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1. Introduction

Wearable technology which includes smart textiles is becoming widespread
each day. It refers to devices and garments that can be worn or loosely attached
on a person and have the ability to collect and process data and provide
communication using Bluetooth, Wi-fi, or other technologies (Godfrey et al.,
2018). Smart textiles are used for defining high added value textiles which
gathers the information and communication technologies with functional and
emotional characteristics of fashion (Ju and Lee, 2020). Additionally, smart
textiles are a good choice in comparison with electronic devices since they
are easy to use and wearing them is not a burden that must be remembered.
By means of facilities they offer, smart textiles are used in different sectors
such as health sector, athletics, military applications and entertainment sector
(Grancarié et al., 2018).

A power source is needed to activate sensors, actuators, and other
electronic components on smart textile structures, and it is widely studied in
wearable technology field. Although all these components require a power
source to function, power levels could be differed according to the application.
Power consumption of smart textiles vary from a few micro watts to tens of
watts. For instance, while watches, hearing aids and pacemakers require only
about tens of micro-watts, wireless communications require an average power
of around 500 mW. Alkaline, Nickel-metal hydride (NiMH), Lithium-ion and
Lithium-ion polymer batteries are generally used as power sources in smart
textiles, but such rigid components cannot be completely incorporated into
textile-based structures and negatively affect the properties of textile products
such as flexibility, comfort and washability. Besides, they are bulky and requires
recharging or frequent replacement (Beeby et al., 2023; Satharasinghe et al.,
2020a; Stoppa and Chiolerio, 2014).

Graphite has been extensively used in the lithium-ion batteries (Zhao et
al., 2022). Graphite is one of the traditional energy sources, also known as non-
renewable energy, are dependent on a resource that depletes as it is used, and
its permanency is not possible. Although this type of energy obtained through
the natural resources of the world is seen as an important energy source for
many sectors, its effects on the human life and environment is negative, such as
carbon footprint. However, the global economy, rapid population growth and
scarcity of natural resources also make it difficult to meet the energy demand.
To reduce the carbon footprint and renewable clean energy resources instead
of traditional energy resources can be used. Especially, solar powered energy
resources are potential candidates since they are abundant, sustainable and
harvesting them is easy (Ke et al., 2023; Niu et al., 2022).
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2. Energy Storage Textiles

Batteries and supercapacitors are ideal energy storage devices and mostly
used to provide the energy requirements of smart textiles (Liu et al., 2018).
Technological advancements in the electronic and textile industries make it
possible to produce supercapacitors or batteries integrated within a flexible
textile matrix (Zhai et al., 2016).

Supercapacitors are known with their high-power density, safety and
wearability that makes them suitable candidates for rising generation wearable
electronics. Besides, their comparatively low energy densities (in comparison
with batteries) and high self-discharge ratios limit their usage. Although
advances in technology have resulted in energy storage devices that are both
thin and flexible, the incorporation of such devices into a textile structure will
have a significant impact on textile properties, particularly heat and moisture
transfer properties. Therefore, significant research has been conducted to
integrate energy storage capacity into textiles and to produce textile-based
energy storage devices (Liu et al., 2018; Satharasinghe et al., 2020a).

Researchers are working on textile-based supercapacitors and lithum-
ion batteries (LIBs). Textile-based supercapacitors could be found in different
forms such as fiber/yarn or fabric. Normally, textile materials are non-
conductive materials by their very nature, and it is obligatory to make them
conductive. It can be obtained by covering them with conductive coatings like
metals and carbon-based materials (Jost et al., 2011; Liu et al., 2018). Liu et
al. developed a supercapacitor with coating single-walled carbon nanotubes
(SWCNTs) around cotton threads by a dipping and drying process (Liu et al.,
2013). Cheng et al. coated PEDOT:PSS on PET fabric using a conventional
dyeing process and produced a textile based flexible supercapcitor (Cheng et
al., 2020).

Textile-based lithium-ion batteries also could be existed in fiber/yarn or
fabric form. Fiber/yarn shaped lithium-ion batteries can be easily woven or
knitted into desired textile structures and ability to bent, twist and stretch (Liu
et al., 2018). The first fiber/yarn shaped LIB was developed by Ren et al. They
twisted an aligned carbon nanotube (CNT) fiber with a lithium wire (Ren et
al., 2013). As well as supercapacitors, carbon-based textiles are used for fabric
form LIBs. For instance, Luo et al. reported highly ordered TiO,@a-Fe O,
core/shell arrays on carbon textiles (Luo et al., 2012).

3. Energy Harvesting Textiles

Energy harvesting is derivation small amounts of electrical energy with
converting ambient energy and it can be an option to energy storage textiles
for powering wearable electronics and smart textiles. The most commonly
investigated energy source for harvesting are mechanical sources (e.g., strain,
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displacement), thermal alterations, wind energy, solar energy, light and
salinity gradients. In consequence of small amounts of energy harvesting,
only small autonomous devices could be activated. Among the different effects
which is used for energy harvesting, the widely used ones are thermoelectric,
piezoelectric, triboelectric and photovoltaic effect. Although a wide range of
energy harvester devices exist, implementing them into the textiles and their
production is still a challenge. Besides, both battery and energy harvesting
technology cannot serve the purpose of smart textiles industry (Satharasinghe
et al., 2020a; Soin et al., 2016; Torah et al., 2018).

Thermal energy harvesting could be possible with thermoelectric
generators by taking advantage of the temperature difference between the
environment and human body. Wearable thermoelectric generators could
be found in various forms. For instance, rigid thermopiles could be attached
to the garments, printable thermoelectric films could be dispensed on fabric
to form thermopiles, using spacer fabrics and yarns coated with waterborne
polyurethane/carbon nanotube thermoelectric composites a 3D structure
could be generated (Leonov, 2013; Kim et al., 2014; Wu and Hu, 2017).

Piezoelectric energy harvesting uses human motion as the energy source.
Several textile based piezoelectric generators can be found in the literature.
Various types of piezoelectric strands have been developed by twisting
nanofibers, piezoelectric fibers or yarns by electrospinning, melt spinning
etc. In addition to yarn spinning, these piezoelectric strands could be used to
manufacture woven, non-woven, knitted, braided, and spacer fabric structures
(Satharasinghe et al., 2020a).

The triboelectric effect is the electrical charging of two substances with
different polar properties according to the triboelectric series which have
different electron attracting characteristics in contact or friction (Pu et al.,
2018; Zeng et al., 2014). Most of the textile based triboelectric generators
generate energy using vertical pressing or rubbing. Choi et al. developed a
corrugated textile based triboelectric generator which can produce energy by
stretching (Choi et al., 2017). Usage of metals and polymers in the film type
is mostly seen in the literature. However latest studies focus on the fiber and
fabric type generators (Kwak et al., 2019).

Photovoltaic textiles are textile structures like solar cells and generates
electric energy by transforming photon energy. Photovoltaic textiles could
be manufactured in two ways: either a separately produced solar cell can be
integrated or attached to the textile structure or solar cell materials can be
deployed to form a textile structure such as polymer-based substrates, fiber,
yarns, etc. However, it is anticipated to be flexible and lightweight for the
application onto various surfaces without any deformation (Bedeloglu et
al.,2010).
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4. Solar Energy Harvesting

The Sun, the source of life, is also a substantial source of energy for the
planet Earth and reserves a large part of the natural system energy. Solar
energy is mostly used for the heating, water heating and cooling. The entire
concept of solar energy is regarded as the collection and use of light and/or
heat energy produced by the Sun and the technologies (passive and active)
used to achieve these goals. Passive technology involves the collection of solar
energy without converting it into another form of thermal or light energy (e.g.
for power generation). Collecting, storing and distributing of solar energy in
the heat formation for heating homes (especially during the winter) is a kind
of passive solar energy technology. From another point of view, active solar
systems gather solar radiation and convert solar energy into heat and electrical
power by mechanical equipment such as pumps or electrical equipment such
as fans. The most well-known implementation of active solar systems is solar
water heating system (Karamanav, 2007; Kabir, 2018).

Solar energy can be harvested by illuminating photons comes from
the sunlight upon semiconductors. It was first presented by Alexandre
Edmond Becquerel in 1938, a French scientist. As long as there is sunlight,
energy can be produced by solar cells. A characteristic solar cell is formed
of two semiconductor materials (P-type and N-type) and two electrodes
(Satharasinghe et al., 2020a; Fraas and O’Neill, 2014; Luque and Hegedus,
2011). The schematic of a solar cell can be found in Figure 1.

Protective coating (not
essential to the operation
Electrode of the solar cell)

<+— N-type semiconductor

«+— P-type semiconductor

e lectrode (counter-electrode)

Figure 1. Simple schematic of a typical solar cell comprising of two semiconductor
materials (P-type and N-type) and two electrodes (Satharasinghe et al., 2020a)

There are four main parameters of a solar cell. These are open circuit
voltage (Voc), fill factor (FF), short circuit current (Isc), and efficiency (n). If
two terminals are directly connected and the voltage is zero, current gets its
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maximum, and this is called as short circuit current. If there is no load and
no current flowing across the cell, the voltage reaches maximum value, and
this is named open circuit voltage. Fill factor is used to determine the quality
of solar cell. It is acquired by dividing the maximum power derived from the
actual solar cell by the maximum power derived from the ideal solar cell. For
a good cell FF value between 0.7 and 0.8 is expected. Efficiency is the mostly
used feature to measure the performance of a solar cell. The efficiency can be
calculated by dividing the energy output of the solar cell to energy input from
sun. Solar spectrum, density of sunlight and the temperature of solar cell are
the factors effecting the efficiency (Chikate et al., 2015).

5. Textiles with Solar Cells

Solar panels consist of a great number of solar cells. Considering the
materials used for the production, solar cells are divided into various classes.
These classes can be seen in Figure 2.

solar cell

1st generation- 2nd generation- Ird generat_ion
wafer based Thin flim new emerging
silicon technology
i Amorphous Si
mono-crystalline L thin film solar | Nanocrystal
solar cells cells based solar cells
Polycrystalline || CdTethinfilm | | | Polymerbased
silicon solar cells solar cells solar cells
Pervoskite based | | | Dye sensitized Concentrated
solar cells solar cells | solar cells

Figure 2. Solar cell classes (Sharma et al., 2015)

Solar cells can be investigated mainly in three generation. First generation
solar cells are produced on silicon wafers. Silicon wafers could be made
from a single/mono silicon crystalline or could contain many crystals (poly/
multi silicon crystalline). First generation is the earliest and the mostly used
technology on account of high power efficiencies. Thin film solar cells are the
second generation solar cells. The types of thin film solar cells are amorphous
silicon (A-Si) solar cells, cadmium telluride (CdTe) solar cells and copper
indium gallium di selenide (CIGS). They are more economical than the
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first generation because of the reduced material amount for the production.
Nevertheless, to generate the same amount of power thin film solar cells require
more surface area and their efficiency is lower than other types. Lastly, the new
promising technology in solar cells is the third generation. Most of the third-
generation solar cell types are nano crystal based solar cells, polymer based
solar cells, dye sensitized solar cells, concentrated solar cells, and perovskite
solar cells (Sharma et al., 2015; Bagher et al., 2015).

With the developments in the solar cell technology, the amount of
efficiency is gradually increase and state-of-the-art solar cells perform a good
solar energy harvesting. However, they are not able to be integrated into
mostly used objects or clothing since they are not flexible and conformable
enough. Textile materials provide a lightweight and flexible base for solar
cells. Integration of textile and solar panel technology opens up further areas
for both industries. Moreover, many surfaces exposed to the sun are textile
materials such as garments, tents, outdoor textiles, car coverings, boat sails,
etc. (Mather and Wilson, 2022; Opwis et al., 2016).

Textile based solar cells have many advantages. Flexibility is the mostly
mentioned advantage of textile materials. The other one is the size of the
production. For instance, it is difficult to produce printed solar cells in large
web widths. However, gathering printed solar cells with textile materials is a
good solution for both mechanical stability and the extending to large widths.
Textiles also provide flexibility in terms of production phase. Solar cells or
photovoltaic materials used in the solar cells can be integrated into textiles
in different stages. They can be used as fiber/yarn or can be woven or knitted
to generate a fabric. Also, they can be found in different forms such as films,
coating or dyes and applied to textile materials directly (Krebs and Hosel,
2015). Although there are many different production techniques, textile solar
cells can be basically divided into two categories as Fiber-Shaped Solar Cells
(FSSC) and Planar-Shaped Solar Cells (PSSCs). Planar-Shaped Solar Cells
are directly fabricated on a textile substrate and processing is easier than
Fiber-Shaped Solar Cells. However, they could absorb the light from only
one side. Fiber-Shaped Solar Cells could potentially absorb sunlight from all
dimensions through their cylindrical structure and due to their lightweight
and flexibility properties, their integration into textiles can be employed
in various applications (Hatamvand et al., 2020). Another technique is to
integrate the conventional solar cells directly onto textiles. These techniques
will be explained with examples in the following sections.

5.1. Integration of Solar Cells into Textiles

The easiest technique to add solar energy harvesting devices to a textile
material is superficially attach flexible solar cells onto the fabric surface
directly. Energy harvesting through solar textiles includes capturing photons
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come from sunlight and converting it into usable power (Satharasinghe et al.,
2020a).

Solar shirt by Pauline van Dongen is an example of the solar cell integrated
textiles. The shirt seamlessly associates 120 thin film solar cells. Functioning as
a fashion garment, the shirt combines solar cells and flexible electronics. The
Solar Shirt can be used for everyday use and can charge a smartphone, MP3
players, cameras, GPS systems or any other USB compatible portable devices.
Also, a battery pack invisibly located in the front pocket provides energy
storage for later use (Solar Shirt, n.d.).

¥ N — 7 |

J

Figure 3. Solar shirt by Pauline van Dongen (Solar Shirt, n.d.)

Another example is the Sunslice Zenith backpack. It is a modern looking
and a lightweight backpack for daily use with a powerful solar charger. This
backpack has flexible copper indium gallium selenide solar cells on its outer
surface. The flexible solar cells have a conversion efficiency of 16.5% (Zenith
Solar Backpack, n.d.).
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Figure 4. Sunslice Zenith backpack (Zenith Solar Backpack, n.d.)

In 2011, Ralph Lauren launched the RLX backpack with a solar panel on
the back that produces 2.45 watts. A smartphone can be charged in two or three
hours with this energy. The backpack is made from waterproof material, has
a buckle-closed top flap, zippered pockets and a side handle for hand carriage
(Ralph Lauren Solar-Powered Backpack Is Predictably Expensive, n.d.).

Figure 5. Ralph Lauren’s RLX Solar Backpack (Ralph Lauren Solar-Powered Backpack
Is Predictably Expensive, n.d.)

In 2014, Tommy Hilfiger released two solar jackets both for men and
women which is able to charge electronic devices such as mobile phones or
tablets by converting energy from removable solar cells installed to the back
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of the jackets. The jacket has a hidden cord in the lining that connects solar
panels to a detachable battery pack in the front pocket and two USB ports
allowing users to connect two devices simultaneously. The solar panel on the
jacket is composed of flexible amorphous silicon solar cells by Pvilion. When
exposed to direct sunlight, solar cells charge the battery pack which can fully
charge a 1500 mAh mobile device up to four times (Arthur, 2014).

Figure 6. Solar Powered Jacket by Tommy Hilfiger (Tommy Hilfiger Solar Clothing,
n.d.)

As seen in the examples, attaching flexible solar cells onto textile materials
is a well however primitive solution for developing solar powered textiles.
There are some disadvantages of these applications such as appearance and
the comfort properties. The application of solar cells changes the design
characteristics of the garments. Although they are in a flexible structure,
they can cause discomfort if the user contacts the cells directly. One of the
expected features of clothing is washability a flexible solar cells integrated
garments should be durable to harsh conditions of a domestic machine wash
(Satharasinghe et al., 2020a). To improve wearability features of solar powered
textiles, integration level should be enhanced.

5.2. Fiber-Shaped Solar Cells

There are two main ways to fabricate a FSSC: coating active layers on a
cylindrical substrate (thread, metal wires, optical fibers etc.) or building solar
cells onto traditional polymeric textile fibers. The first approach provides a
less complicated production method and better device performance while
the second approach is widely accepted for keeping the textile features. The
developed FSSCs can be embedded inside an any desired textile material or
associated to form a fabric structure (Hatamvand et al., 2020; Satharasinghe
etal., 2020a).
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Recent research and progress efforts have led to fabrication of Fiber-
Shaped Organic Solar Cells (FSOSCs), Fiber-Shaped Dye Sensitized Solar Cells
(FSDSSCs), and Fiber-Shaped Perovskite Solar Cells (FSPSCs) (Hatamvand et
al., 2020).

In comparison with FSDSSCs and FSPSCs, the efficiency of FSOSCs is stays
low. However, FSOSCs are regarded as one of the most encouraging candidates
by means of its superiority such as all-solid state, easy manufacturing, eco-
friendliness, and material stability. The performance of FSOSCs directly
depends on the performance of used organic semiconductors. The formerly
developed FSOSCs mostly used organic semiconductor blends with polymer-
based donors and fullerene-based acceptors such as P3HT:PC, BM, and
PTB7:PC, BM for the light absorption. Another alternative for light absorption
is non-fullerene acceptor materials which is easy to process and deposit on the
flat surfaces and flexible substrates (Lv et al., 2022).

Lee et al. fabricated a flexible wire organic photovoltaic using two wires and
a polymer coating. A phase-seperated photovoltaic layer which is consisted of
a conductive polymer and a fullerene derivative was coated onto a thin metal
wire. A second metal wire coated with silver film as a counter electrode was
wrapped around the first wire. Both wires were laminated with a transparent
polymer. It is reported that the efficiency of wires range from 2.79% to 3.27%
(Lee et al., 2009).

Satharasinghe et al. investigated to create solar cell embedded yarns. For
this purpose, the miniature SCs were soldered onto two fine copper (Cu) wires
and then encapsulated within clear, cylindrical resin micropods and lastly
covered by a fibrous textile sheath (Satharasinghe et al., 2020b).

Liu et al. developed a new type of solar cell with textile-based materials
instead of liquid electrolytes. They deposited classical semiconducting
polymer-based bulk heterojunction layers onto stainless steel wires for
generating primary electrodes and changed metal counter electrodes with
carbon nanotube thin films or condense yarns. The developed solar cells by
researchers have potential in the production of low cost and flexible fiber-
based photovoltaics (Liu et al., 2012).

Fiber-Shaped Dye Sensitized Solar Cells (FSDSSCs) are easy to prepare,
lightweight and weavable. These features make them a promising candidate
for new age wearable electronics. However, the use of FSDSSCs is limited on a
large scale due to their low power conversion efficiency and flexibility. To solve
these problems, Zhang et al. developed a flexible fiber shaped dye sensitized
solar cell with platinum free counter electrode with polyaniline layer on the
surface of carbon fibers (Zhang et al., 2019).
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Casadio et al. used inexpensive TiO, for the first time as photoanode
material and a fully organic thiazolo [5,4-d]thiazole-based sensitizer (TTZ5)
and fabricated 10 cm long FSDSSCs (Casadio et al., 2021).

Third type of Fiber-Shaped Solar Cells is Fiber-Shaped Perovskite Solar
Cells (FSPSCs). Perovskite is a new type of photoactive material with superior
energy conversion efficiency and solution processability and offers to produce
fiber-shaped optoelectronic devices with low-cost and high performance
(Balilonda et al., 2022).

In 2014, Qiu et al. developed a FSPSC with continuously winding an
aligned carbon nanotube onto a stainless-steel wire and photoactive materials
are included between them by a solution process. FSPSC shows an energy
conversion efficiency of 3.3% and can be woven/knitted into electronic textile
structures (Qiu et al., 2014).

In 2015, Li et al. studied double-twisted fibrous perovskite solar cells
based on flexible carbon nano-tube fiber electrodes with a maximum power
conversion efficiency of 3.03%. The developed FSPSC shows a bending stability
greater than 1000 cycles and sustain 89% efficiency after 96 hours in ambient
conditions when sealed by a transparent polymer layer (Li et al., 2015).

In2015, Leeetal. developed amethylammoniumleadiodide (CH,NH,Pbl,)
perovskite solar cell in a flexible fiber shape via a fully dipping process. They
spray-deposited silver nanowires (Ag NWs) as the top electrode instead of
gold. They achieved a power conversion efficiency of 3.85% and developed
FSPSC is stable during bending. Their approach provides ease of fabrication,
the used materials are cost efficient (Lee et al., 2015).

In 2016, Wang et al. demonstrated a wire-shaped perovskite solar cell
based on TiO, nanotube (TNT) arrays by integrating a perovskite absorber on
TNT-coated Ti wire. Ti wire was wrapped by a transparent carbon nanotube
and used as a hole collector and counter electrode. By its easy fabrication
process this approach is promising candidate for portable and wearable textiles
(Wang et al., 2016).

In 2017, Lam et al. fabricated a textile-based flexible and washable FSPSC
and used an elastomer as encapsulating material and electrodeposited it with
tin oxide (SnO,) (Lam et al., 2017).

5.3. Planar-Shaped Solar Cells

Printing, coating and lamination applications of organic photovoltaics
(OPV), hybrid photovoltaics and perovskite solar cells onto textile structures
for textile-based photovoltaics have been extensively investigated lately
(Satharasinghe et al., 2020a). Planar-Shaped Solar Cells (PSSCs) has an easier
processing due to fabrication directly on a textile substrate, compared to
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FSSCs. While FSSCs could harvest sunlight from all dimensions, PSSCs could
absorb light from only one side (Hatamvand et al., 2020). Some examples of
PSSCs are presented below.

In 2018, Jung et al. developed a textile based PSSC with coating a thin layer
of polyurethan (PU) on the prepared polyester textile using a paper transfer
method (R/P lamination). The developed solar cell shows a power conversion
efficiency of 5.72% with good ambient stability up to 300 hours (Jung et al.,
2018).

In 2018, Saygili et al. fabricated solar cells by spin coating the hole transport
material (HTM) layer with distinct doping concentrations onto the perovskite
film (Saygili et al., 2018).

In 2018, Liu et al. used a fabrication method based on screen printing and
spray coating and used a low temperature processed TiO, paste. The fabrication
is made at low temperatures and compatible with Kapton and 65/35 polyester
cotton fabrics. It is reported by the authors that results show a power conversion
efficiency of 7.03% and 2.78% on Kapton and fabric respectively when using a
platinum coated fluorine tin oxide (FTO) glass as the top electrode (Liu et al.,
2018).

In 2022, Borazan et al. developed an organic solar cell by depositing
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) and
poly(3-hexylthiophene): phenyl-C61-butyric acid methyl ester (P3HT:PCBM)
on a stainless steel mesh fabric by dip coating and depositing a back metal
electrode by thermal evaporation. The metal based solar fabric has a power
conversion efficiency of 0.69% (Borazan et al., 2022).

In 2022, Yun et al. demonstrated the first flexible fabric-based gallium
arsenide (GaAs) thin film photovoltaic cells. The GaAs structures were
transferred on fabric via stress-assisted fast epitaxial lift-off (ELO) and Au-Au
bonding technique with superior bendability (Yun et al., 2022).

6. Results, Discussion and Future Perspectives

Due to the increasing energy demand, the production and application
of new energy materials and devices have attracted worldwide attention.
In particular, solar energy-related energy sources are ideal alternatives to
traditional fuels due to their abundance, sustainability, and ease of solar
energy harvesting. Considering the important strategic needs of global energy,
strengthening research on photovoltaic energy storage will provide additional
technical pathways and support for carbon reduction and green energy
development (Ke et al., 2023).
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1.1. Introduction

The idea of recycling has emerged as a consequence of the depletion
of natural sources. Since textile industry wastes harm the environment,
environmentally friendly practices in the textile industry include “cleaner
production”, “recovery/reuse”, “primarily reducing waste”, “product
modification”, “recycling”, “energy recovery” and “ acquisition” strategies.
Owing to its large production volume, the textile industry in Turkey
generates approximately one million tons of waste every year. If full recovery
is possible, this would equal 17% of the annual national non-ginned cotton
production. It is very difficult to examine recycling under a single heading
in textile production because the raw materials, machinery, energy types and
costs, environmental interactions in the production process, processes and
recycling of products are not the same. The highest amount of recycling class
was fibre recycling (57%), after polymer/oligomer recycling (37%), monomer
recycling (29%), and fabric recycling (14%), and the most used materials were
cotton (76%) and polyester (63%) (Sandin and Peters, 2018).

Fabrics are cut to

Figure 1. Recycling of Textile Wastes

The textile industry utilizes huge quantities of non-recyclable resources
and uses unsafe materials and polluting methods. Besides, the continuous
spread of fashion trends has resulted in the selling of discarded garments
after only a few wears. Therefore, new solutions should be developed and
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implemented to reduce the use of pure resources. One recommended way is to
rise recycling in the textile and clothing industry.

Clothing waste management is important for sustainability. In previous
studies, it was declared only 20% of clothing waste is recycled, the rest causing
huge raw material losses, resulting in energy losses and negative effects on the
surroundings (Lewis, 2015). Another study declared that solid waste can be
recycled to increase the circular economy (Payne, 2015).

Koszewska (2018), stated that cotton fiber is preferred because of its
comfort, natural appearance and moisture management features. But, cotton
needs a huge amount of water, soil, pesticides and fertilizers during its growth.

The world’s fiber consumption is constantly increasing and can be
increased further in the future. According to available information, the
amount of textile production has increased in the last two decades and the
average global consumption of textile waste has risen (Durham et al., 2015).

With the development of technology, consumption amounts are
increasing beyond what is needed. Excessive production and use of all
resources are not considered sufficient to meet these demands. The increasing
demand for textiles is not only based on more population demand but also
changes with new fashion habits. Textile manufacturing wastes are unwanted
but expected from spinning, weaving, knitting or garment manufacture
production processes and are often depreciated. But, if such wastes can be
converted to economically usable products, a great contribution will be made
to the market.

Currently, annual textile fiber manufacture has passed 82 million tons,
approximately 40% of which consists of cellulosic substances. With an annual
manufacture of over 27 million tons, cotton constitutes approximately 1/3 of
the market (Andreas, 2012). The fast increase in cotton textile industries and
higher production capacity has resulted in huge outcomes of waste cotton
fibers. In addition, there is an increasing demand for recycling procedures to
manufacture worthy outcomes from cotton wastes (Meyabadi and Dadashian,
2012).

Textile wastes cause environmental pollution and are separated into pre-
industrial/consumer and post-consumer wastes. Industrial waste is defined as
textile material that is discarded after the production process and service life
is completed. Nonwovens used for insulation, padding, upholstery, oil filters,
hospital linens and gowns were produced from recycled fabric wastes (Goyal,
2021).

For the textile companies to be sustainable, information on the source and
manufacture of sources and recycled raw materials are expected to constitute
an important role of the resources utilized in the future. Recycling of post-
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consumer textile wastes is a new process, and major problems will arise in the
coming years due to the depletion of resources. The biggest problem in this
area is that the classification of natural or manufactured textile fibers. Fiber
classification is made due to chemical groups and bonds.

1.2. Textile Wastes

The textile industry pollutes the environment and causes waste, from
fiber to clothing. According to the a previous research, it has been determined
that various fibers are compared with both natural and sustainability, and
synthetic fibers acquired by traditional manufacturing processes are far
behind in the sustainability ranking (Made-By, 2013).While cotton has the
advantages of natural fibers, the water consumption of cotton production
causes serious environmental effects on land occupation, emissions and
pesticides. Cotton cultivation 7 tons/kg water (Grose, 2009).

Textile production waste is divided into three categories: (a) garbage
waste - waste that needs to be cleaned before reprocessing. Examples of this
are blowroom waste, carding waste, flat card slivers and filter waste. (b)
clean waste - waste that does not require additional cleaning. For example;
comber waste, carding machine, draw frame and carded sliver waste, filter
waste from draw frames, high-speed machines, ring spinning machines and
rotor spinning machines. (c) hard waste - waste that must be opened in special
machinery. Examples of this are twisted roving, yarns and textile fabrics
(Larney and Van Aardt, 2010).

Waste Types

a) Pre-consumer Waste: Pre-consumer textile waste generally means
waste by-products from fiber, yarn, textile and apparel production. For
example; mill bits, scraps, scraps or goods damaged during manufacture and
most are recovered and used for automotive, furniture, bedding, furnishings,
and paper industries.
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Figure 2. Pre-consumer wastes of textile (fiber, yarn, vs..)

b) Post-consumer Waste: defined as a product that an individual
anymore demands and defines to compose with wear or damage. It means
second-hand or worn garments, linens, towels, and other widely used textiles.
Post-consumer waste that can be recycled is clothing, blankets/curtains,
towels, sheets and blankets, clean cloths and sewing residues, tablecloths,
blankets, covers and bags.

Figure 3. Post-consumer textile wastes (clothing, linens, vs..)

+ 23



24 + Esra Tastan Ozkan

In the fashion chain, sources are produced from renewable sources and
consumer wastes or wastes manufactured in factories in the form of yarn.
For textile companies to be sustainable, it is important to know the origin of
resources and production technologies well. No major progress has been made
in the recycling of post-consumer waste. Unless the awareness of the consumer
is increased, there will be no progress on the benefits of the recycling method
and the use of recycled products. Also, the most challenging of the post-
consumer stream is poorly defined, contaminated, degraded fiber quality due
to washing and abrasion. In Europe, 10% of garment waste is recycled and the
remainder 8% is thrown away (~57%) or burned (~25%) (Beton et al., 2014).

Patagonia company recycles many clothes produced from Polartec
polyester fabric (McDavid, 2007). In Turkey, a composite with increased
mechanical and physical features is obtained by reinforcing recycled
polypropylene with silk and cotton was