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Abstract: Global warming represents a major subject on all society levels including governments,
economic actors and citizens. The textile industry is often considered a polluting activity. In this
project, French textile manufacturers sought to quantify the carbon footprint (CF) of sold clothes
and household linen using Life Cycle Assessment in France for the purpose of reducing it to meet
the constraints of Paris Agreement by 2050. First, manufacturers calculated the carbon footprint of
17 clothes and household linen products and established alternative scenarios for four production
routes. Secondly, they modeled the supply of the upstream sector through different countries. Based
on imports of textile products, their calculated CF for one French person reaches 442 kg of
COzeq/year. Means of action to reduce this carbon footprint by a factor of 6 (74 kg of COzeq/per-
son/year for textiles) are calculated and are the following: installing the most energy-intensive pro-
duction processes in a country with a low carbon electricity mix, avoiding unsold goods, imple-
menting eco-design approaches and enhancing the value of end-of-life products with reuse or recy-
cling. Therefore, CF for textiles per capita is reduced to 43 kg COzeq/year which goes beyond the
objectives of Paris Agreement and facilitates carbon neutrality in the textile sector. The first priority
for reducing the French carbon footprint of clothes and household linen would be to locate textile
production in countries with (i) low carbon electricity, (ii) to reduce unsold items, and (iii) to elab-
orate ecodesign of product including circular economy.

Keywords: textiles; clothes; apparel; household linen; carbon footprint; circular economy; recycling;
life cycle assessment; LCA; Product Environmental Footprint; PEF

1. Introduction

The awareness of global warming is omnipresent in political strategies and it is in-
creasing more and more in consumer choices. Despite this fact, consumption of mass mar-
ket products is growing and global Greenhouse Gas (GHG) emissions continue to grow.
There is an increase of 1.7% in 2017, 2.1% in 2018, and a little decrease to 0.6% in 2019 [1].
These variations led to annual emissions of more than 53 billion tons of CO2 equivalent in
2019 [2]. On a worldwide scale, this growth seems to be unappeasable, even if European
countries tend towards controlling and reducing carbon emissions. Regarding emissions
mitigations, Germany is the leading country reaching 8% in 2019; whereas France has dif-
ficulty in following their example (-1% only) [3]. The outcomes are potentially serious,
particularly if the predictions believe that the warming level will reach 2 °C in 2050, and
exceed 4 °C in 2100. Furthermore, beyond the consideration of the water-level rise that is
projected to reach more than 0.7 m [1], the drastic foreseeable consequences are already
there, such as increase in climatic hazards, forest fires, etc. [4-6].

With the Paris Agreement in 2015, limiting global warming on the worldwide scale
was planned to be maximum 2 °C by 2100 [6]. For this objective to be reached, the GHG
emissions must be reduced on average by a factor of 6 for the next 30 years. The first
strategy would require targeting the main GHG source sectors and drastically reducing
them. Nevertheless, the analysis of emissions indicates that 75% of a citizen’s emissions in
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developed countries are covered by three sectors: mobility, heating and food [7]. In that
context, dividing the emissions by 6 seems difficult as a solution since nobody wants to
stop these three main causes of emission. In addition, these large emission sectors can be
subdivided into small sources of GHG emissions contributing to global warming. This
observation leads to the main proposed solution by maintaining the same standard of
living while reducing GHG emissions by a factor of 6.

The worldwide textile sector is accused of being “the second most polluting indus-
trial sector after hydrocarbons” according to the French President [8]. However, it is
known that one consumer buys on average a few kilograms of textiles each year. This
general accusation is raising many questions from the manufacturers of textiles in France,
among them, their impact on the environment. To address this issue, they decided to
quantify the carbon impacts of the household linen and clothes industry (excluding foot-
wear) using the Life Cycle Assessment method (ISO 14040-44). [9,10] This method, now
highly regulated by ADEME (French EPA) and European Union within the framework of
the Product Environmental Footprint (PEF), quantifies the environmental impact of prod-
ucts from the extraction of resources till their end-of-life [11,12]. For such a calculation,
the challenge is to define the function that must be satisfied, the scope of the study, and
the impact categories covered. For that purpose, this work studied the CF (carbon foot-
print) for one kilogram of the textile purchases (mix of household linen and clothes) dur-
ing the year 2019 [13].

The textile sector is at the same time a first-rate economic sector, but also an industrial
and retail sector with an astonishing complexity. This is due mainly to the globalization
of the textile production sector, the successive offshoring of production means, and the
consequences coming out of modern fashion temporality [14]. Thus, an important part of
the study is describing the calculation methodology of the CF and its implementation in
the textile sector in order to identify and quantify improvement solutions. The questions
addressed in this study are therefore the following;:

- How to account for the French CF and carbon emissions?

- What are the greenhouse gas (GHG) emissions from the production of clothes and
household linen in the world and how to assess it?

- What is the environmental footprint of textiles, clothes and household linen in
France?

- How much should this impact be reduced to achieve the objectives of the Paris
Agreement?

- How should we act at the level of a company, a consumer, and a government to
achieve these objectives for the textile sector?

2. Method and Results for the Calculation of the Carbon Footprint (CF) and Emissions
for France

2.1. Distinction between Carbon Footprint and Emissions

The CF and emissions are often referred to as the “carbon” footprint and emissions.
They are measured at the level of a country or of an individual. A country’s CF is directly
and strongly linked to purchases and consumer behavior. In each country, every con-
sumed product (e.g., food, clothes) and every service (e.g., mobility) will generate GHG
emissions during its life cycle. The sum of these emissions over a year in a specific country
is called the country’s CF. To calculate the CF of one person, this sum is divided by the
number of inhabitants of this country. CF is composed of two components: one is the GHG
emissions of a country, commonly called carbon ‘emission’ and described in the national
inventory of carbon emissions; and a second one is related to the emissions of products
imported from a country. The sum of the two components, i.e., imported GHG emissions
and the emissions from the national inventory form the CF [8,9].
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2.2. Carbon Emissions in France

The national inventory of carbon emissions includes direct emissions from house-
holds (housing, vehicles) and emissions from domestic production which comprises the
emissions linked to exports. These emissions are expressed in quantity of CO:z equivalent
which corresponds to the sum of each GHG contribution to global warming. The French
law on energy transition for green growth (LTECV) and Paris Agreement require a com-
mitment from the French government for the reduction of carbon emissions. It aims to
decrease the GHG emissions from 1990 (551 million tons of COz) by 40% in 2030 and by
75% in 2050, i.e., 137 million tons of COzeq. Figure 1 shows the change of the emissions in
the industrial sector in France between 1990 and 2015 [15].

600 100

1
5 500
[
> 8(
@
o
& Energy industry
o
E 400 80 65 70 70 65 45
2
E .
= Housing
L 95 90 100 100 100 85
£ 300
[
2
[on
[
(o
QO
< Transport
~ 200
= 135 130 145 160 155 140,
(%]
c
Rl
2
& 100

Agriculture
95 95 95 95 90 90 1«
o 15 Waste 15 15 15 15 15,
1990 1995 2000 2005 2010 2015

Figure 1. Evolution of the quantity of GHG emissions in France by sector and total percentage
between 1990 and 2015. The red curve with Y right axis indicates the percent of decrease of GHG
by 42% between 1995 and 2015 while emissions of transport increase by 8% during the same time
period.

Figure 1 above shows GHG emissions in France by economic activity sector over a
period of 25 years. The curve in red shows the change in the percentage of emissions com-
pared to 1990 emissions. The curve is rather stable for 15 years, then in 2005, it follows a
decrease of 19% to reach a total quantity of emissions of 446 million tons of COzeq in 2015.
The emissions specified by sector indicate how much each sector has contributed the most
in this decrease. Carbon emissions from transport increase over the time. Those from
waste and agriculture remain stable. However, the emissions from housing (residential
and tertiary) sector drop by a value of 10%. This can be explained by the decrease in heat-
ing needs due to the rising average temperature in France (from 11.8 °C to 13.4 °C). The
industrial energy GHG emissions dropped by more than 40% even though it only repre-
sented 15% of the total emissions in 1990. The manufacturing industry represents the



Sustainability 2021, 13, 2422

4 0f 23

700

600

50

o

40

o

30

o

20

GHG emissions in millions tons
o

10

o

1990
1991

1992

o
D
[e)]
—

quarter of all the GHG emissions until 2005, it displays a noticeable diminution in GHG
emissions that reaches more than 40% in 2015

This sharp reduction should be put into perspective. Indeed, the inventory of na-
tional GHG emissions takes into account emissions linked to national production but not
to imports; therefore, industrial offshoring led to a drop in national emissions [9,10]. Fig-
ure 2 puts into perspective the GHG emissions over 25 years (French Ministry of the En-
vironment) and the evolution of the French trade balance.
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Figure 2. Comparative evolution of GHG emissions in France and the French trade balance over the period 1990-2015.

Figure 2 displays two perspectives: the variation of GHG emissions in France and the
variation of French trade balance. From 1990 to 2015, trade balance and GHG emissions
were stable. Between 2005 and 2015, the drop in GHG emissions of around 100 million
tons of CO: equivalent is the result of a progressive deficit in the trade balance which
reaches over 50 billion in 2019. While Figure 1 showed a drop in emissions mainly due to
the sector’s manufacturing industry, Figure 2 shows that this does not come from an im-
provement in the manufacturing performance but from a gradual deindustrialization of
the French economy. This is coherent with the reduction of emissions in the “Energy In-
dustry” sector (due to the decrease of energy consumption of the manufacturing industry)
and the increase of emissions of the transportation (partly due to the increase of the road
and air freight for importing goods).

Focusing on the diminution of textile manufacturing, we can assume a transfer of
production to other countries (importation, subcontracting, or dislocation which may lead
to a transfer of carbon emissions).

2.3. Presentation of the French Carbon Footprint (CF)

The CF is scaled to a specific country or its citizens by taking the CF value and divid-
ing it by the population number. In France, the CF is calculated yearly by the Ministry of
the Environment. Unlike the national carbon emissions inventory, the country’s CF does
not count exports but it takes into account the impact associated with imports. According
to the data published by the Ministry of the Environment, France’s CF for 2018 is 749 mil-
lion tons of CO2 and it is split between 57% of emissions linked to imports and 43% of
internal emissions (inside the country) [15]. Figure 3 shows the breakdown of the French
CF by economic sector.
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Figure 3. Contribution of the various economic sectors to the French CF (carbon footprint) in 2018.
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Figure 3 shows that the French CF (749 million tons of COzeq) is higher than carbon
emissions (445 million tons of COzeq). This difference is attributed to the share of imports
which severely affects the CF. Energy is the main contributor to the French footprint and
is obviously largely dominated by imports of oil and gas. After that, the industrial pro-
duction sector is very important and is also largely dominated by imports, which are
mainly imports of transformed products manufactured abroad. The only sectors where
imports are not dominant are transport and housing; both are strongly influenced by di-
rect household emissions and transportation (goods and persons) occurring in the coun-
try.

Figure 4 details the contribution of different industries (excluding the food industry)
to the CF.
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Figure 4. Details on the contribution of the French industry in the national CF.
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All industrial sectors in France excluding water and sanitation are largely dominated
by imports. The automotive industry sector is the largest contributor with nearly 25 mil-
lion tons of GHG (from which 95% originate from outside the borders). According to the
official data, the textile sector represents 10% of the CF from the French industry with 10.2
million tons of GHG emitted, from which only 3% are linked to the industrial activity in
France.

Data from the Ministry of the Environment show that the French environmental foot-
print is stagnating [16,17]. Their estimations claim that in 1995, it was 10.5 tons of
COzeg/inhabitant, 11.8 tons of COzeq/inhabitant in 2005 and 11 tons of COzeq/inhabitant
in 2015 [15]. However, the High Council on Climate (HCC report in October 6, 2020) esti-
mated that in the past 25 years, “imported” emissions increased by 78% [18]. The stagna-
tion of the environmental footprint is questionable in view of the strong deindustrializa-
tion of the French economy. Due to regulatory constraints, France developed for half a
century less impactful technological production. It benefits from one of the least carbon-
intensive electricity generation on the planet. Additionally, the national production re-
duces the impact of transport of merchandise. At the same time, the French economy was
growing for a decade, and it is therefore unexpected to keep a constant environmental
footprint with a substantial decrease in national production mainly due to the reduction
of manufacturing industry [19].

This could be explained by the calculation method (input/output calculation). Envi-
ronmental data such as carbon emission is well documented in Europe; however, there is
small documentation in the rest of the world. The calculations of the CF for widely im-
ported products is very dependent on assumptions and extrapolations which can lead to
largely underestimated impacts.

The difficult balance between the support to the French industry, the control of COzeq
emissions, and the perilous calculations of the imported GHG emissions of the CF are
studied in the following section with a focus on the industrial case and the distribution of
textile articles in France. This part relies on Life Cycle Assessment method and it is less
dependent on statistical data gaps of the input/output approach used by the Ministry of
the Environment in order to calculate the CF of imports.

2.4. Calculations of the Environmental Footprint of Mass Market Textile Products in France

The life cycle of a textile product can commonly be distributed over several conti-
nents and many countries, and it can involve many complex production processes over
which only companies have the control. Alternatively, the textile sector has undergone
very strong globalization for almost 40 years and nevertheless represents an important
economical market. Thereby, the calculation of CF for textile products is more difficult
compared to other daily consumer products (except electronic products which present
similar complexity) [20]. Two steps are followed to assess the environmental footprint of
consumer textile products in France: First, the calculation of the quantities processed in
different countries of the world on the basis of national and international statistical data;
second, the calculation of the average footprint of the main processing steps for 1 kg textile
product based on the information collected from textile manufacturers.

2.4.1. Evaluation of Quantities Related to Textiles used for the Consumer Market in
France

The consumer textile products studied below are textile clothes and household linen,
(focusing primarily on data for 2019). Footwear is excluded from the scope of this study.

Market data are delivered by Refashion (previously ecoTLC), a French eco-organiza-
tion that produces annual marketing statistics on textiles. In 2019, it recorded 548,430 tons
of textile items in the market, including 427,512 tons of clothes and 120,918 tons of house-
hold linen sold to individuals in France. Those items sold are counted by value, by piece
and by mass. The analysis of the quantities marketed in France and processed worldwide
is based on the total mass of items sold.
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One of the difficulties of the study is the estimation of the quantities of textiles trans-
formed in each country from the first stages of textile production until they reach the con-
sumer market in France [21]. In this context, two data sources are necessary beyond the
data produced by Refashion. One part of the data concerns the French trades (importation
and exportation) of the textile products; those originate from the customs administration.
Additionally, another part of the data is those related to French production which is ac-
cessible in the European Prodcom database [22]. This information is compiled annually
by two French organizations: the IFM (Institut Francais de la Mode) and the UIT (Union
des Industries Textiles) [21,22]. The data produced by these organizations is commonly
presented in value or quantity, and includes all imports and exports supplying (or sup-
plied by) the French market. Figure 5 presents the quantities and aggregates the countries
according to the main market shared used by French manufacturers. Thus, beyond the
French production, the selected import/export zones include Euromed zone (which in-
cludes the European countries plus Tunisia and Morocco), Turkey, Bangladesh, China,
and the other countries that are gathered under “RoW” (Rest of the World) category. The
data presented below are adapted from the main data sources [22-25].

M France Euromed Turkey Bangladesh ® China mRoW

— —
Import linen Production Export linen Import Production export
linen clothes clothes clothes

Figure 5. Assessment of French imports, exports and production of household linen and clothes in 2019.

The imports/exports registered by the administration are related to finished products
which are distributed in France or exported from France. This represents 863,000 tons of
clothes and 297,000 tons of household linen. As for the exports, they represent 238,000
tons of clothes and 75,000 tons of household linen, and they take place largely in the Eu-
romed zone. French production is concerned about products having at least the last pro-
cessing step (making) taking place in France; it represents 2.5% of clothes textiles and 8.4%
of household linen. Import and export data show the importance of intra-community
trade which largely dominates the Euromed category. Beyond the imports within a single
community, China and Bangladesh together represent 52% of clothing items and 27% of
household linen imports.

The evaluation of the produced quantities, importations and exportations estimate
the quantity of textile articles associated to the French market. The calculation of impor-
tation added to the French production minus exportation indicates the total quantity
available for the French market (consumers and businesses). The quantities of clothes and
household linen are respectively 646,375 and 249,024 tons in 2019. However, not all these
quantities have been purchased by consumers. Table 1 presents the fate data of the various
items in percentage by mass for the French market for the year 2019.



Sustainability 2021, 13, 2422

8 of 23

Table 1. Distribution of articles by their intended fate in the French market. The quantities are
expressed in tons, the breakdowns in percent (sources of sales data in France: Refashion; im-
port/export, IFM ((Institut Frangais de la Mode) and UIT (Union des Industries Textiles); break-
down of the fate of articles: IFM and manufacturers) [21,23].

Clothes Household Linen
Quantities sold 427,512 120,918
French production 22,237 27,355
Importation 862,636 297,150
Exportation 238,498 75,481
Sale of tex.tﬂes to individuals 66.14% 48.56%
in France
Part of professional products
and image (out of private 10.00% 30.00%
sale)
Packaging 7.00% 7.00%
Unsold (in ’Fhe strict mean- 4.00% 2.00%
ing)
Defective recyclable products 0.55% 0.55%
Defective nonrecyclable 0.25% 0.25%
products
Unsold goods in the broad
sense (EcoTLC not taken into 16.06% 13.64%
account)
Total quantity available for 646,375 249,024
the French market
Quantity available for sale in 581738 174317

France outside companies

Products placed on the market (French importation and production) are recorded
after subtracting the number of products out of private sale, the ones intended for the
professional market and image items. All remaining items are considered necessary to
supply the French consumer market. Some of the items remain not sold, either because
they are defective or because no one buys them in the stores [21,23]. Figure 6 presents the
fate of textile products meant to be sold in France [Detailed data are available as supple-
mentary material Table Sla—d].
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Figure 6. The fate of textile products in the French market for clothes and household linen.

Considering the French population with 66,990 million inhabitants in 2019, it is
possible to calculate the mass of textile articles purchased by each consumer which is on
average 8.19 kg (6.38 kg of clothes and 1.81 kg of household linen). However, for the
consumption of 8.19 kg of textile, 11.29 kg of items (8.68 kg of clothes and 2.60 kg of
household linen) is produced.

According to Figure 7, 50% of the clothes are imported from China and Bangladesh
(25% for household linen), and 18% from the Euromed zone (36% for household linen).
However, the importing country is the last country registered in the production chain.
Assuming that the whole production takes place in the last importing country can lead to
a significant bias in the repartition of the activities in the upstream chain. Statistical data
are not available for all countries and does not include the same details as the European
one. In order to limit this bias, we have estimated the distribution of the upstream pro-
duction based on the export shares of the 10 main world exporting countries in clothing
products and in non-clothing textile articles (assimilated to household textiles). Data are
from WTO (World Trade Organization) [26].

Quanitiy (in kg)

700,000,000

600,000,000

500,000,000

400,000,000

300,000,000

200,000,000

100,000,000

0

W Import RoW

Clothes

® Import Euromed  Import Turkey

Household Linen

Figure 7. Distribution of textile articles intended for the French market expressed in quantity (kg) according to the different
importing countries including French production.
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WTO export data are expressed in dollars. French import and export data are ex-
pressed in mass for calculating the CF. Conversion from values to quantities is achieved
assuming a certain quantity transformed per dollar of exportation. This conversion factor
depends on the textile productivity cost in the country concerned. Relative productivity
values (i.e., the amount of textile transformed per dollar spent) are calculated for the major
textile exporting countries in the world.

Productivity data presented in Figure 8 are extrapolated from two studies of the tex-
tile sector. In this case, one part is related to a comparative study of production costs for
the textile sector produced by the UIT [23] and the other part is based on labor costs by
country [27,28]. Productivity values allow the conversions of the exported value of textile,
clothes and household linen (Figure 9, left part) to exported quantities (Figure 9, right

part).
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50 I I I I
0.00
e > 2 o @ 2 e
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Figure 8. Comparison of productivity values for 12 countries. The benchmark of 1 is given for productivity in France. The
higher the productivity value, the greater the amount of textile produced per dollar.
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Figure 9. Relative shares of world textile exports of the 10 main exporting countries in value and in mass.

When production takes place in low-cost countries, the gap between value and quan-
tity becomes very important. As an example, a comparison of exports in dollar between
China and Europe shows similar values for both clothes and household linen but this dif-
ference is greater than a factor of 3 for the quantities exported between Europe and China.
Similarly, the relative importance of Bangladesh’s production is growing by 40% when
quantities are considered instead of values. This point is of particular importance in our
study since the carbon emissions depends on quantity manufactured and not on the value.

In order to be able to establish a link between the industrial production system and
the international and national statistical data on exports/imports, it is necessary to de-
scribe the upstream shares of the production between countries. For this purpose, the
three main stages of textile transformation commonly used in the national statistics are
considered: transformation of fibers and yarns, transformation of woven and knitted fab-
rics, and the stage of preparation and distribution. The last stage is reported in French
import statistics. The distribution key for the main exporting countries presented (Figure
9) is used to establish the relative part of different countries in the two successive up-
stream stages. This distribution key is used in two successive calculation matrices to esti-
mate the quantities processed in the main production areas of the study during the two
upstream stages. The first calculation matrix estimates the quantity of fabrics and tissues
processed in different countries through the imported quantities of clothes in France. The
second matrix estimates the quantities of fiber and yarns transformed in different coun-
tries by considering the results of transformation of woven and knitted fabrics. This as-
sessment corresponds to the best proxy of the actual textile exchanges between countries
based on available data. Those two matrices are applied separately for clothes and for
household linen [Detailed data are available as supplementary material Table S2]. The
flows indicating the exports to different countries and the distribution of final imports of
textile products in France are presented in Figures 10 and 11 for clothes and household
linen [29].
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Figure 10. Modeling of the world clothes market from the textile export rates of 10 main world exporting countries and
Asian export modeling of the stages from Fibers & Yarns to Fabrics & Knits. The zones and countries represented are
Europe, Turkey, Bangladesh, China, and rest of the world countries (RoW). The model is simplified in order to visualize
the three main textile stages: Fibers & Yarns, followed by Fabrics & Knits then Distribution in France. The values presented
correspond to the estimated distribution of production for each stage of processing and distribution of clothes [29].
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Figure 11. Modeling of the world household linen market from the textile export rates of 10 main world exporting coun-
tries and Asian export modeling of the stages from Fibers & Yarns to Fabrics & Knits. The zones and countries represented
are Europe, Turkey, Vietnam, China, and rest of the world countries (RoW). The model is simplified in order to visualize
the three main textile stages: Fibers & Yarns, followed by Fabrics & Knits then Distribution in France. The values presented
correspond to the estimated distribution of production for each stage of processing and distribution of household linen

[29].

Figure 12 expresses the results in quantity of clothes and household linen processed
in the concerned countries.
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Figure 12. Relative shares of the various producing countries in the main stages of transformation of clothes sold in France
in quantity. (Note: The quantities considered in each of the stages are the final quantities of clothes produced. The losses
during the transformation steps are taken into account directly in the processes and do not interfere in the statistical cal-
culation).

The application of the two successive matrices shows that the relative weight of the
Euromed zone is becoming smaller and smaller when modeling the upstream value chain.
At the same time, the share of the Asian zone becomes more important. The same calcu-
lation is made to estimate the relative importance of the countries in the upstream house-
hold linen production chain.

Figure 13 presents the results expressed in main production countries and the quan-
tity of clothes and household linen processed to feed the French market.
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Figure 13. Relative share of various producing countries at the main stages of transformation of household linen sold in
France in quantity. (Note: The quantities considered in each of the stages are the final quantities of clothes produced. The
losses during the transformation steps are taken into account directly in the processes and do not interfere in the statistical
calculation).

The relative weight of the Euromed part is decreasing, the Asian part is growing, and
rest of the world countries” weight remains stable. The assumptions made for modeling



Sustainability 2021, 13, 2422

14 of 23

the upstream distribution allow a realistic approximation of the impacts in line with the
export markets observed in Asia and in the world. As soon as processed quantities can be
estimated, it becomes possible to calculate the environmental impact of the entire textile
industry required to supply the French market sales to consumers.

2.4.2. Calculation of Carbon Footprint of Textiles for the Consumer Market in France

One of the challenges of this calculation is the reduction of any possible bias in the
quantification of the CF in the textile industry. Experience shows that the studies of textile
transformation processes typically underestimate the number of processes required for
textile transformation. To avoid this pitfall, an in-depth work is carried out with 20 French
companies in order to model 17 textile products with a detailed description of production,
use and end-of-life stage [Detailed data are available as supplementary material Table
S3a,b]. All the information on the stages of spinning, weaving/knitting, finishing,
transport and use of those textile products were taken from manufacturers who described
them in detail. Those products reflect the diversity of the market, and are divided between
clothes: pants, shirt, T-shirt, swimsuit, blouse, skirt, shorts, jacket, and coat; and house-
hold linen: tablecloths and curtains. For each of the items, four production routes are mod-
eled: France, Euromed, Turkey and China.

The 68 models (17 products and 4 production routes) were carried out using Life
Cycle Assessment method (LCA). Product modeling has been done for each textile trans-
formation process. After modeling, the processes are grouped so as to correspond to fi-
bers, transformation and preparation and distribution. For each of these major stages, an
average carbon impact per kg of processed textile is calculated and covers the 17 studied
products. Table 2 presents the results for the different production routes [30].

Table 2. Comparison of CF for the main stages of transformation of textile articles (clothes and household linen). Values
refer to kgCO2eq/kg of textile articles.

Impact Prepara-

Impact Trans- Impact Utiliza- Impact End-of-

Country Impact Fibers formation tion &tiDo;strlbu- tion in France Life Stage Total
France 7.10 10.63 0.40 2.44 0.34 20.90
Euromed 7.29 24.96 0.49 2.44 0.23 35.42
Turkey 7.56 25.14 0.82 2.44 0.24 36.21
China 7.64 32.08 1.09 2.44 0.18 43.43
RoW 7.56 25.14 0.82 2.44 0.24 36.21

The impacts mainly take place during the processing stage of knits and fabrics. The
use phase is taken into account on the basis of the assumptions proposed by ADEME for
environmental footprint, and they are located in France similarly to the end-of-life stage.

Table 2 values are reported in Figure 14 and used for the calculation of CF of textile
products.
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Figure 14. Comparison of GHG emissions per kg of textile and per processing step according to the production routes in
kgCO2 for 1 kg of processed textile. For each country, the sum of the processing step represents the CF of 1 kg of textile
fully processed in the country and sold in France (Note: The use and the end-of-life takes place in France).

From this data, it is possible to calculate the GHG emissions of the entire textile in-
dustry. Figure 14 shows how much textile is processed, taking into account the country
and the processing stages of clothes and household linen. The end-of-life of the product
has little influence on the results.

Multiplying the quantities of textiles with the corresponding carbon emissions gives
CF for the entire production of clothes and household linen that had to be produced to
supply the French distribution sector. Figure 15 displays the results.

M France W Euromed
M Turkey Bangladesh
M Vietnam M China
B RoW
I

25,000,000

20,000,000

15,000,000

10,000,000

Emissions of CO,eq in tons

5,000,000

Clothes Household linen

Figure 15. Carbon footprint of the textile (clothes and household linen) sold to consumers in France in 2019.
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All textiles produced for the French market and GHG emissions are respectively
22.87 million tons of COzeq for clothes and 6.75 million tons of COzeq for household linen.
From the total of these emissions (29,621,308 tons), the textile production in France emits
83,663 tons of CO2eq while emissions during use phase and end-of-life (1,415,130 tons)
also takes place in France and are included in the carbon footprint.

Considering the French population in 2019 which is 66.990 million inhabitants, it is
possible to quantify the average textile CF of a French citizen.

Figure 16 presents the current state of the textile industry at the center of each series
for clothes and household linen, and for total textile items. Table 3 presents the detailed
results.

Clothes Household linen Total textile

Hypothetical 100% French prod. Actual French consumption 2019 B Hypothetical 100% prod. In China

Figure 16. Comparison of the annual CFs for French mass market textiles (clothes and household linen) between 100%
production in France, actual 2019 production, and 100% production in China

Table 3. Presentation of the environmental footprint values calculated for a French consumer.

Hypothetical Production French Textile Hypothetical Production

100% French Market in 2019 100% Chinese
Clothes 175 341 370
Household linen 52 101 111
All articles 227 442 481

The CF originating from the textile product purchased by a French citizen in 2019 is
442 kg of COzeq. According to the Ministry of the Environment, a citizen’s CF is 11,205 kg
per year (in 2018). Thus, it is possible to estimate that the share of textile purchases in the
CF is 3.9%. Full production of the sector to a country with a low carbon electricity mix
such as France would reduce this footprint by half.

3. Discussion

3.1. Potential and Methods of Reducing the Carbon Footprint on an Individual and Industrial
Scale

The Paris Agreement predicts a limitation for global warming to a maximum of 2 °C
maximum by 2050. This amount is obtained by dividing by 6 the CF [6]. To reach this
objective, all industrial sectors must commit to this goal. To begin with, the offshoring of
textile production to the countries with a low carbon electricity mix would allow COzeq
emissions to be divided by 2. The second point of improvement could be the increase of
textile products’ lifespan. Extending their lifespan by a factor of 2 can reduce sales (and
therefore production) by the same factor. The third area for reducing the textile environ-
mental footprint consists of closing the material loop, by promoting reuse and closed-loop
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recycling. The LCA of the 17 products has shown that recycled fibers reduce carbon emis-
sions [30].

Furthermore, the evolution of purchasing behavior depends on consumers; the cir-
culation of materials in the economy depends on the structure and organization of the
textile sector; the evolution of the electricity mix depends mainly on governmental
choices. Thus, a question arises: What could be the possible actions for a company to re-
duce CF?

The key element is that each company is free to choose its own electricity supplier.
Choosing very low carbon electricity strongly reduces the CF. A typical French weaving
company produces around 10 tons of fabric per employee for one year with a correspond-
ing electricity consumption of 38,000 kWh. Comparing a production with an electricity
mix emitting 110g of CO2eq/kWh and the same production with an electricity mix of 750
g of COzeq/kWh (average global value) shows differences in GHG emissions of more than
24 tons on average per weaving job.

In general, the detailed LCA study of the 17 products indicated that the optimization
of the electricity mix would reduce by about 10% the CF of fibers but it can reach a de-
crease by a factor of 3 for textile transformations (since it has a significant share of elec-
tricity). If the company chooses to supply itself with renewable electricity, the environ-
mental footprint can be further reduced [30].

3.2. Circular Economy and the Influence of the End-of-Life of Textile Products

The challenge of a circular economy is to form a closed loop of used materials in order
to reduce the influence of utilized resources and to limit the impacts on the environment.
Due to the quantities involved and the potential of revalorization of used products, the
textile sector is an emblematic sector of the circular economy. Significant efforts have been
made over the past 10 years to stimulate reuse and recycling loops of textile products
through actions taken by the eco-organization Refashion (formerly EcoTLC). These efforts
led to a considerable reduction in carbon emissions in this sector and showed how the
upgrading of textile products at the end of their life could benefit the environment [21].

The results of this study allow comparing different aspects of textile waste treatment
routes and processes at the end-life of textile products in France in 2018 (38% treated in
the revalorization process, 28% in incineration with recovered energy and 34% in landfills)
[11]. The recovery sector is dominated by reuse (58.6%), then recycling (32.4%) but also
includes a part of incineration (8.4%) and landfill (0.6%). The calculation of the carbon
emissions of this sector per one kg of treated fibers indicates a low environmental impact
of textile end-of-life (0.2% of the total impact of one kg of textile) and allows to distinguish
the impact of the end-of-life of natural fibers (49 g of COzeq/kg of end-of-life fibers) from
artificial fibers (249 g of COx/kg of end-of-life fibers) [11,21].

Figure 17 compares different environmental impacts of the end-life handling for nat-
ural and synthetic textile fibers. Eight treatment routes are compared based on their envi-
ronmental performance. In every case, impacts cover the collection transport, the treat-
ment (except reuse cases) and the material benefit based on an economic allocation (except
for landfill case which do not present benefit). Landfill shows significant impacts depend-
ing on whether natural fibers (1.38 kg CO:eq/kg of fiber) or artificial fibers (0.12
kgCOzeq/kg of fibers) are being used. In order to avoid any biased data with the incorpo-
ration of material recovery benefits, the calculation is made with an economic allocation
of the environmental benefits of energy recovery. The impact of artificial fibers’ treatment
reaches almost 2 kg of COzeq emission per one kg of treated fiber. On the other hand, the
incineration of natural fibers shows a slight benefit in carbon emissions.
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Figure 17. Carbon impact of the various textile fiber waste treatment channels. The calculation is based on an economic
allocation of the environmental benefits of the revaluation (the detailed modeling table is presented in the Appendix). The
results underline the difference between the reuse in Europe and the reuse in developing countries. The results are ex-
pressed in positive emissions (COzeq emissions in the environment) or in negative emissions (impacts avoided due to the
recycling of the material).

The results also compare six revaluation methods. Regardless of the chain supply,
the environmental benefits are allocated on an economic basis (average textile item price
is 7.5 Euros/kg) and due to energy recovery, it is calculated on the basis of the price of
energy compared to average price of textile article. This method of calculation in accord-
ance with ISO 14040-44 standard avoids methodological biases. The recycling ways can
be quantified with the same assumptions. Thus, two types of reuse take place: Europe or
developing countries. The performance between those two types of reuse strictly differ by
the sale prices of second-hand clothes. The average price is estimated to be 7.5 Euros/kg
of textile for Europe and 0.75 Euros/kg for developing countries. The reuse of the fabric
gives less value to the material itself (unlike the reuse that gives value to clothes). The
environmental benefit depends on the fabric selling price which is 2 Euros/kg. Fraying,
unraveling and grinding lead to fiber recovery in two ways: either in a closed-loop recy-
cling process with the integration of fibers into a yarn, or open-loop recycling with the
production of insulation or composite. Due to the rise in electricity consumption in those
situations mentioned, the impact of the process increases a little, however, the perfor-
mance is very largely determined by the price of the secondary material. This price is 3
Euros for producing recycled wires, 1.5 Euros for making insulation materials, and 0.75
Euros for making composites [30].

This economic allocation avoids a biased assessment of the revalorization perfor-
mance. Nevertheless, the environmental performances are strongly dependent on the
prices of secondary materials and then to the downstream demand of recycled material.
This parameter plays in the relative importance of the different revalorization routes. In
this case, when the demand for reuse and recycling is greater, the smaller becomes the
proportion of textiles incinerated and landfilled. Thus, the prices of secondary materials
will be higher, leading to a greater environmental benefit. Thereby, a simulation with es-
timated parameters for 2050 shows the potential gain that can be expected from the opti-
mization of textiles at their end-of-life. The assumptions used are the end of the landfill
and the reduction by 2 for the incineration, whereas, in return, there is an increase by a
factor of 2 in the reuse in Europe and 1.5 in developing countries (with the price of resold
items increasing by a factor of 3); the increase in the use of tissues is estimated to a factor
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of 2.5, and the increase in defibration for the spinning of recycled fibers is estimated to a
factor of 300 (from 0.06% in 2020 to 18.5% in 2050). Additionally, those two chain supplies
increase in secondary material prices by a factor of 3. Grinding is considered constant in
mass and value. With these assumptions, the end-of-life of textiles would correspond to
4.32 kg of COzeq avoided per kg of treated textile article (for a positive impact of 0.2
kgCOreq/kg textile treated) [Detailed data are available as supplementary material Table
54].Thus, even if the reorganization of the textile supply chains around recycling is diffi-
cult, the stimulation of downstream demands leads to a double effect: a reduction in land-
fills and incineration, and an increase in the price of the recycled material. This leads to
an environmental advantage that grows exponentially.

3.3. Calculation Method of CF

Two approaches are used for the assessment of CF. The method currently used by
the French Ministry of the Environment based on I/O matrices (input/output) or the
method used in this article based on LCA. I/O matrices allow calculations without any
production data details. Economic exchange values between industrial sectors are neces-
sary in this case for the quantification of the purchases of a given sector. This leads to an
environmental matrix that quantifies the impacts based on COzeq emissions per economic
unit for each industrial sector. However, input/output matrices are not declared in all the
countries of the world and company emissions are only released by large companies in
few countries. Finally, the distribution of industrial sectors often reaches a lot of limita-
tions. Grouping different economic factors induces average quantities of emissions that
are extremely different from the real values (for example, the transport sector includes
transport by plane and by boat; by using an average of their environmental impacts; ulti-
mately, a bias is going to be introduced to the values). It was purposely chosen in this
study, to base the footprint assessment on LCA approach. The LCA approach is closer to
the reality of the industry even if aspects such as administrative activities are not consid-
ered. However, the data for LCA is more difficult to collect since it is uneasy to ensure the
representativity of the products regarding the considered sector [10,25].

In this work, the calculation of the environmental footprint of industrial activities
highly depends on imports especially for the textile sector. An industrial sector character-
ized by very large import shares is very dependent on modeling assumptions. Figure 18
compares the calculated environmental footprint by the Ministry of the Environment (I/O
method) and the obtained results (LCA method), it is proven that the outcomes are very
different.

W Emissions in France M Imported emissions

Textile CF with 1/0 Textile CF with LCA
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Figure 18. Comparison between the French carbon footprint for textiles calculated with the I/O (input/output) method
(Ministry of the Environment in 2018) and the results obtained with Life Cycle Assessment (2019).

The method used by the Ministry of Environment is input/output (I/O) matrix. The
main assumptions of I/O in this assessment is the similarity of the structure of trade ex-
changes in Asia and Europe, and that carbon emissions are adjusted according to emission
intensity by Euro of GDP (Gross Domestic Product). In addition, due to missing data char-
acterizing the emissions for France, the assessment relies on European data for COzeq
emissions per Euro spent which is based on a far higher carbon emission factor per Euro
spent.

The evaluation carried out in this study is based on LCA of representative products,
four specific production routes and a modeling of transfers between countries in the up-
stream textile market. In fact, the modeling of this project considers only clothes and
household linen whereas the French Ministry of the Environment modeling includes all
the textile sectors (including shoes and technical textiles) but does not include the use
phase and the end-of-life. The Ministry of the Environment considers that imports repre-
sent 9914 million tons of CO:z emitted. The assessment carried out in this project is based
on Life Cycle Assessment; it does not include shoes nor industrial textiles but considers
the use phase and the end-of-life in the CF. The CF for the clothes and linen sold in France
are therefore 28,123 million tons. This shows a large difference in the imported textile val-
ues where impact of imported textile articles is three times higher in our study compared
to the national data. The difference can be explained by calculations for imported emis-
sions. The difference is also caused when assuming that all emissions take place in the last
country of importation [16], as well as assuming similar emission factors of COz2eq/Euros
in Europe and France.

It is recommended to improve the precision in the calculations of environmental im-
pact of imported textile products. The textile sector is extremely fragmented and dis-
persed globally. Therefore, data collection is difficult technically (transformation process
implemented) and environmentally (specific emissions from these processes). The statis-
tical data of WTO is very brief and requires significant extrapolations. Conversely, Euro-
pean import and export data is more precise but only represents a minor part of the envi-
ronmental impacts. In a short-term perspective, we must be able to work in close collabo-
ration with companies in order to reduce bias in carbon emissions assessment and increase
the number of textile articles considered for the footprint calculation. For the long term, it
is wise to consider a regulatory framework that allows product traceability in order to
associate the production steps to the right countries and evaluate them with the relevant
electricity mix. Furthermore, a company-wide traceability will surely strengthen its com-
mitment to the environmental process and will rigorously manage emissions data and
resource consumption.

4. Conclusions

The impact of this study is calculated using LCA and gives an estimation of 442
kgCOreq/person/year. Thereby, as recalled in this study, limiting the global warming im-
pacts to 1.5 °C requires a reduction of GHG emissions by a factor of 6, which means, in
other words, reduce the footprint to 74 kg of COzeq/person/year.

This work identifies and describes the causes of CF coming from clothes and house-
hold linen. It also quantifies the contribution of several life cycle parts in the CF of textile
products. Figure 19 presents the main opportunities to reduce the environmental foot-
print.
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Figure 19. Waterfall presentation of the maximum reduction of CF for the textile industry in France based on current
technologies and constant service.

In Figure 19, the waterfall chart shows four main ways of reducing CF and the extent
of the corresponding reductions.

The determining action out of all remains the reduction of CF related to the electricity
mix. Textile production uses a lot of electricity and the carbon emissions per kWh can be
potentially reduced by a factor of 10. Under the assumption that 100% of the textile pro-
duction is relocated to France (which is completely hypothetical), the environmental foot-
print would be reduced by 221 kg COzeq because of the change in the electricity mix and
the diminution of transportation means. Additionally, reducing unsold items would lead
to a 111 kg reduction of footprint. Previous work carried out by Cycleco with textile com-
panies showed ecodesign approaches would lead to a potential reduction of 55 kg of
CO2eq on average in carbon emissions. Finally, the emissions linked to the implementa-
tion of recycling and reuse process concerning end-of-life products can reach a maximum
decrease of 12 kg COzeq per kg of textile product. As shown in Figure 19, the implemen-
tation of all these means would reduce the annual environmental footprint of textiles to
43 kg COzeq/person/year, against 442 kg COzeq/person/year at present. This reduction of
a factor of 10 greatly exceeds the reduction target (factor of 6) and meets the objectives of
the Paris Agreement.

On a company level, the implementation of these objectives requires systematic ac-
counting in CF of items produced or distributed and possibly the display of their environ-
mental performance in order to engage consumers in their efforts. On a sector level, the
increase of demands for recycled material and the yearly calculations of the environmen-
tal footprint values in the textile sector in France would allow economic stakeholders to
be involved with the performance of the entire industry. Finally, on a national level, re-
ducing the environmental footprint of textiles is based on efforts to relocate production
means (especially those which consume electricity the most; to know in the decreasing
order of importance: weaving, spinning, knitting and some finishing treatments). In ad-
dition, monitoring an environmental performance indicator for the sector would be easier
using a footprint calculation based on the LCA which directly reflects the impact of im-
ported products and implements a traceability of the imported textiles.

Supplementary Materials: The following are available online at www.mdpi.com/2071-
1050/13/5/2422/s1, Table Sla—d, Table S2, Table S3a,b, Table S4.
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