA results of polyester cotton production (reused from [76], with the kind permission
of Springer Nature)

Flow Unit | Planting | Spinning and Printing and Final disposal
textile dyeing
Inputs
Pesticides kg 98.7 0 0 0
Fertilizer kg 34,3875 | 0 0 0
Yarn t 0 101 0 0
Water t 10,000 242 13,010.6 0
Electricity kWh | O 5626 95,087.9 0
Coal t 0 10.2 17,732.6 0
Lye (NaOH) |t 0 0 14 0
Dyes kg 0 0 16 0
Outputs
Pesticides kg 7 0 0 0
Fertilizer kg 20,6325 | 0 0 0
Dust kg 0 2040 354,609
COy kg 0 26724 4,645,310 421
SO, kg 0 86.7 151,143.8 0.6
NOx kg 0 75.5 13,122 0.4
CHy kg 0 0 0 13.1
Hg kg 0 0 0 0.4
Wastewater t 0 0 729.1 0
COD kg 0 0 299 0
Lye (NaOH) |t 0 0 51,066 0
SS kg 0 0 376.5 0

world. People produce enormous waste in a single day in New Delhi to fill up the
whole Taj Mahal for two times. It is essential to create educational awareness to
the customers. Many universities provide education of recycling as an option or a
required course. In general, multidisciplinary engineering and science education in
material science, chemistry, mechanical, chemical and environmental engineering
are involved in this type of education. It has enormous job opportunities apart from
environmental benefits. After waste are categorized according to paper, plastics,
glass, etc., are further taken to recycling plants. The logistics and processing of
waste are involved by man power which helps them in jobs addition to that of the
welfare of their families.

For rRET the final step in value chain that is market and demand is a strong
driver for increased collection. Virgin PET is substituted by the secondary PET to
a high extent to low reach environmental impact of PET collection and recycling.
Collection and recycling systems providing high-quality secondary PET raw material
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to the market are required products of high quality made by recycling. Cooperation
and communication in the value chain are called. For these criteria of rPET in public
procurement and giving economic incentives/advantages to product manufacturers
using rPET are included with policy instruments focusing on creating a pull by using
rPET. In order to broaden and deepen the conventional LCA to more comprehensive
LCA are initiated by many of the recent developments in the LCA of rPET. Scope of
current LCA from environmental mainly impacts only covering all three dimensions
of sustainability (people, planet and prosperity) with a broadened framework as
that of this regard. Product level, sector level and economy level the scope. are
predominantly broadened by it. Leaving the current LCA on rPET has to widened
from technology level into physical, economic and behavioral relations [80]. Current
LCA of rPET can expand into new approaches of ISO 14040 series such as ISO 14067
(water footprinting), ISO 14045 (life cycle costing) and ISO 14025 (other types of
environmental labels and claims).

Software for LCA
Obviously, there is a lot of software available on the market place. The most dissem-
inated LCA software is the following;

https://ghgprotocol.org/Third-Party-Databases/Boustead-Model
http://www.gabi-software.com/ce-eu-english/index/

https://simapro.com

http://idematapp.com

http://www.eiolca.net
https://www.bloomberg.com/research/stocks/private/snapshot.asp?privcapld=
6771295

e https://www.genan.eu/about-us/life-cycle-assessment/

e https://www.ifu.com/en/umberto/lca-software/
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