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Abstract: According to the Ellen MacArthur Foundation, 73% of used clothing is landfilled or
incinerated globally and greenhouse gas (GHG) emissions from fabric manufacturing in 2015
amounted to 1.2 billion tons. It must be reduced in the future, especially by reusing and recycling
used clothing. Based on this perspective, researchers calculated the energy consumption and GHG
emissions associated with reusing and recycling used clothing globally with a life cycle assessment
(LCA). However, no study was conducted so far to estimate the total GHG emission reductions in
Japan by reusing and recycling used clothing. In this study, the amount of used clothing currently
discharged from households as combustible and noncombustible waste and their fiber types were
estimated using literature. Then, the methods for reusing and recycling of used clothing were
categorized into the following 5 types based on fiber type, that is, “reuse overseas,” “textile recycling
to wipers,” “fiber recycling,” “chemical recycling” and “thermal recycling.” After that, by applying
LCA, the GHG emission reductions by above 5 methods were estimated, based on the annual
discharged weights of each fiber type. Consequently, the total GHG emissions reductions by reusing
and recycling 6.03 × 108 kg of used clothing totally were estimated around 6.60 × 109 kg CO2e,
to range between 6.57 × 109 kg CO2e and 6.64 × 109 kg CO2e, which depended on the type of
“chemical recycling.” The largest contribution was “reuse overseas,” which was 4.01 × 109 kg CO2e

corresponded to approximately 60% of the total reduction. Where, it was assumed that used clothing
were exported from Japan to Malaysia which was currently the largest importing country. In this
case, GHG emissions to manufacture new clothing in China, the largest country currently to export
them to Japan, can be avoided, which are 29.4 kg CO2e and 32.5 kg CO2e respectively for 1 kg jeans
and 1 kg T-shirts. Adding the GHG emissions for overseas transportation to this, on average, 32.0 kg
CO2e per kg of used clothing was reduced by “reuse overseas,” which was 19.6 times larger than
GHG emissions by incineration, 1.63 kg CO2e per kg, in which carbon neutrality for cotton was not
counted. As the result, the total GHG emission reductions above mentioned, around 6.60 × 109 kg
CO2e, corresponds to 70% of the GHG emissions by incineration of total household garbage in Japan.

Keywords: GHG emissions; used clothing; reuse; life cycle assessment; reclaimed fiber; chemical
recycling; thermal recycling

1. Introduction

According to the Ellen MacArthur Foundation [1], greenhouse gas (GHG) emissions from fabric
manufacturing in 2015 amounted to 1.2 billion tons and the United Nations Framework Convention
on Climate Change estimated that fashion industry GHG emissions were approximately 10% of total
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global GHG emissions [2]. The global population is on the rise and is expected to reach 9.7 billion by
2050 [3] and clothing sales are projected to reach 160 million tons by 2050 [1]. The discharge of used
clothing is also expected to increase.

The Ellen MacArthur Foundation [1] also reported that 73% of used clothing was landfilled or
incinerated worldwide. Additionally, Allwood et al. [4] estimated that approximately 13% of textiles in
the UK are recycled and reused, while the remaining textiles are landfilled or incinerated. In contrast,
according to the Organization for Small & Medium Enterprises and Regional Innovation, JAPAN
(SMRJ), 0.864 million tons of used clothing were discharged from households in Japan in 2009 and
27.3% (0.236 million tons) of the used clothing was reused or recycled [5].

As it is essential to reduce GHG emissions by reusing and recycling used clothing, it is vital to
quantify the potential reduction in GHG emissions by reusing and recycling. The energy consumption
and GHG emissions associated with reusing and recycling used clothing has been estimated by
researchers using life cycle assessment (LCA), which is a tool for quantitatively evaluating environmental
burden across the entire product life cycle.

Sandin et al. [6] reviewed 41 studies and reports and concluded that reusing and recycling textiles
typically reduced the environmental impacts compared to incinerating and landfilling and that reusing
was more beneficial than recycling. According to Woolridge et al. [7], the energy consumption for
reusing 100% polyester clothing was 1.8% less than that of new materials and for reusing 100% cotton
clothing it was 2.6% less than that of new materials. Farrant et al. [8] conducted an LCA of used
T-shirts (100% cotton) and pants (65% polyester and 35% cotton) in Sweden, which were reused or
recycled into wipers and they reported that if the clothing was reused, GHG emissions were reduced
by 14% for T-shirts and 23% for pants. Bartl et al. [9] reported that the reuse of 1 ton of T-shirts (100%
cotton) and blouses (100% rayon) can save 182 GJ and 229 GJ of energy, respectively. Zamani et al. [10]
also reported that 10 ton CO2 can be reduced per ton of textile waste (50% cotton and 50% polyester)
by integrating three recycling technologies (material reuse, cotton and polyester separation using
N-methylmorpholine-N-oxide and polyester recycling).

In Japan, the Ministry of Economy, Trade and Industry (METI) investigated GHG emissions related
to the manufacturing or recycling of products such as jackets, blousons and dresses [11]. However, no
studies have estimated the total CO2 emission reduction due to reusing and recycling used clothing in
Japan, consider the annual discharge amount of used clothing.

Therefore, in this study, to clarify the current used clothing situation in Japan, the amount and
fiber types of discharged clothing were estimated from Japanese literature. Then, using an LCA, the
GHG emissions that can be reduced by reusing and recycling used clothing discharged as combustible
and/or noncombustible wastes in Japan were calculated.

2. Research Method

First, we estimated the amount of used clothing discharged from households in Japan based on the
literature. Next, we allocated the clothing into fiber types and then we assumed how they were reused
or recycled based on company interviews and the characteristics of the clothing fiber materials. Finally,
we calculated the GHG emission reductions by reusing and recycling each clothing type in Japan.

All subjects gave their informed consent for inclusion before they participated in the study. The
study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved
by the Ethics Committee of Kogakuin University.

3. Basic Data of This Study

3.1. Discharge Flow of Used Clothing in Japan

SMRJ conducted a consumer survey, compiling the amount of used clothing discharged from
households in 2009 and how they were discharged [5]. The results are represented in Table 1. after
being rearranged based on our analysis. In 2009, 8.64 × 108 kg of used clothing was discharged from
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households. Approximately 17.8% of this clothing (1.54 × 108 kg) was reutilized as used clothing,
such as modified clothing, gifts and reused clothing sold back into the market. An additional 12.3%
(1.06 × 108 kg) were collected as resource materials by shops and local governments or through the
voluntary actions of citizens. Approximately 70% of used clothing (6.03 × 108 kg) was discharged
as combustible and/or non-combustible waste, which were considered to be reused and/or recycled
from the viewpoint of a reduction in GHG emissions. In this study, we assumed that this amount was
reused and/or recycled in Japan to calculate the potential GHG emission reductions.

Table 1. Weights and destinations of used clothing discharged from Japanese households in 2009
(Reedit of data from SMRJ [5]).

Discharge of Used Clothes from Households in 2009 (8.64 × 108 kg)

Amount entering the market as used clothes Amount discharged from household

Amount discharged
from combustible/
non-combustible

waste from
households

1.54 ×108 kg 1.06 × 108 kg 6.03 × 108 kg

Resewn Gifted

Recycle shop,
Bazaar, Free

market and Net
auction

In-store
recycling

Citizen
collection

Local
government

collection

Combustible/
non-combustible

waste

1.54 × 107 kg 4.06 × 107 kg 9.85 × 107 kg 1.20 × 107 kg 4.57 × 107 kg 4.83 × 107 kg 6.03 × 108 kg

3.2. Type of Clothing Discharged from Households

SMRJ also conducted a consumer survey regarding the types of used clothing discharged from
households [5]. Based on the results, we allocated the 6.03× 108 kg of used clothing that was discharged
as combustible and/or noncombustible waste by clothing type. Columns (a), (b) and (c) of Table 2
display the results of the estimated weights of each used clothing type.
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Table 2. Reusing and recycling methods, used clothing weight and greenhouse gas (GHG) emission reductions.

(a) (b) (c) (d) (e) (f) (g) (h) (i)

Number Clothing Type Weight
[kg]

Clothing and Its Fiber
Composition

GHG Emissions
for Manufacturing

per kg [kg CO2e/kg]
Source *

GHG Emissions
for Manufacturing

[kg CO2e]

Reuse and
Recycling
Method

GHG Emission Reductions [kg CO2e]

1) T-shirts 6.35 × 107 T-shirt (100% cotton) 32.5 C 2.06 × 109

Reuse
overseas 4.01 × 109

2) Jeans Pants and Skirts 2.01 × 107 Jeans (100% cotton) 29.4 D 5.92 × 108

3) Child clothing (including
underwear) 3.50 × 107 T-shirt (100% cotton) 32.5 C 1.14 × 109

4) Infant clothing (including
underwear other than diapers) 6.83 × 106 T-shirt (100% cotton) 32.5 C 2.22 × 108

Group 1 1.25 × 108 4.02 × 109

5) One piece 3.60 × 107 One piece (100% cotton) 16.7 A 6.01 × 108
Textile recycling

(Wipers) 2.98 × 1086) Underwear (underwear, socks, etc.) 5.53 × 107 T-shirt (100% cotton) 32.5 C 1.80 × 109

Group 2 9.13 × 107 2.40 × 109

7) Thick Coat and Japanese Kimono 1.42 × 108 Jacket (50% wool and 50%
polyester) 41.1 A 5.84 × 109

Fiber recycling
(Reclaimed

fiber felt)
2.10 × 1098) Light Coat and Blouson 5.43 × 107 Blouson (35% cotton and 65%

polyester) 19.6 A 1.06 × 109

9) Jacket, Blazer and Suit (outerwear) 4.55 × 107 Jacket (50% wool and 50%
polyester) 41.1 A 1.87 × 109

10) Sweaters, Trainers and Jerseys
(outerwear) 6.56 × 107 Knitted sweater for students

(30% wool and 70% acrylic) 18.1 B 1.19 × 109

11) Accessories (muffler, handkerchief,
etc.) 5.46 × 106 Knitted sweater for students

(30% wool and 70% acrylic) 18.1 B 9.87 × 107

Group 3 3.13 × 108 1.01 × 110

12) Shirts and Blouses 4.38 × 107 Blouse (100% polyester) 20.2 A 8.85 × 108 Chemical
recycling or

Thermal recycling
(RPF)

Chemical recycling Thermal
recycling

(RPF)13) Pants, Skirts and Slacks other than
Jeans 2.97 × 107 Training pants (100% polyester) 23.1 B 6.86 × 108 Aies

method
Teijin

method

Group 4 7.35 × 107 1.57 × 109 2.35 × 108 2.25 ×108 1.63 × 108

Total 6.03 × 108 Total 6.64 × 109 6.63 × 109 6.57 × 109

* (a): METI [11]; (b): JEMAI [12]; (c) JEMAI [13]; (d): Yuan, Z. [14]; (e) Levi Strauss& Co. [15].
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4. Interviews with Companies on Reusing and Recycling

4.1. Nakano & Co., Ltd.

We visited the Hadano Plant of Nakano & Co., Ltd. [16], a used clothing wholesaler and learned
about the amount of clothing handled, separation system, recycling methods of each used clothing
type and wiper manufacturing method. There are three sources of used clothing for Nakano & Co.,
Ltd.: in-store recycling, citizen collection and local government collection. Approximately 80% to 90%
of the used clothing provided to Nakano & Co., Ltd. can still be worn but as many countries restrict
the import of used clothing, they cannot easily be exported overseas. Presently, the reuse percentage is
approximately 27.0% for the used clothing (25.7% overseas and 1.3% domestic), 22.5% is converted
into wipers, 40.5% is utilized as reclaimed fiber felt and 10.0% is incinerated. Used summer, children
and baby clothing are in high demand overseas. In contrast, winter clothing such as coats, sweatshirts,
sweaters and suits are in lower demand in Southeast Asia and Africa. They are reprocessed into
reclaimed fiber felt because they cannot be used as wipers. Reclaimed fiber felt is pressed fiber that is
mechanically returned to fabric fiber. As it has excellent properties for heat insulation and cushioning,
it is commonly used for automobile interior materials.

Skirts are also in low demand because of religious reasons and varying body shapes. These items
are also reprocessed into reclaimed fiber felt. Used clothing, primarily that made of cotton, is exported
from Japan to the Philippines, reprocessed into wipers and then re-imported into Japan due to the
lower manufacturing costs in the Philippines compared to those in Japan. To reduce incineration
wastes, the wiper fabric is not cut in squares but in the approximate size required after removing hard
parts such as buttons and collars.

4.2. Wacoal Holdings Corp. and Japan-Waste Co., Ltd.

Wacoal Holdings Corp. collects used brassieres in their stores and reprocesses them into solid
refuse paper and plastic fuel (RPF) at the facility of their partner Japan-Waste Co., Ltd. [17]. We
visited both companies and learned about the collection method and energy consumption required for
manufacturing RPF.

Wacoal Holdings Corp. began recycling brassieres in 2008 and they collected 2.79 × 104 kg
(approximately 2.79 × 105 pieces) of brassieres in 2018 [18]. Recycling activities led to sales promotions
as a corporate advantage and they were also beneficial to consumers because brassieres are difficult to
dispose of as household garbage.

Japan-Waste Co., Ltd. [17] manufactures a variety of RPF fuels with different calorific values using
plastic, paper, wood and fiber waste as the raw materials which are supplied by customers such as
paper and textile companies. However, a small amount of fiber waste is currently used. The price of
RPF is less than half of that of coal and manufacturing 1 kg of RPF currently requires 3.60 × 102 kJ
of energy.

5. Estimations of Material Compositions of Each Used Clothing Fabric Type and GHG Emissions
from Manufacturing

Although the GHG emission reduction calculation details are described in Section 6, the GHG
emissions related to manufacturing each clothing type must be calculated because they can be avoided
by reusing and recycling used clothing. Column (e) in Table 2 displays the GHG emissions from
manufacturing each clothing type in column (b), which were defined using research by Yuan et al. [14],
Levi Strauss & Co. [15], METI [11] and the Japan Environmental Management Association for Industry
(JEMAI) [12,13]. These studies are indicated in column (f) as the source of the GHG emission estimations
and the material composition of the closing is displayed in column (d). The material composition of
the used clothing discharged from households may be different from the composition in column (d)
but they were assumed to be the same for the purposes of this study.
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“Polyester” is a general name for polymers whose main chains are connected by ester bonds but
the polyester used in clothing is primarily polyethylene terephthalate (PET). Therefore, hereinafter,
polyester is referred to as PET.

The system boundaries for the GHG emission calculations differ in the literature. Therefore, in this
study, they were adjusted to be from raw material production to distribution. For example, because the
data of JEMAI [12], Yuan, Z. [14] and Levi Strauss & Co. [15] include the use and disposal stages, they
were excluded from this study. In addition, it must be noted that each manufacturing area is different;
Yuan, Z. [14] is in China, Levi Strauss & Co. [15] is in the United States and METI [11] and JEMAI [12]
are in Japan.

As the weight of a pair of jeans was unclear in Levi Strauss & Co. [15], which showed their GHG
emissions, it was assumed to be 0.68 kg based on a report by the California Cotton Ginners & Growers
Association [19].

6. Assuming Types of Reuse and Recycling and Calculation of GHG Emission Reductions
by Them

Based on the fiber composition for each type of used clothing shown in column (d) in Table 2 and
based on the interview with Nakano & Co., Ltd. [16] in Section 4.1., the recycling methods for each
type of used clothing were assumed and are illustrated in column (h) in Table 2.

As much of the used clothing discharged from households can still be worn and as it is difficult to
separate the fiber combinations into each material type, it was assumed in this study that the collected
used clothing, such as the 6.35 × 107 kg of T-shirts (1) in column (a) in Table 2, 2.01 × 107 kg of jean
pants/skirts, 3.50 × 107 kg of child clothing and 6.83 × 106 kg of infant clothing were reused in Southeast
Asia where there is high demand. We categorized the above used clothing as Group 1 to calculate the
GHG emission reductions in this study.

3.60 × 107 kg of 100% cotton one-pieces (5) in column (a) in Table 2 and 5.53 × 107 kg of underwear
were assumed to be reprocessed into wipers because of their low demand in Southeast Asia and their
excellent water and oil absorption capabilities. Wipers are industrial dust cloths are used to water
and oil removal in factories. Therefore, cloths containing cotton or rayon are preferred. In particular,
used clothing made of cotton, from which the fiber oil had been removed after repeated washing, is
considered to be of suitable quality for wipers. We categorized the above used clothing as Group 2 to
calculate GHG emission reductions in this study.

Cotton chemical recycling has also been studied (Nakano, S. [20]; Shikoku Bureau of Economy,
Trade and Industry [21]; SMRJ [5]; Industrial Structure Council Industrial Science Technology Policy
Committee Evaluation Subcommittee [22]; Japan Environment Planning. Co., Ltd. [23]). However,
due to not being implemented in practice, cotton chemical recycling was not evaluated in this study.
Other clothing types, specifically 1.42 × 108 kg of thick coats and Japanese Kimonos (7) in column (a) in
Table 2 5.43 × 107 kg of light coats and blousons, 4.55 × 107 kg of jackets, blazers and suits (outerwear),
6.56 × 107 kg of sweaters, trainers and jerseys (outerwear) and 5.46 × 106 kg of accessories (mufflers,
handkerchiefs, etc.) were assumed to be reprocessed into reclaimed fiber felt because these clothing
types had mixed fiber compositions and were unsuitable for reuse in Southeast Asia.

We categorized the above used clothing as Group 3 to calculate GHG emission reductions in
this study.

In addition, 4.38 × 107 kg of 100% PET shirts and blouses (12) in column (a) in Table 2 and
2.97 × 107 kg of pants, skirts and slacks (other than jeans), were assumed to be chemically recycled or
used for thermal recovery because the chemical recycling of beverage PET bottles has gained attention
recently in Japan; however, much of the used clothing made of PET that is discharged from households
is still incinerated as municipal waste, although it can be recycled chemically like beverage PET bottles.
We categorized the above used clothing as Group 4 to calculate GHG emission reductions in this study.
For this group, both chemical and thermal recycling were assumed in this study and compared the
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GHG emission reductions by both recycling systems. The GHG emission reduction calculations for
Groups 1 to 4 are described in the following sections.

6.1. Calculation of GHG Emission Reductions in Group 1 (Reuse Overseas)

There are two ways to reuse used clothing: paid and free. For example, Fast Retailing Co., Ltd. [24]
exports used clothing for free as relief goods through the United Nations International Children’s
Emergency Fund. In contrast, other clothing is sorted and exported from Japan by wholesalers and sold
as used clothing in Southeast Asia and Africa. According to the Ministry of Finance Trade Statistics
(H. S. Code 6309) [25], 2.37 × 108 kg of used clothing was exported from Japan in 2018.

According to Nakano Co., Ltd., more than 90% of reused clothing is exported overseas. In
this study, it was assumed that 1.25 × 108 kg of the Group 1 used clothing were reused in Malaysia
(Scenario (I)), which is the scenario for overseas reuse because the largest amount clothing exported
from Japan.

To compare Scenario (I), it was assumed in the non-recycled Scenario (II) that the used clothing
was incinerated in Japan, which is the current situation and that 1.25 × 108 kg of new clothing, the
same amount exported from Japan to Malaysia in Scenario (I), were assumed to be produced in China
and transported to Malaysia for the Malaysian people to wear.

In these scenarios, it was assumed that the period of use for the newly manufactured and used
clothing in Malaysia were the same and that no GHGs were emitted by their incineration because they
were made of cotton, which is carbon neutral. In addition, washing and drying at the use stage were
excluded from the GHG calculations because they were the same in both scenarios.

Scenario (I): Collection of used clothing (Japan)→ Transportation to Malaysia→ Reuse (Malaysia)
→ Incineration (Malaysia).

Scenario (II): Collection of used clothing (Japan)→ Incineration (Japan) + Manufacturing of new
clothing (China)→ Transportation to Malaysia→ Use (Malaysia)→ Incineration (Malaysia).

To compare Scenarios (I) and (II), GHG emissions due to transportation in Scenarios (I) and (II) and
manufacturing of the new clothing in China in Scenario (II) were calculated because GHG emissions
for the collection of used clothing were the same in both scenarios.

In Scenario (I), the used clothing was transported by container ship from the Yokohama Port in
Japan to the Klang Port in Malaysia, which are 5.73 × 103 km apart [26]. The GHG emissions for the
container ship transportation were 1.00 × 10−2 kg CO2e/ (t km) [27] (Table A1). Ground transportation
in Japan and Malaysia were excluded due to the wide variety of transportation routes. Table 3 shows
that the transportation GHG emissions were 7.20 × 106 kg CO2e.

Table 3. GHG emissions of transportation of used clothing from Japan to Malaysia and newly
manufactured clothing from China to Malaysia.

Transport
Route

Distance
[km]

Transportation
Method

GHG Emissions
per Unit

[kg CO2e/(t·km)]

Details of
GHG Emissions

per Unit

Transportation
Amount

[t]

GHG
Emissions
[kg CO2e]

Yokohama port
→ Klang Port 5.73 × 103 ship 1.00 × 10−2 IDEA (451200108)

[26] 1.25 × 105 7.20 × 106

Guangzhou Port
→ Klang Port 3.11 × 103 ship 1.00 × 10−2 IDEA (451200108)

[26] 1.25 × 105 3.91 × 106

Total 1.11 × 107

In Scenario (II), the GHG emissions were calculated when a total of 1.25 × 108 kg of T-shirts, jean
pants/skirts, child clothing and infant clothing were newly manufactured in China and transported to
Malaysia. Based on column (e) in Table 2, the GHG emissions from the new clothing manufacturing
were 4.02 × 109 kg CO2e as shown in column (g) in Table 2. In terms of transportation, the newly
manufactured clothing in the Guangdong Province, the largest Chinese apparel manufacturing area, is
transported from the Guangzhou Port in China to Klang Port in Malaysia. The voyage distance was
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3.11 × 103 km [26] and the GHG emissions were 3.91 × 106 kg CO2e using 1.00 × 10−2 kg CO2e/(t km)
for the container ship [27] (Table A1) (Table 3). Therefore, the total GHG emissions in Scenario (II) were
4.02 × 109 kg CO2e. The GHG emissions from transportation were small and it is possible to reduce the
4.01 × 109 kg CO2e of emissions by reusing 1.25 × 108 kg of used clothing, which is similar to the GHG
emissions from manufacturing new clothing in China, which corresponds to 3.20 × 101 kg CO2e of
GHGs per 1 kg of used clothing.

6.2. Calculation of Group 2 GHG Emission Reductions (Textile Recycling to Wipers)

To be more cost effective, Nakano Co., Ltd. sorted the Japanese used clothing and exported it
to the Philippines. Then, after it was reprocessed into wipers, the wipers were re-imported to Japan.
Here, the following two scenarios were compared.

In Scenario (I), it was assumed that 9.13 × 107 kg of Group 2 100% cotton clothing, as shown
in Table 2, were exported to the Philippines and reprocessed into wipers. Afterwards, they were
re-imported to Japan, used and then incinerated.

In Scenario (II), it was assumed that the used clothing was incinerated in Japan, which was
assumed without any energy recovery and that newly manufactured cotton cloths were used instead
of the wipers manufactured in the Philippines from used clothing.

Scenario (I): Collection of used clothing (Japan) → Transportation to the Philippines →
Reprocessing of wipers (the Philippines)→ Transportation to Japan→ Use (Japan)→ Incineration
(Japan).

Scenario (II): Collection of used clothing (Japan) → Incineration (Japan) + Manufacture new
wipers (Japan)→ Use (Japan)→ Incineration (Japan).

As the used clothing and new wipers were assumed to be 100% cotton, GHGs were not emitted in
their incineration because cotton is carbon neutral. Domestic transportation was also not considered.

To compare Scenarios (I) and (II), only the GHG emissions for transporting the used clothing and
reprocessing wipers from the used clothing in Scenario (I) and manufacturing new wipers in Scenario
(II) must be calculated.

First, for Scenario (I), when reprocessing the used clothing into wipers, used clothing parts such
as buttons and collars were removed. As the yield was 72.8% [11], the remaining cotton cloths were
6.65 × 107 kg. The GHG emissions of reprocessing wipers from 4.53 × 10−2 kg CO2e/kg of used clothing
were cited from Reference [11] (Table A1). Therefore, the GHG emissions of reprocessing 6.65 × 107 kg
of wipers were 3.01 × 106 kg CO2e. As the round-trip distance is 6.54 × 103 km [26], the GHG emissions
were 5.17 × 106 kg CO2e using 1.00 × 10−2 kg CO2/ (t km) for container shipping [27] (Table A1).
As a result, a total of 8.18 × 106 kg CO2e emissions were calculated from wiper reprocessing from
9.13 × 107 kg of used clothing and their transportation, as shown in Table 4.

Table 4. GHG emissions for reprocessing Group 2 clothing to wipers (Scenario (I)).

Process Distance
[km]

Transpor-
Tation

Method

GHG Emissions
per Unit

[kg CO2e/t km]

Details of
GHG Emissions

per Unit

Amount
[t]

GHG
Emissions
[kg CO2e]

Transportation Yokohama Port
→Manila Port 3.27 × 103 ship 1.00 × 10−2 IDEA (451200108)

[27] 9.13 × 104 2.99 × 106

Reprocessing
to wipers Manila Factory - - 4.53 × 10−2 METI [11] 6.65 × 104 3.01 × 106

Transpor-
tation

Manila Port
→ Yokohama

Port
3.27 × 103 ship 1.00 × 10−2 IDEA (451200108)

[27] 6.65 × 104 2.18 × 106

Total 8.18 × 106
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For Scenario (II), as the GHG emissions from manufacturing cotton cloths (new cotton wipers)
were 4.61 kg CO2e/kg, which was cited from METI [11] (Table A1), manufacturing 6.65 × 107 kg of
new cotton wipers, which was the same amount as that in Scenario (I), resulted in GHG emissions of
3.06 × 108 kg CO2e.

Comparing these two scenarios, GHG emissions of 2.98 × 108 kg CO2e can be reduced by
reprocessing 9.13 × 107 kg of used one-pieces and underwear. This means that 3.27 kg CO2e can be
reduced per kg of used clothing.

6.3. Calculation of Group 3 GHG Emission Reductions (Fiber Recycling (Reclaimed Fiber Felt))

It was assumed that the reclaimed fiber felt was reprocessed from the Group 3 used clothing, which
totaled 3.13 × 108 kg, as shown in Table 2. In this study, the following two scenarios were compared.

Scenario (I): Collection of used clothing (Japan)→ Reprocessing reclaimed fiber felt (Japan)→
Use (Japan)→ Incineration (Japan).

Scenario (II): Collection of used clothing (Japan)→ Incineration (Japan) + Manufacturing new
PET felt (Japan)→ Use (Japan)→ Incineration (Japan).

It was assumed that the reclaimed fiber felt reprocessed from the used clothing replaced the new
manufacturing of PET interior material (Scenario (I)). In addition, the GHG emissions from incineration
of the reclaimed fiber felt made of the used clothing in Scenario (I) (including the loss) and that from
the incineration of the used clothing in Scenario (II) were not calculated because they emitted the same
amount of GHG emissions. To compare the two scenarios, the GHG emissions from manufacturing
the reclaimed fiber felt (Scenario (I)) and those from manufacturing and incinerating new PET felt
(Scenario (II)) were calculated.

In Scenario (I), the collected used clothing was crushed using a breaker treatment and solid parts
such as buttons were removed by a cyclone separator. Afterwards, the cloths were sprayed with a
flame retardant and cured. Then, they were fiberized with a reclaimed fiber machine. The cloth lost
during the felt production process was incinerated. As the yield of reclaimed fiber felt from used
clothing was 87.0% after removing buttons and so forth [28], 2.72 × 108 kg of the reclaimed fiber felt
were manufactured from 3.13 × 108 kg of used clothing.

NCS & Co., Ltd. [28] reported that 5.50 × 10−1 kWh of electricity were required to manufacture
1 kg of reclaimed fiber felt from used clothing, of which the GHG emissions were 3.62 × 10−1 kg
CO2e, using 6.58 × 10−1 kg CO2/kWh in Japan [27] (Table A1). Therefore, the GHG emissions for
manufacturing 2.72 × 108 kg of reclaimed fiber felt from the used clothing were 9.85 × 107 kg CO2e.

For Scenario (II), the GHG emissions from the production of 1 kg of new PET staple was 5.56 kg
CO2e/kg according to IDEA [27] (Table A1). The process data for manufacturing PET felt from the
new PET staple was determined by METI [11], where the production yield of new PET felt was 98.0%
and 9.30 × 10−2 kWh of electricity was required to produce1 kg of new PET felt. This means that
1.02 kg of new PET staple was required, with GHG emissions of 5.67 kg CO2e (= 5.56 × 1.02) and the
GHG emissions due to electricity consumption were 6.12 × 10−2 kg using 6.58 × 10−1 kg CO2e/kWh
in Japan [27] (Table A1). The total GHG emissions for the production of 1 kg of new PET felt were
5.73 kg CO2e.

In addition, the GHG emissions from the incineration of new PET felt were calculated as follows
using stoichiometry and [C10H8O4 (M = 192)] (Table A1).

(OOC-C6H4-COOCH2CH2)n + O2→ 10CO2 + 4H2O (1)

GHG emissions per kg of PET = 440 kg CO2 ÷ 192 kg PET = 2.29 kg CO2/kg PET. (2)

In Scenario (II), the production of 1.02 kg of the new felt, including the incinerated manufacturing
loss material, resulted in GHG emissions of 2.34 (= 1.02 × 2.29) kg CO2e.
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As the GHG emissions for the production and incineration of 1 kg of new PET felt were 8.07
(= 5.73 + 2.34) kg CO2e, the GHG emissions for Scenario (II), in which 2.72 × 108 kg of the new PET felt
were produced and incinerated, were 2.20 × 109 kg CO2e.

Comparing Scenarios (I) and (II), 2.10 × 109 kg CO2e can be reduced by reprocessing 3.13 × 108 kg
of used clothing into reclaimed fiber felt. The GHG emission reductions per kg of used clothing were
6.71 kg CO2e/kg.

6.4. Calculation of Group 4 GHG Emission Reductions (Chemical Recycling and/or Thermal Recycling (RPF))

As mentioned previously, for the Group 4 used clothing, which was made of PET and was
7.35 × 107 kg in total, both chemical and thermal recycling were assumed and the GHG emission
reductions in both cases were calculated.

6.4.1. Chemical Recycling

In the case of chemical recycling, it is possible to produce the same quality of PET from used
clothing as new virgin products because recycled PET is obtained by repolymerizing the monomer
that is derived from chemical recycling. In this study, the GHG emission reductions by chemical
recycling were calculated by comparing the following two scenarios—Scenario (I) (chemical recycling)
and Scenario (II) (no recycling).

Scenario (I): Collection of used clothing→ Production of PET via chemical recycling (Japan).
Scenario (II): Collection of used clothing → Incineration (Japan) + Production of virgin PET

(Japan).
Two methods PET chemical recycling have been developed in Japan, the Aies [29,30] and Teijin

(Ethylene glycol (EG) decomposition/transesterification method) [29,31,32] methods, which are shown
in Figure 1a,b.

While the target of the Aies method is PET beverage bottles, the Teijin method can theoretically
treat fabrics with more than 80% PET because it can efficiently separate and remove other materials
such as cotton, processing agents, dyes and buttons. However, it currently targets work and/or school
uniforms that consist of only PET.

For Scenario (I), the GHG emissions of chemically recycled PET produced using the Aies method
is 1.98 kg CO2e/kg of recycled PET [30] (Table A1).

In the Teijin method, PET is produced by recycled EG reacting with recycled DMT. The GHG
emissions to produce DMT from used clothing were 1.27 kg CO2e/kg of DMT [11] and the process data
from DMT to PET production was cited by PE Americas [33]. Table 5 shows the GHG emissions of the
Teijin method. The calculation result of the GHG emissions to produce chemically recycled PET using
the Teijin method was 2.13 kg CO2e/kg of recycled PET (Table A1); methanol was excluded because it
was reused.

For Scenario (I), as chemical recycling can produce PET of the same quality as the virgin products,
it can be recycled indefinitely and does not require incineration. However, for Scenario (II), the GHG
emissions of 2.29 kg CO2e/kg of PET were emitted from the incineration of the used clothing, which
was calculated using Equation (2). Therefore, the production of virgin PET was required and the
resulting GHG emissions were 2.89 kg CO2e/kg of PET, based on IDEA [27] (Table A1). In total, 5.18 kg
CO2e/kg of PET were calculated for Scenario (II).

The GHG emission reductions per kg of Group 4 used clothing, which were made of 100% PET
(= Scenario (I) − Scenario (II)), using the Aies method was 3.20 (= 5.18 − 1.98) kg CO2e/kg of recycled
PET and 3.06 (= 5.18 − 2.13) kg CO2e/kg of recycled PET for the Teijin method. Comparing the two
methods, the Aies method has a slightly larger GHG reduction than that of the Teijin method.



Sustainability 2020, 12, 8214 11 of 16

Table 5. Teijin method GHG emissions (Process data from PE Americas [33]).

Item Amount GHG Emissions per Unit Details of GHG Emissions GHG Emissions
[kg CO2e/kg]

Input

EG 3.30 × 10−1 kg 1.57 × 100 kg CO2e/kg IDEA (173216000) [27] 5.18 × 10−1

Recycled DMT 1.04 × 100 kg 1.27 × 100 kg CO2e/kg METI [11] 1.32 × 10
Electricity 3.61 × 10−2 kWh 6.06 × 10−1 kg CO2e/kWh IDEA (331111014) [27] 2.19 × 10−2

Natural gas 3.80 × 100 MJ 4.64 × 10−3 kg CO2e/MJ Production: IDEA (052112000) [27] 1.76 × 10−2

5.10 × 10−2 kg CO2e/MJ Incineration: MOE [34] 1.94 × 10−1

Steam * 2.06 × 10−1 kg 2.68 × 10−1 kg CO2e/kg IDEA (351211100) [27] 5.51 × 10−2

MeOH 3.00 × 10−1 kg - - - -
Output Recycled PET 1.00 × 100 kg - - - -

GHG emissions per kg of recycled PET derived from recycled DMT 2.13 × 10

* Thermal energy of steam was converted into the weight using Natural Resources and Energy Agency, Ministry of Economy, Trade and Industry [35].
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Figure 1. (a) Aies method: chemical recycling flow of PET (Created from METI [29]). PET: polyethylene
terephthalate EG: ethylene glycol. BHET: bis (2-hydroxyethyl) terephthalate and (b) Teijin method (EG
decomposition/transesterification method): Chemical recycling flow of PET (Created from METI [29]).
PET: polyethylene terephthalate EG: ethylene glycol. BHET: bis (2-hydroxyethyl) terephthalate DMT:
dimethyl terephthalate.

6.4.2. Thermal Recycling

Thermal recycling is a recycling method where thermal energy generated by incineration is
recovered and RPF is manufactured from used clothing by mixing it with paper, wood, plastic and so
forth. RPF has advantages such as stable quality and sufficient handling properties for transportation
and storage. RPF can be used as a substitute for coal for boilers such as those of paper companies [36].
In this study, it was assumed that a total of 7.35 × 107 kg of Group 4 used clothing were reprocessed
into RPF, which was the same amount of clothing chemically recycled in the Section 6.4. 1 Scenarios.

In this study, the GHG emissions in Scenario (I), where RPF derived from used clothing was
incinerated as fuel, were compared those in Scenario (II), where the used clothing was incinerated as
general waste without any energy recovery and the steam coal equivalent to the RPF energy was used.

Scenario (I): Collection of used clothing (Japan)→Manufacturing RPF (Japan)→Use (Incineration)
(Japan).

Scenario (II): Collection of used clothing (Japan)→ Incineration (Japan) + Production (import
average) and use of steam coal equivalent for energy obtained by incineration of 1 kg of RPF (Japan).

As the used clothing (Scenario (I)) and RPF made from the used clothing (Scenario (II)) were
considered to exhibit the same composition, the GHG emissions for both incinerations were excluded
from the calculation. To obtain the GHG emission reductions by thermal recycling, the GHG emissions
for the RFP manufacturing (Scenario (I)) and production and use of the steam coal equivalent to the
energy obtained by the incineration of 1 kg RPF were calculated.
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For Scenario (I), an interview by Nippon West Co., Ltd., described in Section 4.1, revealed that the
energy required to manufacture 1 kg of RPF was 3.60 × 102 kJ and the production yield was 100%.

For Scenario (II), the energy obtained by the incineration of 1 kg of RPF was calculated. The
combustion heat of PET is 2.28 × 104 kJ/kg of PET [37] (Table A1) was assumed to be the same as that
of RPF; therefore, the energy obtained by the incineration of RPF was 2.28 × 104 kJ/kg-RPF, which must
be supplied by steam coal.

To calculate the GHG emission reductions, the difference in GHG emissions between scenarios (I)
and (II) can be calculated. If the RPF manufacturing energy, 3.60 × 102 kJ/kg of RPF, was supplied by
steam coal, then the GHG emissions of 2.25 × 104 kJ of steam coal (= (2.28 × 104 kJ-RPF combustion
energy) − (3.60 × 102 kJ-RPF manufacturing energy) can be calculated, which was 8.75 × 10−1 kg of
steam coal when using 25.7 MJ/kg [34] as the combustion heat of steam coal. As the GHG emissions
for the production of 1 kg of steam coal were 2.09 × 10−1 kg CO2e based on IDEA [27] (Table A1) and
the GHG emissions for the combustion of 1 kg of steam coal were 2.33 kg CO2e based on MOE [34], the
GHG emissions for the production and combustion of 1 kg of steam coal were considered to be 2.54 kg
CO2e. Therefore, 2.22 (= 8.75 × 10−1

× 2.54) kg CO2e/kg of RPF can be reduced by utilizing RPF, which
was the same as the GHG emission reductions of 1 kg of used clothing because the RPF manufacturing
yield from the used clothing was 100%. The total GHG emission reductions for 7.35 × 107 kg of Group
4 used clothing were 1.63 × 108 kg CO2e.

For Scenario (II), it was assumed that there was no thermal recovery from incineration. However,
as 68.4% of municipal waste incineration facilities in Japan utilize the residual heat [38], the GHG
emission reductions per 1 kg of used clothing may be smaller than 2.22 kg CO2e/kg.

6.4.3. Comparison of Group 4 GHG Emission Reductions

In this study, the GHG emission reductions of the Group 4 used clothing were calculated and
are shown in column (i) in Table 2 and they were calculated based on the GHG emission reductions
for 1 kg of used clothing. The GHG emission reductions were 3.20 kg CO2e, 3.11 kg CO2e and 2.22 kg
CO2e for 1 kg of used clothing using the Aies chemical recycling method, Teijin chemical recycling
method and thermal recycling, respectively.

The chemical recycling GHG emission reductions were slightly larger than those of thermal
recycling. In chemical recycling, the GHG emissions from the incineration of PET can be avoided, while
in thermal recycling, only the GHG emissions from the incineration of steam coal that are equivalent to
the energy obtained by the production and use of RPF made from used clothing can be avoided. The
RFP manufacturing energy was not small enough to be ignored.

7. Conclusions

The total GHG emission reductions by reusing and recycling 6.03 × 108 kg of the used clothing
discharged from households as combustible and/or non-combustible waste were 6.57 × 109 kg CO2e

to 6.64 × 109 kg CO2e, which was dependent on the recycling method. This corresponded to about
70% of the GHG emissions from incineration of household garbage in Japan. This large reduction
was caused by reusing of the used clothing made of cotton. However, it can be considered to be
no GHG emission due to carbon neutral. For example, reuse of the used jeans and T-shirts can
reduce 2.94 × 101 kg CO2e/kg-jeans-manufacturing and 3.25 × 101 kg CO2e/kg-T-shirts-manufacturing,
respectively. But, they emitted only 1.63 kg CO2e/kg when they were incinerated, which did not
considered carbon neutral.

Comparing the GHG emission reductions for 1 kg of the used clothing, 3.20 × 101 kg CO2e,
3.27 × 101 kg CO2e and 6.71 × 101 kg CO2e emission reductions were calculated for reuse overseas
(Section 6.1), reprocessing into wipers (Section 6.2) and reprocessing into reclaimed fiber felt (Section 6.3),
respectively. As previously mentioned, the emission reductions were 3.20 kg CO2e, 3.06 kg CO2e

and 2.22 kg CO2e for 1 kg of used clothing by chemical recycling utilizing the Aies method, chemical
recycling utilizing the Teijin method and thermal recycling, respectively (Section 6.4).
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The Japanese Basic Law for Establishing the Recycling-based Society [39] recommends naming
recycling 3R, (for reduce, reuse and recycle). In this study, the reuse (reuse overseas) GHG emission
reductions were greater than those of recycling (reprocessing into wipers or reclaimed fiber felt and
chemical recycling) because when reusing, GHG emissions for the production of virgin materials can be
avoided. When recycling, GHG emissions for the production of virgin materials cannot be avoided but
the GHG emissions for the incineration of used clothing can be avoided compared to the non-recycling
case. The GHG emission reductions of thermal recycling were the smallest of the recycling methods
considered in this study. Therefore, we should reuse and/or recycle used clothing, with incineration as
a last resort.

Of the reusing and recycling methods evaluated in this paper, the greatest GHG emission
reductions per kg of used clothing were for clothing reuse. As the population of Asia and Africa is
expected to increase in the future, the demand for used clothing discharged from developed countries
is also expected to increase. However, many countries regulate the importation of used clothing to
protect public health and local industries. Lastly, it is necessary to develop technologies for recycling
various clothing materials and to collaborate with stakeholders, such as material manufacturers,
apparel manufacturers and retail stores.
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Appendix A

Table A1. GHG emissions per unit.

Item GHG Emissions per Unit Details

Sea transportation 1.00 × 10−2 kg CO2e/t km IDEA (451200108) [27], Container ship transportation,
>4000TEU

PET incineration 2.29 × 100 kg CO2e/kg Calculated from stoichiometry

Cotton incineration 1.63 × 100 kg CO2e/kg Calculated from stoichiometry

Used clothing-derived wipers
manufacturing 4.53 × 10−2 kg CO2e/kg METI [11], LCA report on textile products

New cotton wipers manufacturing 4.61 × 100 kg CO2e/kg METI [11], LCA report on textile products

New polyester staple production 5.56 × 100 kg CO2e/kg IDEA (174213000) [27], Polyester staple

Electric power 6.58 × 10−1 kg CO2e/kWh IDEA (331128014) [27], Electric power, KYUSHU
ELECTRIC POWER CO., INC., 2014

Virgin polyester resin produciton
by IDEA 2.89 × 100 kg CO2e/kg IDEA (173526000) [27], Polyethylene terephthalate

Chemical recycling PET resin
production by Aies method 1.98 × 100 kg CO2e/kg

Sugimoto, T. [30], A Recycling Technology for Waste PET
Bottles: A LCI Analysis of Aies method Chemical
Recycling Process

DMT production from waste PET
products by Teijin method 2.13 × 100 kg CO2e/kg METI [11], LCA report on textile products

RPF manufacturing energy 7.35 × 107 kJ/kg Hearings from Nippon West Co., Ltd. [17]

Heat of combustion of polyester 2.28 × 104 kJ/kg
Okochi, F. et al. [36], Evaluation of Security from Heat of
Combustion of Textiles with and without Flame
Retardant Finishes

Thermal coal production 2.09 × 10−1 kg CO2e/kg IDEA (051112102) [27], Thermal coal, Import

Low calorific value of thermal coal 2.57 × 101 MJ/kg MOE [37], List of calculation methods/emission factors
in the calculation/report/publication system

Thermal coal use 9.06 × 10−2 kg CO2e/MJ MOE [37], List of calculation methods/emission factors
in the calculation/report/publication system
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