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Because of the near doubling of clothing purchased and the shift toward fast fashion in recent
decades, clothing induces increasingly significant global environmental impacts throughout
its entire life cycle. To measure the environmental impacts of clothing across the major life
cycle phases of production, purchase, transportation, usage, and disposal, we apply life cycle
assessment (LCA) to detailed survey data on jeans and t-shirt consumption by 4,591
consumers across four countries: Germany, Poland, Sweden, and the United States. The
results reveal that, except for jeans in the United States, the production phase is consistently
responsible for the largest share of the environmental impacts associated with clothing.
Nevertheless, the use phase, which includes washing and drying, also induces sizable
environmental impacts, especially when laundering is frequent and, as in Poland and the
United States, the associated electricity consumption comes from carbon-intensive energy
sources. Taken together, our results suggest that future efforts to reduce the environmental
impacts of clothing must comprehensively address the production, acquisition, and use of
clothing through not only technological and efficiency improvements but changes in both

purchasing and usage behavior.

Keywords: Clothing, Environmental impacts, Consumer behavior, Clothing consumption

and production, Life cycle assessment.
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1. Introduction

Although clothing production and consumption are significant sources of
environmental degradation and greenhouse gas (GHG) emissions (Choudhury, 2014; Wood
et al., 2018), the magnitude of clothing-induced environmental impacts globally is currently
under debate, partly due to high uncertainty (Wicker, 2020). For example, conclusions from
the white and grey literature of clothing production and consumption being responsible for 8-
10% of global GHG emissions (Quantis, 2018; UNEP, 2018), appear incompatible with
authoritative assessments of the global drivers of GHG emissions (Friedlingstein et al., 2019;
IPCC, 2018). Rather, these conclusions probably reflect the limited resolution and quality of
existing data on clothing-induced environmental impacts. Yet despite pertinent data issues,
some robust research does suggest a contribution nearer 2-3% of global GHG emissions
(Hertwich and Peters, 2009; Peters et al., 2021) and 4-5% of the GHG emissions allocated to
European households (lvanova et al., 2017; Steen-Olsen et al., 2016; Wood et al., 2018).
Similar uncertainty encircles the scale of other environmental impacts such as land-use
change, freshwater depletion, and ecotoxicological damage, which most related research
attributes to manufacturing and production phases that require large inputs of water, energy,
and chemicals (Choudhury, 2014; Niinimaki et al., 2020; Roos et al., 2017, 2016). For
instance, one comprehensive report from the Ellen MacArthur Foundation (2017) attributed
20% of global industrial water pollution to the clothing industry. However, based in part on
low quality sources — some already retracted — the validity of this statistic is highly
questionable (Wicker, 2020).

Nonetheless, even if the global environmental impacts linked to clothing are less severe
than sometimes postulated, clothing remains an important domain for mitigating climate
change, freshwater depletion, biodiversity loss, and general ecosystem degradation

(Choudhury, 2014; Hertwich and Peters, 2009; Koslowski et al., 2020; Niinimaki et al., 2020;
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Peters et al., 2021). The production of cotton, for example, a widely used but land-intensive
clothing material, directly competes with arable land for food production, urbanization,
conservation and restoration of ecosystems, and the diffusion of negative emission
technologies (Creutzig, 2019; IPCC, 2019). Clothing production is also associated with local
environmental, social, and economic impacts that go well beyond the scope of this paper (see
for example Ertekin and Atik, 2015; and Kant, 2012 for a discussion).

In addition, whereas the negative environmental effects of clothing production remain
uncertain, those of clothing consumption are largely unknown. Currently, only limited
evidence exists on consumer purchasing patterns and motivations or on their usage and
disposal of clothes (Gwozdz et al., 2017; Laitala and Klepp, 2020). This paucity of social
scientific research is surprising given the importance of clothing in many cultures, the
complex psychological processes involved in its purchase and selection, and the fundamental
transformation of clothing culture toward fast fashion (Byun and Sternquist, 2012; Gupta et
al., 2019; O'Cass, 2000). In fact, the relevance and need for research on clothing consumption
has only increased with the near doubling of clothing sales over the past two decades (Ellen
MacArthur Foundation, 2017; Niiniméki et al., 2020), which has been augmented by the
growing market dominance of fast-fashion companies such as H&M and Forever 21. Most
notably, fast-fashion companies have been instrumental in shortening the service life of
clothing by offering low-priced apparel in rapidly increasing collection cycles in which new
trends quickly supersede old (Barnes and Lea-Greenwood, 2006; Ertekin and Atik, 2015).
This faster turnover, together with lower prices, has been instrumental in stimulating
symbolic obsolescence and lowering practical service life, resulting in larger per capita sales
and hence greater environmental impacts (Ellen MacArthur Foundation, 2017; Niinimaki et

al., 2020). The observed increase in clothing consumption, the changing clothing market, and
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the paucity of knowledge about consumption patterns firmly underscore the necessity to
better understand its environmental impacts.

Because the clothing consumption phases of purchase, use, and disposal remain
understudied and poorly documented, attempts to estimate environmental impacts throughout
the clothing life cycle have either been restricted to “cradle to gate” analyses or those based
on highly generalized assumptions about consumer behavior during the use and disposal
phases (Cotton Incorporated, 2012; Niiniméki et al., 2020; Roos et al., 2017, 2016). For
example, while acknowledging the significance of the use phase, a recent review of the
environmental impacts of fast fashion only superficially treated the use phase and
predominantly referenced studies that relied on stylized behavioral assumptions (Niiniméki et
al., 2020). The studies that do include the post-purchase life cycle phases clearly suggest that
the use phase (wearing, storing, maintaining, washing, and drying) is a key contributor to the
overall energy consumption and GHG emissions associated with clothing (Cullen and
Allwood, 2009; Roos et al., 2016; Wood et al., 2018). However, because washing and drying
are closely connected to the energy grid, energy efficiency of appliances, load efficiency, and
use frequency, the impacts induced during the use phase vary considerably depending on
consumer behavior, household equipment, and geographic location (i.e., energy source)
(Kennedy, 2017; Stamminger and Schmitz, 2016). Such variability highlights the tendency of
existing environmental impact studies to either grossly overgeneralize behavior during the
post-purchase phases or fail to account for all possible variables. They thus insufficiently
inform researchers, policymakers, industry, and other stakeholders about where to intervene
in the clothing life cycle to reduce the associated environmental impacts most effectively.

The aim of this study, therefore, is to generate more accurate and detailed data on the
environmental impacts of clothing production and consumption in Germany, Poland,

Sweden, and the United States. These countries are chosen to capture the heterogeneity of
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clothing markets and consumption patterns in Western countries: Germany is one of the
largest clothing markets in Europe; Poland is a representative of Eastern Europe and thus a
post-communist regime with a clothing market less dominated by fast fashion; Sweden has an
increasingly sustainability-oriented clothing market; and the United States is the world’s
largest clothing market while being culturally and politically distinct from continental
Europe. In analyzing the environmental impacts of clothing across the four countries, we
make the following threefold contribution:

1) The development of a detailed framework for assessing consumers’ clothing purchase,
use, and disposal patterns and resultant environmental impacts by the application of
life cycle assessment (LCA) to corresponding consuimer survey data from four
countries. This methodology permits assessment of annual clothing-induced
environmental impacts throughout the entire life cycle, thereby addressing the
limitations of earlier research, including generalized assumptions about consumer
behavior.

2) Dissection of the variability in clothing consumption-induced impacts between the
four countries to enable differentiation of the contribution to environmental impacts
of geographically different consumer behaviors and infrastructures (e.g., energy
supply, waste management systems).

3) The provision of important insights for developing tailored and effective interventions
to mitigate the environmental impacts of clothing by identifying them within each life
cycle phase, thereby revealing the contribution of consumer behavior to the observed
impacts across the four countries. The analysis will also identify the potentially most
impact reducing intervention points throughout the life cycle, providing useful
guidance not only for researchers but also policymakers, fashion industry actors, and

other relevant stakeholders.
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2. Methods

To assess the environmental impacts of clothing consumption, we use the Ecoinvent
database, as life cycle inventory for the entire clothing life cycle (i.e., from raw material
extraction through production, use, and end-of-life), to perform a life cycle analysis (LCA) of
individual self-reported consumer behavior data for all consumption phases. In doing so, we
focus on jeans and t-shirts, two product categories familiar to the majority of consumers in
the four countries surveyed (Roos et al., 2017), ensuring more accurate recall and reporting of
clothing consumption behavior in the individual survey data. Because the better defined the
analytical unit (i.e., jeans and t-shirts), the more relevant the conclusions, this focus also
enables detailed analyses of behavior’s interconnectedniess with environmental impacts
throughout the clothing life cycle while maintaining sufficient generalizability to render the
results useful. Put simply, it successfully balances the inherent tradeoff between high
specificity (i.e., a particular clothing product) and high generality (i.e., the impact of clothing

overall).

2.1. Consumer survey data

To assess consumer clothing consumption patterns, we use relevant data from a
comprehensive online survey conducted in Germany, Poland, Sweden, and the United States
(US) (Gwozdz et al., 2017). Originally developed in English, the survey questionnaire was
subsequently translated into German, Polish, and Swedish by 1SO17100 certified translators
and administered in all countries by the market research company Qualtrics. To ensure data
quality and eliminate careless responses, the questionnaire contained multiple measures,
including instructed items (e.g., “Please select strongly agree”) (DeSimone et al., 2015).

Because of its length, the survey consisted of two parts administered at two to four-week
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intervals between October 2016 and January 2017. This current analysis employs data related
to the consumption phases of purchase, use, and disposal, based on which we develop an

average country-specific consumer profile.

2.1.1. Sample

To ensure representativeness, Qualtrics recruited adult participants (aged 18-65) from
each of the four countries based on age, sex, educational and regional distribution,
incentivizing participation with points redeemable for various products (e.g., gift cards). The
final sample (inclusion criteria: participation in both Part | and Part 1) included 4,591
participants with the following country breakdown: Germany (n = 1,170), Poland (n = 1,105),
Sweden (n = 1,176), and the US (n = 1,140). The mean age is 42.2 (SD = 13.6), with 56.7%

being female (see Supplementary Material for country-specific sociodemographics).

2.1.2. Measurements

Having identified no preexisting tested survey measurements for consumer self-reports
of purchase, use, and disposal behaviors for jeans and t-shirts, we worked as an
interdisciplinary team to develop new measurements based on both the information needed to
conduct LCA and similar measures described in the literature. After pretesting our newly
developed measures, we included each measure twice in the questionnaire, referring once to
jeans and once to t-shirts (see Supplementary Material for item details).

For the purchase phase, we first determined a consumer’s stock at any given point in
time by asking the number of jeans and t-shirts owned and the time those items are usually
kept before being discarded on a five-point scale of 1 “less than 6 months”, 2 “less than a
year”, 3 “1-2 years”, 4 “3-4 years”, and 5 “5 years or more”. After using the midpoints of

each time category to calculate the amount of time a piece of clothing remained in a



Journal Pre-proof

consumer’s stock, we calculated the annual restocking of jeans and t-shirts per consumer
given the assumption of a constant stock. This calculation is relevant for the environmental
impacts occurring during production (see 2.2.2.).

For the use phase, to capture washing and drying behavior specifically, we asked how
many times participants wore their jeans and t-shirts on average before washing (number of
wears), washing temperature (from 20°C to 60°C), use of detergents (yes/no), and use of
dryer (yes/no). We used these responses to calculate the number of washes and dries, as well
as the corresponding numbers of full wash and dry cycles (see 2.2.2.).

Lastly, for the disposal phase, we asked participants whether they discarded their
clothes by giving them a second life (e.g., donating, recyeling, flea-market), downcycling
(e.g., as rags), or putting them in the trash. Respondents could distribute 100% across the

three options.

2.2. Life cycle assessment

To determine the environmental impacts from jeans and t-shirt provisioning, we use the
Ecoinvent lifecycle inventory (Wernet et al., 2016) to conduct two life cycle assessments
(International Organization for Standardization, 2006) encompassing all phases from raw
material extraction through end-of-life. For all process inventories, we use location specific
Ecoinvent inventories to the extent possible. Where not possible, we select the most
appropriate regions. We thereby provide a detailed breakdown of the environmental impacts
induced during the production, use, and disposal phases, as well as the relative differences
between them. For both assessments, we employ OpenLCA (GreenDelta, 2019) with all
environmental impacts characterized using the ReCiPe 2016 method (Huijbregts et al., 2017).
To dissect the environmental impacts of consumer behavior (purchase, use, and disposal) and

context (i.e., carbon intensity of the underlying energy grid), we adopt the interpretation
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methods of endpoint modeling; single midpoint indicator comparisons (e.g., carbon
footprint); monetization (Pizzol et al., 2015); and ArgCW-LCA (Sohn et al., 2020), a novel

form of multiple criteria decision analysis (MCDA).

2.2.1.Scope and system boundaries

In assessing the environmental impacts of jeans and t-shirts over the entire clothing life
cycle (see Fig. 1), we use a functional unit (FU) of jeans or t-shirt provisioning that includes
production, purchasing, transportation, use, and disposal for one consumer over one year in
one region from either Germany, Poland, Sweden, or the US. When a disposed clothing item
is made available for a second life (see 2.1.2), we allocate all production-induced
environmental impacts to primary production and all impacts associated with the first to

second life transition to the second life (see Fig. 1).
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Fig. 1. System boundaries of the product system modeled for the LCA of jeans and t-shirt
provisioning
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2.2.2.Annual provisioning inventory

After using the survey data to build a base inventory of consumer purchasing, use, and
disposal behavior (see 2.1.), we develop an inventory of the functional unit for jeans and t-
shirts specifically (Table 1, see Fig. 1 for system boundaries), which includes restock (i.e.,
number of items purchased in a given time period), use behavior (washing and drying), and
disposal (second life, downcycling, or trash). We calculate this latter based on Kalbar et al.’s
(2016) concept of personal metabolism, a holistic method for understanding individual
consumer consumption patterns and their associated material flows. In performing the LCA,
we make two main assumptions: (i) an average pair of jeans (t-shirt) weighs 1 kg (200 g) and
(i) transport during production involves a 16-32 metric ton lorry (truck) traversing 200 km of
land plus transoceanic shipment from Thailand. Based on these two assumptions and the
consumption data, we populate the remainder of the inventory using the Ecoinvent database

(Wernet et al., 2016).

Table 1. Inventory of consumption patterns for jeans and t-shirt

Germany Poland Sweden United States All
Jeans
Restock™* 1.74 1.52 1.31 1.80 1.59
Full wash cycles™ 5.19 4.40 3.32 11.45 6.09
Full dry cycles™ 1.34 0.71 0.74 12.43 3.80
Second life” ‘ 1.20 0.93 0.77 1.20 1.02
Downcycle” 0.27 0.26 0.17 0.24 0.23
Landfill” 0.27 0.33 0.38 0.37 0.34
T-shirts

Restock” 5.92 6.33 4.48 4.92 5.41
Full wash cycles™ 3.74 3.29 3.12 4.61 3.69
Full dry cycles™ 1.06 0.55 0.85 5.07 1.88
Second life” 3.56 3.10 1.92 2.79 2.84
Downcycle” 1.47 2.23 1.22 1.20 1.53
Landfill” 0.89 1.00 1.35 0.93 1.04

Note: A t-shirt is assumed to weigh 0.2 kg and be worn 260 times per year. "in number of t-shirts per year, " in number of full
cycles per year assuming an 8 kg capacity machine with 80% utilization, —in number of full cycles per year assuming a
6 kg capacity machine with 80% utilization.

For the production phase, we use the Ecoinvent (Wernet et al., 2016) knit finished

cotton process applied in its original form for t-shirts but with an energy consumption

11
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modification, adding 0.195kwh of electricity consumption, for jeans that better aligns the
process with jeans production based on the description of jeans production by Islam (2016).
To accommodate for the amount of purchased clothing items, we use a simple residence time
calculation dividing the number of clothing items possessed by the time clothing items were
kept assuming a steady stock state (see 2.1.2) in which each consumer maintains the self-
reported number of clothing items owned by purchasing and discarding, on average, an equal
number of items. This calculation yields an average consumer clothing restock rate of 1.6
jeans and 5.4 t-shirts per consumer per year across all countries.

For the use phase, which includes washing and drying, we assume that the average
consumer uses an 8 kg capacity washing machine and a 6 kg capacity dryer at 80% capacity.
We further assume that all consumers wear jeans and t-shirts from their stock as primary
clothing for 5 wears per week equaling 260 wears per year. We thus calculate the number of
washes by dividing 260 wears per year by the number of wears before washing, resulting in
an average across the four countries surveyed of about 39 pairs of jeans and 118 t-shirts
washed per year. For an 8 kg washing machine used at 80% capacity, the result is an average
of 6.1 washing cycles for jeans and 3.7 washing cycles for t-shirts per year across all four
countries. Similar calculations for the number of dries yields cross-country averages of 18.3
pairs of jeans and 45.2 t-shirts, which for a 6 kg dryer used at 80% capacity means an average
of 3.8 drying cycles for jeans and 1.9 for t-shirts per year.

To estimate the environmental impacts of washing, we use the self-reported data on
temperature (response categories from 20 °C — 60 °C) and detergent usage (yes/no). The
reference washing machine is a front-loader that uses 75 liters of water per 8 kg load (see
Table 22), and the detergent, with an assumed dosage of 2.25 dl, is based on a Procter &
Gamble laundry soap (Saouter and Van Hoof, 2002). Although the detergent inventory of

ingredients lists 15 chemicals, no production data are available for three of these components

12
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(FWA DAS-1, Antifoam S1.2-3522, and Protease) that represent 2.1% of the total volume, so
we model these latter as undefined chemicals without impacts. Due to total volume and
chemical type, it is considered unlikely that their omission affects the results. For the
reference dryer, we assume 0.95 kilowatt-hours of electricity consumption per kilogram of
dried cotton, with energy consumption modeled using the most current Ecoinvent energy

market data, which take into account energy trading (i.e., energy imports and exports).

Table 2. Inventory for a single load of jeans in an 8 kg washing machine and a 6 kg dryer

Germany Poland Sweden United States All
One-load washing machine
Detergent use (dI) 2.17 2.16 2.2 2.17 2.18
Wash water temp (°C) 39.35 40.77 41.86 33.25 38.81
Washer energy consumption
(KWh) 251 2.64 2.74 197 2.46

One-load dryer

Dryer energy consumption

(KWh) 4.56 4.56 4.56 4.56 4.56
Note: Assumes 75 | of water use per cycle, 2.25 dl of detergent, and a 14°C water supply; kWh = kilowatt-hours of
electricity

Lastly, for the disposal phase, we divide the restocking rate from the purchase phase
(i.e., number of disposed jeans or t-shirts assuming a steady stock) by the reported ratios
across the three disposal channels (second life, downcycling, and trash; see Table 1). For the
fraction of disposed clothing items trashed, we assume landfilling via municipal waste
collection by a 21-ton lorry (truck) traveling an average distance of 80 km., although national
differences such as Sweden’s incineration of a significant portion of waste for energy
recovery may render this assumption inaccurate. However, as the overall impact of collection
and disposal (ca. 0.1%) is unlikely to contribute meaningfully to the conclusions, greater

inventory precision is unwarranted.

13
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2.2.3. Interpretation methods

In discussing our findings, we not only report all assessed environmental impacts from
clothing consumption using midpoint (i.e., single environmental impact) indicators but also
employ multiple interpretation methods to compare the relative differences in provisioning-
generated outcomes. Through such multiplicity, we avoid the biasing of our conclusions by
dominating factors in any one interpretive approach.

First, to simplify our results presentation and enable comparison with findings from
other climate-impact studies, we focus on a single score environmental impact indicator,
GHG emissions (alternatively known as GWP, global warming potential). Because this sole
focus may increase the risk of burden shifting (Laurent et al., 2012), we also provide results
for 17 additional environmental impact categories in the Supplementary Material. We further
mitigate this burden shifting risk by adopting a menetized environmental impact
interpretation method (Ogmundarson et al., 2020; Pizzol et al., 2015; Weidema, 2009) that
accounts for all environmental damage through conversion to a corresponding loss of
economic value. In addition to shedding light on the potential for burden shifting by
comparing relative monetized impacts with single GHG scores, this method also offers
insights into the relation between both the internalized and external costs associated with
clothing consumption. Nonetheless, because monetarization is susceptible to uncertainty in
the normalization of impacts (i.e., conversion of disparate impacts to damage with like units)
(Kalbar et al., 2016b, 2012; Kalbar and Das, 2020; Sohn et al., 2017), the absolute values
should be used with caution.

To compensate for the monetization method’s susceptibility to uncertainty, we
additionally employ the more holistic interpretation method of ArgCW-LCA (Sohn et al.,
2020), which uses multiple attribute decision assessment to aggregate all midpoint impacts to

a single performance rating. By paralleling the preference order and magnitude, ArgCW-

14
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LCA serves as a sensitivity analysis ensuring that the relations identified using the
monetization approach are not dominated — and thus biased — by the uncertainty in the
normalization factors used. More specifically, by permitting direct observation of each
midpoint impact’s contribution to the single-score conclusion and allowing the use of
multiple weighting factors in the analysis, it enables assessment of the sensitivity to

normalization factors.

3. Results

We report our results in four sections, beginning with the environmental impacts of
jeans and t-shirts via production (including transport), use, and disposal as indicated by GHG
emissions. To facilitate comparison with other studies, we first report these emissions for one
single pair of jeans and one t-shirt and then for the jeans and t-shirts consumed by one
consumer in one year as the functional unit. The latter statistics highlight the importance of
clothing consumption behavior and its implications for the associated environmental impacts.
The second section scrutinizes the robustness of these results as derived using first the single
impact assessment method and then the monetized environmental impact interpretation and
ArgCW-LCA methods. The third section then explores the relative importance of consumer
transport to clothing consumption’s overall environmental impact, which, although
sometimes highlighted as a major contributor, is often neglected in the research (Roos et al.,
2016). To do so, we simulate the outcome of special trips made for clothing purchases only
and their implications for environmental damage. Lastly, the final section addresses how
behavior and context (i.e., national energy grids) determine the importance of the use phase

as a contributor to the overall environmental impacts.
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3.1. Environmental impacts of jeans and t-shirts per year and consumer

As outlined above, we first report the GHG emissions of single action impacts — that is,
from one action (e.g., washing or drying) for one pair of jeans or one t-shirt (see Table 3) —
and then those from jeans and t-shirt consumption by one consumer per year (one FU) across
all consumption phases. To avoid any risk of burden shifting from this focus on GHG
emissions, we supplement these results with those for 17 other environmental impact
categories, which are detailed in the Supplementary Material. As Table 3 shows, for GHG
emissions associated with single actions within the life cycle of one pair of jeans and one t-
shirt, production induces 28.1 kg CO,-eq./pair and 5.6 kg CO,-eq./shirt, respectively, across
all countries, while transportation from producer to respective markets only has a negligible

impact (0.2 and 0.04 kg CO,-eq./item).

Table 3. Single action impact of one pair-of jeans or one t-shirt in kg CO,-eq./clothing item
per consumption action and country and on average for all countries

Germany Poland Sweden United States All
Jeans
Production 28.10 28.11 28.11 28.05 28.08
Washing 0.36 0.51 0.11 0.32 0.32
Drying 0.77 1.19 0.04 0.61 0.65
Disposal 0.10 0.11 0.10 0.11 0.11
T-shirts
Production 5.62 5.62 5.61 5.61 5.62
Washing 0.07 0.10 0.02 0.06 0.07
Drying 0.15 0.23 0.00 0.12 0.13
Disposal | 0.00 0.00 0.00 0.00 0.00

Note: Production includes transportation from producer to respective markets; disposal includes both waste collection
and treatment.

When the unit of analysis is the jeans and t-shirt FU, however, the picture changes
greatly. As Fig. 2 shows, GHG emissions for both jeans and t-shirt provisioning differ
markedly between the four countries, with the t-shirt FU across all four consumption phases
inducing the largest per consumer impact of 52 kg CO»-eq./FU in the US, followed closely by
50 kg CO2-eq./FU in Poland, and 46 kg CO,-eq./FU in Germany. Provisioning t-shirts for

Swedish consumers, in contrast, has approximately half the environmental impacts (28 kg
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CO,-eq./FU) of provisioning them for US consumers, while the impacts of the production
phase, including transportation, ranges between 25 kg CO,-eq./FU for Sweden and 36 kg
CO,-eq./FU for Poland. Despite drying having twice the impact of washing per action as is
typical in countries other than Sweden (where the energy grid’s lower carbon intensity
lessens the impacts); in Poland and Germany, drying is responsible for much lower

environmental impacts per FU than washing (Table 4).

120
110 0
100
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80 61
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60 a7 0 25
50 18 0 0

14
40 3 13 . 25 e
30 = 3
20 49 43 37 45

0

kg CO2 eq./FU

Germany Poland Sweden United All  Germany Poland Sweden United All
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Fig. 2. Contribution of ail life cycle phases to the GHG emissions from jeans and t-shirt
provisioning in kg CO2-eq./FU by consumer and year

Overall, even though the environmental impacts from production per item are the same
for all four countries except for very minor variances in transportation-induced effects, the
between-country variability in production-induced impacts mirrors the greater restock rate.
That is, the variation results from a shorter service life or greater number of items owned and
the resultant higher purchasing rate. For t-shirts, the highest restock rates occur in Poland and
Germany, while for jeans, restock rates are highest in Germany and the US (see Table 1). The

disposal phase, in contrast, including municipal waste collection and landfilling, contributes a
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rather small share (at or below 0.1 kg CO,-eq./FU) to the total GHG emissions in all
countries.

The large discrepancy in t-shirt related GHG emissions between the US and Sweden, at
25 kg CO2-eq./FU and 2.5 kg CO,-eq./FU, respectively (see also Table 4), results mainly
from the use phase. That is, whereas drying accounts for the bulk of use-phase GHG
emissions in the US — specifically, 15 of the 25 kg CO,-eq./FU — washing plays a relatively
larger part in the other countries (e.g., 2.3 of 2.5 kg CO,-eq./FU in Sweden). This discrepancy
is attributable first to significant intercountry differences in use behavior (e.g., drying
frequency; see Table 1) and second to differences in household electricity supplies (i.e., the
carbon intensity of regional energy grids). To illustrate the latter, one dryer load induces

approximately 3.0 kg CO»-eq in the US but only 0.2 kg CO,-eq. in Sweden.

Table 4. Contribution of the use phase to GHG emissions from jeans and t-shirt provisioning
in kg CO,-eq./FU by country

Germany Poland Sweden United States All
Jeans
Washing 11.9 14.4 2.5 23.8 13.1
Drying 5.0 4.0 0.2 36.8 115
Total use 16.9 18.4 2.7 60.6 24.6
T-shirts
Washing 8.6 10.8 2.3 9.6 7.8
Drying 3.9 31 0.2 15.0 5.6
Total use 12.5 13.9 2.5 24.6 13.4

These behavioral and contextual differences become even more apparent for jeans
where provisioning to US consumers induces 111 kg CO,-eq./FU, almost three times the
GHG emissions induced for Swedish consumers (40 kg CO,-eq./FU) and nearly double that
for German (66 CO,-eq./FU) and Polish consumers (61 CO,-eq./FU). Again, the largest GHG
emissions discrepancy results from the use phase, ranging from 2.7 kg CO,-eq./FU in Sweden

to 60.6 kg CO,-eq./FU in the US.
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To avoid biasing our conclusions, we supply sensitivity analyses drawing upon damage
monetization and ArgCW-LCA methods (as described in 2.2.3). Across both interpretation
methods, jeans and t-shirts provisioning consistently produce the greatest GHG emissions in
the US, affirming our results above. Using the monetization method, Fig. 3 shows that US
consumers would have to pay an additional price of $39.37 and $18.20 per jeans and t-shirt,
respectively, to offset currently unaccounted for environmental damage. This greatly exceeds
the additional price of $26.87 and $12.50, respectively, Swedish consumers would have to
pay. Using the ArgCW-LCA methodology, we find that the US exhibits an idealness
indicator of O for jeans (range: 0-1), indicating the worst performance across all midpoint
impact categories, and an idealness ranking for t-shirts of 0.038 with the second lowest of
0.242 for Poland (Fig. 4). This confirms what can be inferred from a qualitative inspection of
the individual midpoint impacts: the variation between the midpoints of the 18 individual

environmental impact dimensions is very-limited (Fig. S1 and S2).
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Fig. 3. Monetized damages and GHG emission impacts from jeans and t-shirt provisioning in
FU across countries.

19



Journal Pre-proof

T-shirt provisioning Jeans provisioning
_ 10 _ 10
209 209
<08 £ 0.8
c c
807 S 07
o6 S 06
205 205
§ 0.4 § 0.4
g 0.3 g 0.3
s 0.2 s 0.2
— Y—
g$o1 go1
0.0 — 0.0
Germany Poland Sweden United Germany Poland Sweden United
States States

Fig. 4. ArgCW-LCA performance indication of jeans and t-shirt provisioning in Germany,
Poland, Sweden, and US. Performance indication factor of 1 is most ideal.

3.2. Purchase phase: Significance of consumer transportation

Because some research also points to clothing purchase-associated transportation as a
potentially significant contributor to the environmental impacts of clothing (Roos et al.,
2016), we also perform a sensitivity analysis to estimate the additional GHG emissions from
such transport. Whereas for the previous analysis (see 3.1), we assume that clothing is
purchased in conjunction with other daily tasks and accounts for only a trivially small share
of the transportation impact (meaning no control for it in the calculations), we now consider a
scenario in which consumers make a special trip via motor vehicle to purchase a pair of jeans
or t-shirt.

Assuming a trip of 5 km (10 km both ways) for each clothing item purchased or
restocked, a consumer making a special trip to purchase each pair of jeans for a year (one FU)
induces a significant increase of about 5 kg CO»-eq./FU in total GHG emissions across all
countries (see Fig. 5). Overall, GHG emissions for both jeans and t-shirts for the average
consumer increase by around 8% and 40%, respectively, from the addition of special trips for
purchasing, relative to the impact of the jeans or t-shirt FU over the entire life cycle.

Admittedly, the reported average purchase of 1.6 jeans and 5.4 t-shirts per year causes the
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one extra trip per purchase to have a significantly greater impact for t-shirts than jeans.
Nonetheless, each extra trip for either still increases GHG emissions on average by 8% and

5%, respectively, relative to the functional unit.
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Fig. 5. Environmental impact of consumer transport. Consumers driving to a destination 5 km
away to purchase each restocked clothing item by jeans FU and t-shirt FU for each
country.

One aspect that our analysis cannot address, despite the potentially significant impact
on GHG emissions of different traveling behaviors, is the assumedly different propensities
among consumers in the four countries to make such additional trips, which may vary
depending on transportation infrastructure, location, and clothing store distribution. Hence,
although our analyses of the relative impacts based on the FU indicate significant
intercountry differences in the importance of consumer personal transportation for total

impacts, we derive absolute differences strictly from variation in the purchase rate.
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3.3. Use phase: Behavior and context

Having previously assumed, based on their primary role in the consumer wardrobe, that
jeans and t-shirts are worn about 5 times per week or 260 times per year, we now consider
whether this assumption may be skewing our results. For example, whereas the original
assumption implies a 54% contribution to total GHG emissions from the use phase in the US,
when we calculate the GHG emissions for 0 to 365 days of wear per year, all else being
equal, this contribution varies from 0% to 76% (see Fig. 6). The percentages by country
reported in Fig. 6 represent washing and drying rates relative to number of wears with the
potential variance in total number of annual washes and dries based on consumers’ reported
clothing use behavior. Hence, a steeper line indicates a larger use phase contribution per item
wear from the impacts of washing and drying. As might be expected from earlier findings,
the steepest lines refer to US consumers and the flattest to Swedish consumers, with German
and Polish consumers somewhere in between. This indicates that the greatest sensitivity to
use phase behavior is found in the US, while the least sensitivity is found in Sweden.

Because the clothing worn instead of jeans and t-shirts also needs washing and perhaps

drying, reducing the number of jeans and t-shirt days would not necessarily change GHG
emissions (or other environmental impacts) induced by provisioning clothing in a direct way.
However, the number of wears before washing (see Table 5) — which varies from 3.5 (1.8) in
the US to 12.2 (2.6) in Sweden for jeans (t-shirts) — could be a point of differentiation.
Hence, GHG emissions could be reduced on an individual level by increasing the number of
wears before washing to decrease the number of annual full washing cycles. Reducing the
importance of use phase behavior changes on a national or regional level, however, would

require lowering the carbon intensity of energy grids.
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Fig. 6. Contribution to total GHG emissions induced by jeans servicing from use by number
of days worn per year.

Table 5. Number of wears before washing by country

Germany Poland Sweden United States All
Jeans 7.8 9.2 12.2 35 8.2
T-shirt 2.2 25 2.6 1.8 2.3

To explore the roles of both these strategies (i.e., the contributions of behavior and
context), we place a Swedish consumer with their wearing, washing, and drying behavior into
the US context with a typical US energy grid. As Fig. 7 shows, whereas this Swedish
consumer induces 39.6 kg CO,-eq./FU for jeans and 27.8 kg CO,-eq./FU per t-shirt FU in
Sweden, their GHG emissions in the US increase to 45.6 kg CO,-eq./FU and 34.1 kg CO,-
eq./FU, respectively, around a 10% rise. In monetary terms, the identical washing and drying
behavior for jeans imposes a cost of $12.50 in Sweden but $14.30 in the US. Nonetheless,
compared to the environmental impacts from the average US consumer, that from the

Swedish consumer’s use phase behavior in the US is almost 65% less, representing a
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significant reduction in GHG emissions. This scenario clearly illustrates that, depending on
context, behavior can have a tremendous influence on the environmental impacts of clothing,
so changing consumer washing and drying behaviors should be a clear priority when seeking
to reduce such consequences.

Lastly, in a final analysis, we explore the potential impact of temporal changes in the
energy grid and washing machine efficiency, both of which can significantly influence the
environmental impacts of jeans and t-shirt provisioning. In general, the analytic results (see
Fig. S5 in Supplementary Material) indicate that although improvements in the energy grid
and washing machine efficiency can effectively lower the environmental impacts of clothing,

these improvements satiate and must be complemented by changes in consumer behavior.
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Fig. 7. Impact of Swedish use phase behavior under US energy conditions, with the
environmental impact shown per FU.

4. Discussion

Because the environmental impacts of clothing provision have received limited
scientific attention, substantial uncertainty persists about their scale and primary drivers
(Wicker, 2020). To address this gap, this current study uses a combination of consumer

survey data for four countries with life cycle analysis of consumer purchasing, use, and
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disposal patterns to provide a detailed assessment of the environmental impacts of jeans and
t-shirt provisioning throughout their entire life cycle. We first find substantial heterogeneity
in clothing-induced environmental impacts across countries, although with the greatest
impacts observed for US consumers. While our study may be the most detailed assessment
across the entire clothing life cycle, the identification of US consumers as global outliers
aligns well with carbon footprinting studies examining global consumption patterns
(Hertwich and Peters, 2009; Hubacek et al., 2017; lvanova et al., 2016).

A second important observation is that clothing production consistently emerges as the
primary contributor to the environmental impacts of jeans and t-shirt provisioning, except for
jeans in the US. In fact, because the transport from production and manufacturing facilities to
clothing markets only has negligible environmental impacts, any country differences
documented result almost entirely from variations in purchasing frequency or restock rate.
Whereas Swedish consumers, on average, report the lowest purchasing frequency for both
jeans and t-shirts, US and Polish consumers are responsible for the highest production-
induced impacts from jeans and t-shirts, respectively.

Our third observation is that the contribution of the use phase and its related behaviors
to the total environmental impacts of jeans and t-shirt provision varies from a minor share (in
Sweden) to nearly or over half (in the US). We further show that the greater importance of
the use phase in the US is driven both by more carbon-intensive energy grids (relative to
Germany and Sweden) and more frequent washing and drying. The latter primarily explains
the considerably greater US consumer impact from the use phase. In fact, by hypothetically
transferring the washing and drying patterns of Swedish consumers to the US context, we
observe that these behaviors induce a 64% lower impact than those of the average US
consumer, thereby highlighting the significance of washing and drying behavior in countries

with carbon-intensive energy grids.
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Lastly, we identify several environmental externalities linked to jeans and t-shirt life
cycles that are not currently reflected in their pricing. Whereas this unaccounted for cost may
not seem overly significant at the individual level, when applied to all jeans sold annually and
scaled up to a national level like the $110 billion US jeans market (Statistica, 2019), it
matters considerably. This clearly suggests a need for better accounting of the environmental

externalities linked to clothing production and consumption.

4.1. Implications for studying the environmental impacts of clothing

The present study has important implications for the analysis of clothing-induced
environmental impacts. Because existing research has predominantly focused on
documenting the environmental impacts induced during the manufacturing and production
phases and to a lesser extent the disposal phase (Elien MacArthur Foundation, 2017;
Niiniméki et al., 2020), the contribution of the use phase to the overall environmental impacts
of clothing remain poorly understood. In the present study, we aimed to offer more fine-
grained insights into how consumers use and maintain clothing through a detailed consumer
survey. Our findings show notable intercountry differences in the environmental significance
of the use phase determined by variation in washing and drying behavior and the carbon-
intensity of energy grids. Moreover, we show that environmental impacts induced during the
use phase are far from negligible and may even, as in the case of jeans in the US, represent
the main contributor to GHG emissions. This is particularly relevant for the implementation
of future LCAs in the context of clothing, where a stylized theoretical use phase has often
been used as a proxy for self-reported (or ideally actual) behavioral data in the determination
of the environmental impacts of clothing. This variation indicates that the sensitivity to
differences in the use phase may significantly alter the results of most clothing impact

assessments and thus warrant greater attention in the future.
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Since our analysis was aggregated to the country level, greater variability and nuance
may emerge from disaggregated analyses focusing on individual differences in purchasing
and use-phase behavior. Here, alternative methods that offer greater precision than our cross-
sectional survey — for example, wardrobe analysis, experience sampling, or clothes tagging —
may prove even more effective in generating detailed behavioral evidence. Nevertheless, the
present results clearly underscore that the use phase should not be overlooked when

analyzing the environmental impacts of clothing.

4.2. Practical implications for reducing the environmental impacts of clothing

The dominance of production in driving the environmental impacts of clothing
underscores its significance for mitigation (Niinimaki et al., 2020). However, limiting these
impacts require both per item damage reduction and decreased purchasing frequency. Yet
despite recent progress in lowering production-induced environmental impacts by
increasingly replacing cotton, wool, and polyester with alternatives like viscose and lyocell,
these latter also come with unique sets of production, use, and environmental challenges
(Ellen MacArthur Foundation, 2017; Laitala et al., 2018). Moreover, even though the
problems presented by alternatives are often less serious than those from traditional fabrics,
their use currently constitutes only a small niche in the global clothing market (Ellen
MacArthur Foundation, 2017). Nonetheless, not only are noteworthy research and innovation
activities attempting to bridge and minimize these environmental challenges, but recycling
materials from discarded clothing is also becoming increasingly common, even among large
corporations (e.g., Adidas, Nike, and Patagonia). Unfortunately, the effectiveness of recycled
fabrics in lowering environmental impacts remains uncertain and may depend on whether

recycling is chemical or mechanical (Niinimaki et al., 2020; Sandin and Peters, 2018).
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At the same time, although alternative and recycled fabrics show some promise,
particularly when complemented by initiatives to reduce energy grid-associated carbon
intensity and minimize usage, these supply-side initiatives cannot stand alone (Creutzig et al.,
2016). They must be pursued alongside initiatives that tackle the growing absolute and per
capita demand for clothing. Addressing these problems involves reducing overall clothing
consumption and shifting consumers toward alternative business models that promote greater
longevity, such as clothing libraries, subscription-based rentals, in-store repair services,
swapping markets, and online reselling platforms (Armstrong et al., 2015; Hvass, 2015;
Joanes et al., 2020; Nielsen and Gwozdz, 2018; Pedersen and Netter, 2015; Zamani et al.,
2017). Achieving these objectives will require not only initiatives to reduce demand (for an
extensive discussion, see Creutzig et al., 2016; Marteau, 2017; Nielsen et al., 2021), but also
an accelerated diffusion of alternative business models that ensure greater availability and
popularity (Day et al., 2020) while combating consumer (mis)perceptions of secondhand or
recycled clothing (Diddi and Yan, 2019). Such efforts to reduce demand may adopt price-
based initiatives like carbon pricing (Carattini et al., 2019; Klenert et al., 2018; Meckling et
al., 2015), which can also help capture the environmental externalities not currently reflected
in clothing prices. We do, however, note that the feasibility of carbon pricing implementation
is low in many jurisdictions (Carattini et al., 2019; Creutzig, 2019; Nielsen et al., 2020),
implying a need for other less politically sensitive initiatives to effectively reduce clothing
demand as well.

During the transition toward more sustainable production methods, in which the
reduction and shifting of demand are paramount, policymakers and practitioners should
leverage other mitigation opportunities. As our analysis shows, changing use phase behavior
can be as important as production phase alternatives for lowering environmental impacts,

particularly in countries with carbon-intensive energy grids, widespread use of dryers, and a
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consumer propensity to frequent laundering. If the environmental impacts of the use phase
are to be mitigated, then consumers must prolong wear time to reduce washing frequency and
avoid or reduce dryer usage. At the same time, because many consumers may not be using
the newest, most energy-efficient appliances, initiatives to encourage them to update their
appliances to efficient models when replacement is necessary (Dietz et al., 2009; Roy, 1994)
could also significantly reduce environmental impacts (see our sensitivity analysis in

Supplementary Material).

4.3. Limitations

Despite its numerous strengths, our study is still subject to certain limitations, which
can nonetheless open useful avenues for future research. Most notably, as is common in
LCA, our analysis makes several assumptions that despite our use of a sensitivity analysis to
minimize their potential effects on our conclusions, might still have skewed our results. In
addition, our strict focus on jeans and t-shirts prevents assessment of the full environmental
impacts of clothing by limiting the findings to household consumers and not bulk buyers such
as public institutions or private companies and organizations. It thus cannot accurately
measure the relative importance of clothing production and consumption for mitigating
climate change and other environmental impacts relative to other consumer products or
behavioral domains (e.g., transportation, food, or electronic equipment). Also pertinent is our
reliance on self-reported purchasing, use, and disposal behaviors, which, although more
accurate than stylized behavioral assumptions, are subject to several potential biases,
including memory bias (e.g., inaccurate reporting of purchase amounts or usage frequencies)
and social desirability bias (e.g., deliberate underreporting of purchases or binning).
Unfortunately, we cannot estimate the precise prevalence of these biases in our data and/or

their possible variations between countries. Finally, our study is constrained to four Western
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countries where clothing markets and energy infrastructure are distinct from those in lower-
income countries. Although we captured considerable variability in purchasing and use-phase
behavior, even greater variability may be expected when studying clothing consumption
elsewhere, especially in countries with fundamentally different purchasing patterns, washing

practices, and dryer ownership.

5. Conclusion

This study provides a detailed assessment of the environmental impacts induced throughout
the entire life cycle of jeans and t-shirts across four countries. Unlike previous studies which
have mostly relied on stylized behavioral assumptions, the present study use self-reported
consumer behavior to offer more fine-grained analyses of the environmental impacts from
clothing purchasing and usage. We find that production consistently emerges as the main
contributor to the environmental impacts induced by jeans and t-shirt provisioning across the
four countries with the exception of jeans provisioning in the US. However, the use phase
induces far from negligible environmental impacts, which depending on washing and drying
frequency and the carbon-intensity of the associated energy consumption may even exceed
those induced from clothing production. Finally, we show that current clothing prices
insufficiently account for the environmental damage created, thereby highlighting the need
for policy intervention to address and better account for such damage. We hope this study can
serve as a useful foundation for future research and spark greater research interest in clothing

production and consumption across the sciences.
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