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Abstract: Cotton t-shirts are a basic clothing item that everyone possesses. To date, no studies have
taken into account the consumers’ perspective, even though they can play an important role regarding
the actual environmental impact of their clothing items. Therefore, a life cycle assessment study was
performed in order to inform the public about the environmental impacts of a typical cotton t-shirt
and the relevance of consumer behavior (i.e., washing and drying) on the overall impacts along the
entire life cycle of such a t-shirt. The aim was to provide hints, allowing users to reduce the impacts
of their t-shirts. While the production phase was based on global data, the use phase focused on
Switzerland as the study was established in the context of an exhibition in the Textile Museum in
St. Gallen (Switzerland). With this study, it was found that users have various choices in order to
make their t-shirt more sustainable. Wearing the t-shirt throughout its entire life expectancy was
found to be the most important factor influencing the overall environmental performance of such
a clothing item. The relevance of filling the washing machine to maximum capacity, washing at a
lower temperature, or using a tumbler was also illustrated. In addition, choosing materials other
than cotton or choosing textiles labelled for lower environmental impacts during production could
further improve the environmental performance of t-shirts.
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1. Introduction

The production of clothing items is known to use large quantities of non-renewable
resources and to have high environmental impacts [1]. These impacts not only happen
during the production phase of garments, but throughout their entire life cycle including
during the use phase (e.g., washing and drying). The impacts are continuously increasing
because of the rise of fast fashion, which encourages consumers to buy more clothes and
discard them before their true end of life [1].

The life cycle assessment (LCA) methodology is a well-established, internationally
standardized, comprehensive, and rigorous methodology used to evaluate potential envi-
ronmental consequences of all the material, water, and energy flows along the complete life
cycle of a product and/or a service [2]. According to the ISO 14040 and 14044 standards,
an LCA consists of four different phases, which are (1) the goal and scope definition; (2) the
inventory analysis; (3) the impact assessment; and (4) the interpretation of the results [3,4].
In the goal and scope, the system boundaries and the functional unit are described. The
latter is the basis for defining the emissions and extractions to be included in the model.
The inventory analysis consists of quantifying the emissions to the environment and the
extraction of raw material to satisfy the need of the functional unit. In the impact assess-
ment phase, the environmental impacts of the emissions quantified in the previous step are
evaluated. Finally, in the last phase, the results are interpreted and key parameters of the
model identified through sensitivity studies [5].

LCA has already been widely used to evaluate the impacts of the textile industry
and clothing items. Many studies have focused on the level of fibers and yarn production
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including materials such as cotton, silk, wool, jute, kenaf, cellulose fibers, polyester, nylon,
acryl, elastane, hemp, and flax [6-19]. For example, one study provided a comparison of
woven textiles made of various fibers (cotton, polyester, nylon, acryl, and elastane) con-
sidering Ecocost, carbon footprint, cumulative-energy-demand, and ReCipe as evaluation
methods [18]. Other studies have focused on the LCA of garments including jeans [20,21],
woolen garments [22,23], cotton woven shirt [24], and silk dresses [25]. Another garment
that is regularly found in the literature is the t-shirt. For instance, Baydar et al. (2015)
compared the environmental impacts of conventional cotton t-shirts with “Eco” cotton
t-shirts made in Turkey [26]. Bech et al. (2019) looked at the climate change impact of
merino wool t-shirts with a use-oriented product/service system (PSS) business model and
compared it with traditional synthetic t-shirts used by the British Ministry of Defense [27].
Zamani et al. (2017) investigated the effect of clothing libraries (collaborative consumption)
compared to the usual consumption of jeans, t-shirts, and dresses [28]. Farrant et al. (2010)
performed a LCA to compare the impacts of two modes of waste management: incineration
and reuse through second hand shops [29]. They assessed a cotton t-shirt and a pair of
polyester/cotton trousers. Roos and Peters (2015) focused on toxic environmental impacts
by looking more closely at the wet treatment of a white cotton t-shirt [30], and Steinberger
et al. (2009) assessed the life cycle of a cotton t-shirt and a polyester jacket produced in
China and India, and consumed in Germany [31]. Another study from van der Velden and
Vogtlander (2017) looked at the socio-economic costs of a pair of jeans and cotton t-shirts
for three different production chains: USA-Europe, India—Bangladesh, and China/India-
Bangladesh [32]. Zhang et al. (2015) conducted a LCA of a cotton t-shirt produced and used
in China [33]. Finally, two studies conducted a LCA of a nanosilver treated t-shirt having
antibacterial properties [34,35]. Further LCA studies of t-shirts can be found outside the
peer-reviewed literature such as the study reports from Lehmann et al. (2019) and Sandin
et al. (2019). The former conducted a LCA of a cotton t-shirt worn in Germany and had
the objective to provide information regarding the effects of current laundry care practices
in order to optimize laundry product development and give feedback to sustainability
initiatives [36]. The latter study aimed to understand the current environmental impact
of Swedish clothing consumption via a LCA and evaluated six types of clothing items
including a t-shirt [37].

It has been shown that one of the most relevant life cycle stages of clothing items in
terms of environmental impact is the use phase, and that consumer behavior can contribute
significantly to its reduction [31,38-41]. However, all the studies that included the use
phase had different goals and scopes. For example, two publications studied the washing
behavior depending on fiber types and consumer habits in clothing maintenance [38,39]
but did not apply a LCA. Another analyzed the life cycle inventory (LCI) of different use
phase alternatives in Germany (i.e., air-drying vs. tumbler, washing temperatures (40 °C
vs. 60 °C), and machine efficiency rating) of a cotton t-shirt and a polyester jacket. This
study addressed carbon dioxide (COy), nitrogen oxides (NOy), particulates (PMs), and
sulfur dioxide (SO;) emissions [31]. As a last example, Wiedemann et al. (2020) looked at a
woolen sweater and assessed its global warming potential, water stress, and use of fossil
fuel energy [23].

To sum up, the information about the environmental impacts of a cotton t-shirt and
that of the use phase is scattered. In addition, the water footprint was not considered most
of the time, even though it is known as being a relevant impact in the textile industry. None
of these studies comprehensively covered the production and use phase of a cotton t-shirt.
Therefore, there is a need for a study consistently analyzing the life-cycle of a t-shirt and
providing comparable results in order to integrate all the opportunities for consumers to
reduce their environmental impact.

Therefore, the goal of the on-hand manuscript is to inform the public (i) about the
environmental impacts of a (globally produced) cotton t-shirts and (ii) about the influence
and the relevance of consumer behavior including washing (temperature and loading of
the washing machine), drying (air-drying and tumbler use), and utilizing the lifetime of the



Sustainability 2021, 13, 2498

30f16

t-shirt, and (iii) provide hints as to how to reduce those impacts. Last but not least, we also
elaborated a LCA to compare various textile fiber materials in order to illustrate how the
consumer can furthermore influence the environmental impact by selecting the material of
a t-shirt. The use phase focused on Switzerland as the study was established in the context
of an exhibition in the Textile Museum in St. Gallen (Switzerland). For this, the on-hand
manuscript first clarifies the goal and scope of the study in the Materials and Methods
Section. Next, the results are presented in two parts: first, the general overview of the life
cycle impact assessment of a t-shirt is shown, and second, the influence that consumers
can have on their t-shirt is presented. Finally, these results are discussed and the overall
conclusions are summarized in the final section.

2. Materials and Methods

In order to provide the consumer with knowledge and advice on how to reduce the
environmental impacts of their cotton t-shirts, a simplified LCA study was established.
All the calculations were made in a simplified way by directly using the life cycle impact
assessment (LCIA) results of the various datasets from the recycled-content (cut-off) model
of the ecoinvent database version 3.6 [42]. The LCIA results from the applied ecoinvent
datasets (i.e., the present study’s background data) were combined and linked with the
related key characteristics of the here examined cotton t-shirt (i.e., the foreground system)
with Microsoft Excel.

The functional unit for these calculations was “a knitted cotton t-shirt of 154 g (rep-
resenting an average weight) having a lifespan of 44 washing cycles”. The number of
washing cycles was based on the work of Lehmann et al. (2019) [36]. As the on-hand study
aims to provide consumers with a first comprehensible idea of the potential environmental
impacts of their t-shirts, four different impact categories were investigated. These are: (1)
the global warming potential (hereafter carbon footprint) in kg CO,-equivalents (CO,-eq)
according to the IPCC (Intergovernmental Panel on Climate Change) method [43]; (2) the
non-renewable cumulative energy demand (nr-CED) in MJ-eq according to the VDI (Verein
Deutsche Ingenieure) definition [44]; (3) the water depletion in m® water-eq according
to the AWARE methodology [45]; and (4) the overall environmental impact in ecopoints
according to the Swiss method of ecological scarcity [46]. The four applied categories were
chosen according to their relevance and their general acceptance in Switzerland (see [47])
as well as within the textile industry.

2.1. System Boundaries

The system boundaries of the present study can be seen in Figure 1. Within the
production phase of the t-shirt, the following five steps were distinguished: (1) fiber
production; (2) yarn production; (3) fabric production; (4) dyeing and finishing; and (5)
assembly. These are typical production steps in the textile industry for clothing items as
already shown elsewhere (e.g., [3,12]).

As most t-shirts are produced in a globally dispersed value chain, we used global
market data from the ecoinvent database; datasets containing average, global transport
efforts between the various process steps. Only knitted fabric was considered for calcula-
tions as t-shirts are mostly made of this type of fabric (although some t-shirts may contain
parts made of weaved fabric) [48]. The assembly step is based on data from Lehmann et al.
(2019) [36]. For the distribution step, the assumptions from Hischier et al. (2018) for an
average transport mode from the production site to the point of sale were applied [47].
The respective life cycle inventory datasets used for the calculation can be seen in the
Supplementary Materials (SM).



Sustainability 2021, 13, 2498

40f16

Production phase
(global)

Fiber production

Use phase
(Switzerland)

Washing
[ 400

44 Washing Cycles

Yarn production

Fabric production

=)
o
=8
o
=
=
[e]
=2

Dyeing and Finishing

Drying

Air-Drying

Figure 1. Flowchart of the production steps and use scenarios of one t-shirt. The different production
steps were calculated with average global data, while the use phase scenarios were calculated for
Switzerland. The use phase represents one t-shirt that was washed 44 times at 40 °C, and either
air-dried or dried with a tumbler.

For the use phase, in the basic scenario, the t-shirt was washed 44 times in a half-full
washing machine at 40 °C and air-dried, representing a typical use behavior [49,50]. These
activities were modeled based on data from Lehmann et al. (2019), where the amount of
water and energy needed for one washing cycle is provided [36]. For the detergent, data
for 84 g of a representative European powder detergent as reported in Golsteijn et al. (2015)
was used (see SM) [51]. The geographical boundaries of the use phase were no longer
global, as this phase took place in Switzerland. Therefore, the Swiss energy mix and Swiss
tap water were used for the respective calculations. The wastewater treatment after each
washing cycle was also taken into account.

2.2. Sensitivity Analyses
2.2.1. Different Types of Fiber

T-shirts can be produced from other fibers. Therefore, the environmental impacts of
the production of different fibers were compared as a sensitivity analysis in order to get
an idea concerning the relevance of the choice of the raw material for producing a t-shirt.
For this analysis, the following seven fibers were compared with cotton: wool, flax, silk,
polyester, polyacrylic, nylon, and viscose. All of them represent fibers that are commonly
used in the fashion industry (see SM). For the comparison, we used as a functional unit
264 g of fiber, representing the amount of cotton fiber required for manufacturing a cotton
t-shirt of 154 g. In other words, we assumed that the amount of fiber for manufacturing a
t-shirt is independent of the type of fiber material.

2.2.2. Different User Behavior

In the above-described basic scenario, the t-shirt was washed in a half-full washing
machine at 40 °C and air-dried over 44 washing cycles. To better understand the extent to
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which human behavior patterns can influence the overall impacts in the four investigated
impact categories, several factors were varied (Table 1): the washing temperature (washing
at 30 °C or 60 °C), the fullness of the washing machine (full load or t-shirt washed alone),
the mean of drying the t-shirt (tumbler instead of air-drying), and the t-shirt’s lifetime,
respectively.

Table 1. Scenarios for investigating the influence of the use phase.

Scenarios Teﬁ?)se};iartllglre Drying Fullnt;[sacc)lii\/::shing Lifetime
Basic scenario 40°C Air-drying Half-full 44 washing cycles
Lower Washing Temperature 30°C Air-drying Half-full 44 washing cycles
Higher Washing Temperature 60 °C Air-drying Half-full 44 washing cycles
Tumbler 40°C Tumbler Half-full 44 washing cycles
Full Washing Machine 40°C Air-drying Full 44 washing cycles
T-shirt Washed Alone 40°C Air-drying T-Shirt washed alone 44 washing cycles
Lower Lifetime 40°C Air-drying Half-full 11 washing cycles

In order to have an idea of the impact of a t-shirt that is used less than its expected
lifetime (here corresponding to 44 washing cycles), we looked at a scenario where the
t-shirt’s lifetime was divided by four (corresponding to 11 washing cycles). If we assume
that the t-shirt is washed once a week, this will mean that the t-shirt would be kept for
three months (one season). This is believed to be a potential use behavior, which would be
in accordance with the trend of fast-fashion. In order to be able to compare this scenario
with the basic scenario, we had to calculate the number of t-shirts (with a lifespan of 11
washing cycles) needed to fulfill the lifespan aspect of our functional unit, corresponding
as mentioned, to 44 washing cycles. This means that four t-shirts need to be produced and
that the total number of washing cycles corresponds to 44 washing cycles (11 * 4 = 44). The
datasets and assumptions used for these calculations can be seen in the SM.

3. Results
3.1. Overall Environmental Impact of the T-Shirt’s Life Cycle

Figure 2 presents the relative importance of production and distribution as well as
use phase of the t-shirt. The total carbon footprint equaled 3.7 kg CO;-eq, the total nr-CED
equaled 49.6 MJ-eq, the water footprint 52.7 m> water-eq, and the ecological scarcity was
14,510 ecopoints. For all four impact categories, the t-shirt’s production contributed the
most to the total impacts (i.e., 84% for the carbon footprint, 73% for the nr-CED, 98% for the
water footprint, and 91% for the ecological scarcity). The use phase contributed more or
less to the impact depending on the impact category. For instance, it is responsible for 13%
of the carbon footprint, 23% of the nr-CED, 8% for the ecological scarcity, but only for 2%
of the water footprint. Finally, in all cases, the distribution step of the t-shirt contributed
less than 5% to the total impact.

Two conclusions can be drawn from the results presented in Figure 2. First, the
production phase of a cotton t-shirt has a very high impact in relation to its total impact.
Second, the use phase is mostly relevant for the nr-CED and the carbon footprint. Hence,
these are the two impact categories where the consumer can have the most influence in
order to reduce the impact of the use phase. More detailed investigations about the use
phase can be found in Section 3.2.2.
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Figure 2. Relative environmental impacts of the life cycle of a cotton t-shirt. Shown are the carbon-eq,

3

the nr-CED in MJ-eq, the water footprint in m” water-eq, and the ecological scarcity in ecopoints for

the basic use scenario (i.e., washing in a half-full washing machine at 40 °C and air-drying).

To better understand where the high impacts of the production are coming from, first,
the relevance of the individual production steps (as shown in Figure 1) were analyzed
and are shown in Figure 3. The carbon footprint of the production (i.e., from raw material
extractions to the final assembly) of such a cotton t-shirt equaled to 3.0 kg CO,-eq. This
impact mostly comes from the fiber production step of the t-shirt (38%), followed by the
dyeing and finishing step (33%), the yarn production (21%), the fabric production (4%),
and the assembly (4%). The nr-CED shows a similar picture to the carbon footprint. In
total, the production of a cotton t-shirt corresponds to 36.3 MJ-eq. The three steps with the
most impact are the dyeing and finishing (42%), the fiber production (25%), and the yarn
production (23%). These are followed by the fabric production (6%) and the assembly (4%).
In total, the water footprint of the t-shirt’s production is equivalent to 51.4 m? water-eq. The
water footprint showed a different picture than the two others: here, the fiber production
contributed to 98% of the impact, while the dyeing and finishing process only to 2%. Finally,
the ecological scarcity was equivalent to 13,142 ecopoints. The majority of the impact came
from the fiber production with 82%, followed by the dyeing and finishing step with 10%
and the yarn production with 6%. Both the fabric production and the assembly contributed
to 1% of the impact.
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Figure 3. Environmental impacts of the production phase of a 154 g cotton t-shirt. Shown are
the carbon footprint in CO;-eq, the nr-CED in MJ-eq, the water footprint in m3 water-eq, and the
ecological scarcity in ecopoints.

Overall, it can be concluded from Figure 3 that the fiber production step is highly
relevant and contributes to the majority of the impacts for almost all of the investigated
impact categories. This is another point where the consumer could influence the impacts. In
the case of cotton, the high impact of fiber production is related to the fact that conventional
cotton cultivation requires a lot of pesticides and fertilizers (usually fossil based) because
of the plant’s poor nutrient uptake efficiency as well as a great amount of water needed to
grow (i.e., irrigation) [52]. The dyeing and finishing step as well as yarn production are also
quite relevant, especially for the nr-CED and the carbon footprint. However, these steps
are more of a question of manufacturing and can hardly be influenced by the consumer.
The information regarding these two steps is usually not available to the consumer (i.e., on
the etiquettes, usually only the region of assembly and the fiber type are reported), and
were thus not further investigated in the present study.

3.2. Means for the Consumer to Influence the Impact of Their T-Shirt

The analysis above identified two areas of influence of the consumer. In a first step,
the influence of the choice of material was evaluated by comparing the production of other
textile fiber materials with the production of cotton fibers (Section 3.2.1). In a second step
(Section 3.2.2), the use phase was further analyzed by including different washing and
drying behaviors that a consumer may have. In addition, the life expectancy of the t-shirt
was also taken into account.
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3.2.1. Influence of the Raw Material Choice

As above-mentioned (Figure 3), cotton fiber production is among the most impactful
steps of the entire production chain of a t-shirt. [18]. The results of the comparison between
the fiber production of cotton, polyester, flax, viscose, wool, nylon, polyacrylic, and silk
can be seen in Figure 4, showing the respective impacts for 264 g of fiber:

e Regarding the carbon footprint (Figure 4A), silk (36.0 kg CO,-eq) had the highest
impact, followed by wool (9.7 kg CO,-eq), nylon (2.7 kg CO,-eq), cotton (1.2 kg CO,-
eq), polyester (1.1 kg CO;-eq), polyacryl (1.1 kg CO,-eq), viscose (0.9 kg CO,-eq), and
finally flax (0.4 kg CO»-eq).

e  The fiber with the highest nr-CED was also silk with 298.7 MJ-eq (Figure 4B). This was
followed by nylon (36.7 MJ-eq), polyacryl (26.0 MJ-eq), polyester (24.5 MJ-eq), wool
(17.5 MJ-eq), viscose (12.0 MJ-eq), cotton (9.1 MJ-eq), and flax (3.2 MJ-eq). The three
fibers with the highest impact after silk were the three synthetic fibers.

e  For the water footprint (Figure 4C), silk again had the highest impact with 360.2 m?
water-eq, followed by cotton (50 m® water-eq), flax (5.6 m® water-eq), and wool (2.5 m?
water-eq). The three synthetic fibers had a very low impact (<1 m? water-eq).

e  Finally, the ecological scarcity (Figure 4D) also showed that silk had the highest
impact of all fibers (188,236 ecopoints). The second highest impact was from wool
(24,005 ecopoints) and the third from cotton (10,783 ecopoints). The other fibers were
in a similar range (between 1287 ecopoints and 2257 ecopoints).

kg CO2-eq
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B 40
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Figure 4. Impact of the production of 264 g cotton, polyester, flax, viscose, wool, nylon, and polyacryl
fibers. (A) carbon footprint; (B) nr-CED; (C) water footprint; (D) ecological scarcity.
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Overall, in all four impact categories investigated, silk had the biggest environmental
impact. The high impact of silk was mainly due to the cultivation of mulberry trees (71%),
for which fertilizer is used. The mulberry trees are necessary for the production of silk
because the domesticated silkworms Bombyx mori are fed with their leaves [6,53]. In order
to have 264 g of silk fibers, 2 kg of cocoons are needed. Moreover, for 2 kg of cocoons, 48 kg
of mulberry leaves are needed to feed the silkworms (ecoinvent Center, 2019). Therefore,
the high impact of silk is due to the need of large amounts of mulberry leaves and the
highly energy and water consuming steps to produce silk fiber. The other fibers were
more difficult to interpret as they had a more or less high impact depending on the chosen
impact. Flax always performed better than cotton because flax only requires a small amount
of fertilizer and water compared to cotton [52]. However, flax did not always have the
best performance of all fibers such as for the nr-CED and the ecological scarcity. Wool
had a relatively high carbon footprint and ecological scarcity. This is mainly due to the
methane emissions of sheep (56%), manure emissions of dinitrogen monoxide (16%), and
the soybean for feeding sheep (17%) [42]. All synthetic fibers based on fossil resources
(polyester, polyacryl, nylon) had a relatively high nr-CED, but a relatively very low water
footprint and ecological scarcity. The high nr-CED principally came from the process to
produce these fibers (filament extrusion), which has a relatively high-energy demand [18].
In order to help interpret the overall environmental impact of those fibers, the ecological
scarcity can be used. This impact category combines many environmental impacts under
one score, representing an overall environmental impact. This resulted in wool and cotton,
after silk, having the highest impact of the seven fibers investigated. The other fibers had,
on the other hand, impacts within the same range.

3.2.2. Influence of the Washing Behavior and of Decreasing the T-Shirt’s Lifetime

The results of all of these changing variables can be seen in Figure 5. The basic scenario
in yellow was set at 100% for all four impact categories. This way, the other scenarios can
directly be compared in relation to the basic scenario in terms of percentage increase or
decrease. It can be seen that the fullness of the washing machine has a tremendous impact
on all four investigated impacts, though to a lesser extent for the water footprint. Indeed,
the impact of washing the t-shirt alone increased the carbon footprint by 280%, the nr-CED
by 502%, the water footprint by 50% and the ecological scarcity score by 179%. On the other
hand, washing in a full washing machine enabled a decrease in the impact of the carbon
footprint by 7%, the nr-CED by 12%, the water footprint by 1%, and the ecological scarcity
by 4%. Another aspect that has a tremendous influence on the impact of the use phase is
the t-shirt’s lifetime. When decreasing the lifetime to 11 washing cycles (thus buying four
t-shirts instead of one for the same overall use time), the impact increased by 261% for the
carbon footprint, by 231% for the nr-CED, by 293% for the water footprint, and by 275%
for the ecological scarcity. This factor resulted in the highest increase of the impact for the
water footprint, which is not surprising, as we have seen in Figure 2 that 98% of this impact
came from the t-shirt’s production. The washing temperature also influenced the results,
though to a much lesser extent. By washing at 60 °C, the impact increased the most for the
nr-CED with 10%. For the three other impacts, the increase was between 1 and 3%. When
washing at 30 °C, the impact decreased by 1% for the carbon footprint and the ecological
scarcity and by 4% for the nr-CED, while it did not change for the water footprint. One
last aspect that increased the environmental impact of a t-shirt was the use of a tumbler for
drying instead of air-drying. The impact increased by 8% for the carbon footprint, by 28%
for the nr-CED, by 2% for the water footprint, and by 4% for the ecological scarcity.
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Figure 5. Carbon footprint, nr-CED, water footprint, and the ecological scarcity of the various use
phase scenarios for a cotton t-shirt. The yellow bar represents the basic scenario (t-shirt washed in a
half-full washing machine at 40 °C) and was set at 100%.

Overall, it can be observed that the behavior of the consumer in the use phase (i.e., the
washing behavior, temperature, fullness of the washing machine, and the mean of drying)
had the highest influence regarding the nr-CED, followed by the carbon footprint. This
confirms the findings presented in Figure 2, showing that these two impacts had the highest
contribution to the use phase (23% and 13%, respectively). The two most relevant factors
influencing the results are the lifetime and the fullness of the washing machine. Wearing the
t-shirt throughout its entire life expectancy is highly relevant for the overall environmental
performance of a t-shirt. Throwing away a t-shirt prematurely and buying more t-shirts
would always result in an increase in the environmental impacts compared to keeping the
same t-shirt during its entire lifetime. It is also interesting to see that washing the t-shirt
alone was worse than buying four t-shirts for the carbon footprint and nr-CED, while for
the water footprint and the ecological scarcity, the contrary applied. This is probably due
to the fact that the contribution of the t-shirt’s production to the total impact (Figure 2) for
the latter two was higher than for the two former. Washing in a full washing machine at
40 °C showed a bigger decrease in impact than washing at 30 °C within a half-full washing
machine. Finally, using the tumbler always increased the total impact of the t-shirt. An
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interesting aspect to see is that washing the t-shirt alone in a half-full washing machine at
60 °C resulted in a lower impact in all four investigated impact categories than washing in
a half-full washing machine at 40 °C and using a tumbler. This emphasizes the fact that the
mean of drying has more impact than the washing temperature.

4. Discussion
4.1. Influence of the Consumer while Buying a T-Shirt

The first thing consumers can do in order to influence the environmental impact of
their t-shirt takes place when buying it. Indeed, at this stage, consumers can look at the
etiquette of the clothing item and check the type of fiber from which it is produced. As
shown in Section 3.2.1, the choice of the actual raw material had a great influence on
the overall environmental impacts of t-shirts, assuming that all subsequent production
steps after the fiber production itself are not influenced by the choice of raw material. The
results have shown that silk in comparison to cotton and other investigated fibers has a
tremendously higher impact and therefore should be consumed carefully. It has been found,
however, that silk garments in general have a longer lifespan and are washed less often
than other fibers [38]. For the other fibers, it is a question of trade-off. Here, consumers
are confronted with a choice: either they decide to target a specific environmental aspect
such as carbon footprint, nr-CED, or water footprint, or they decide to follow the general
environmental impact assessment represented by the ecological scarcity. If they choose the
second strategy (i.e., ecological scarcity), the best performing fiber is polyester, followed by
viscose, polyacryl, flax, nylon, cotton, wool, and finally silk. However, if their strategy is to
target only one specific environmental impact, the choice is as follows (from best to worst):

e  Carbon footprint: flax < viscose < polyacryl = polyester < cotton < nylon << wool <<< silk
e nr-CED: flax < cotton < viscose < wool < polyester < polyacryl < nylon <<< silk
e  Water footprint: polyester < polyacryl < nylon < viscose < wool < flax << cotton <<< silk

Van der Velden et al. (2013) showed, in their comparison of the life cycle of various
fibers, that textiles made of acryl and polyester have the least environmental impacts and are
followed by elastane, nylon, and cotton [18]. These results were based on the Ecocost 2012
characterization method and are similar to the ecological scarcity as shown in Figure 4.

For all this, it should be kept in mind that the data for the t-shirt production and
thus for the fiber production are representative for a global market including both worst
and best practices. Therefore, the results presented in this study have to be considered as
average results, which includes various agricultural practices and technologies throughout
the production steps of a t-shirt. Using case specific or company specific data may result in
having different environmental impact results, as those depend heavily on the technology
used and the agricultural practices behind the raw material cultivation processes. For
example, cotton—being an agricultural product—could potentially have a much lower
impact than presented here if it were coming from an organic farm or was rain-fed (thus
decreasing the amount of pesticides, fertilizers, and artificial irrigation required). Another
example can be highlighted with viscose fibers, which has been shown to be either the
worst environmentally performing fiber or the best [54]. New types of cellulosic fibers
have made their appearance on the market such as Tencel and Lyocell. According to Shen
et al. (2010), modern man-made cellulose fibers have in general a better environmental
performance than cotton, polyester, and polypropylene [16]. However, since the data in this
study are confidential, we could not add them to our analysis. Based on our knowledge,
we can conclude that the focus should not necessarily be on the fiber type per se, but rather
on the best manufacturing processes used for their fabrication [54]. Each fiber has different
functionalities and advantages that should also be taken into account in order to not reduce
diversity [38].

In addition, further variables can influence the environmental impact of a t-shirt’s
production such as the weight of the t-shirt itself, the diameter of the yarn, the fiber density,
or the technology and chemicals used in the dyeing process. It has been shown that the use
of energy needed for the yarn production and fabric production actually depends on the



Sustainability 2021, 13, 2498

12 of 16

yarn diameter [18], which ultimately influences the environmental impact of the clothing
item. However, as above-mentioned above, information regarding the manufacturing steps
of a t-shirt (i.e., yarn production, fabric production, dyeing and finishing) are usually not
available to consumers. If these manufacturing steps would, for example, be undertaken
in Europe, the environmental impact of these phases would probably decrease, because
of better electricity mixes and higher levels of regulations, though this would need to be
studied. Even though this information is not yet available, it might be in the future. More
and more efforts are being made by the textile industry to increase their transparency by
using blockchain technologies, which have the potential to enable consumers to track the
products through the entire supply chain [55].

In the meantime, instead of focusing on the type of fiber itself, other means can be
used by the consumer to further help them in choosing their t-shirts such as using labels
or platforms comparing products. Many labels already exist in the textile industry and
can cover different aspects of sustainability (social or environmental). For example, the
Global Organic Textile Standard (GOTS) certifies products made of organic fibers including
ecological and social criteria, and looks at the entire supply chain [56]. Another example is
“Made in Green” by Oeko-Tex. This label includes both the sustainable manufacturing of
textile items and the exclusion of harmful chemical substances [57]. To the knowledge of
the authors, no studies have been performed comparing the various labels in the textile
industry in the context of LCA. New platform apps are also appearing in order to help
consumers choose between brands such as the Good On You platform, which includes
social and environmental aspects as well as animal welfare in their comparison tool [58].

4.2. Influence of the Consumer While Using a T-Shirt

In a second step, consumers can influence actively the use phase of their t-shirt.
Consumers can decide many things during this phase as they can choose the washing
temperature, how much they fill their washing machine, or the means of drying their
clothes. As we have seen in Section 3.2.2 above, the nr-CED and carbon footprint are
two impact categories where the consumer can have the most influence on increasing or
decreasing the environmental impact of their t-shirt compared to the basic scenario. In
fact, the basic scenario had quite a good environmental performance compared to the other
scenarios shown in Figure 5. There are only two ways to decrease the impact: by decreasing
the temperature from 40 °C to 30 °C and by filling the washing machine to its full load
instead of running it half-full. Thus, if the t-shirt is washed at 30 °C within a full washing
machine, the environmental impact would decrease further. For the nr-CED, this would
correspond to a maximum decrease of 14% and for the carbon footprint to a 7% decrease.
All other scenarios resulted in a higher impact than the basic scenario, especially when
washing the t-shirt alone, and to a lesser extent when using the tumbler. Similar conclusions
were made from the study of Steinberger et al. (2009) where the use phase happened in
Germany [31]. Although Germany has a different energy mix than Switzerland, the study
showed similar results. They concluded that the consumers should first choose air-drying
instead of using a tumbler. The second biggest impact a consumer can have according to
them is by decreasing the temperature of washings. However, they did not study the load
of the washing machines. As shown in Figure 5, the load of the washing machine had a
more important impact than the use of a tumbler and lower washing temperatures.

One last but most relevant way consumers can influence the environmental impact of
their t-shirts is by wearing them as long as possible. This is what we have seen with the
“lower lifetime” scenario from Figure 5. There, the impact was tremendously increased
when the t-shirt was discarded before its expected end-of-life. Similar results have been
found elsewhere [23,38,39]. The former focused on a woolen sweater, which shows that
similar conclusions can be made for other types of garments than t-shirts [23]. Therefore,
the consumer should favor high quality, because the quality or physical durability of a
clothing item is directly linked to its lifetime expectancy. There are some possible ways
to increase the lifetime of clothing items such as t-shirts. For example, it has been shown
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that reuse (second-hand shop) can increase the lifetime of clothing items and results in
environmental advantages over simply discarding them [29,59]. Two other options that
could be used to increase the lifetime are repairing or upcycling [60].

5. Conclusions

All in all, this study illustrates the relative environmental impacts of the different
life cycle phases and of the different production steps of a cotton t-shirt for four impact
categories: carbon footprint, the nr-CED, the water footprint, and the ecological scarcity.
The study provides a comparison of different fiber materials and provides insights on how
much consumers could decrease the environmental impacts of their t-shirts. This study
illustrates how the consumers can reduce its impact before buying the t-shirt as well as
while using it and to what extent. It shows that consumers have the power to make their
t-shirts greener, as already partly demonstrated in other studies [38,39,41]. According to
the results, the consumer should follow the following principles: (1) quality over quantity
(in order to increase the t-shirt’s lifetime and thus favoring consumption reduction); (2) a
fuller washing machine is better; (3) avoiding the tumbler and favoring air-drying; and (4)
the lower the washing temperature, the better. Furthermore, as we have seen, the choice of
fiber materials is less straightforward and depends on the impact category, highlighting
that trade-offs need to be made. The consumer should therefore focus more on how the
t-shirt is manufactured than on the type of fiber itself. For this, the consumer can look at
the labels.

In a next step, the environmental impacts of different mixes of fibers for producing
a t-shirt—a common practice in today’s textile industry—could be investigated as well
as other new types of fibers such as Tencel and Lyocell. The washing specifications and
consequences for each type of fiber, which are not necessarily similar to those of a cotton
t-shirt, should also be included as it has been shown that textiles made of different fibers
are taken care of differently [38]. Furthermore, the end-of-life (EoL) was not considered in
this study because of the lack of consistent and transparent data and because consumers
have less influence on EoL scenarios. However, consumers can decide to consume less
in a first step and give their clothes to reuse/second-hand shops (thus prolonging the
t-shirt’s lifetime) in a second step, as proposed by Yasin and Sun (2019) with their ladder
of sustainability [61]. Finally, the quality of fibers, their life span as well as their actual
potential to be recycled or reused would also be interesting to consider.
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