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Abstract

As the ongoing textile waste problémthe Netherlandsontinues to persistleveloping a system thabnsiders
postconsumer wastis crucial.Using postconsumer recycled textila new garmentprovides several
advantages over using virgin materiahdis the potential to reduce environmental impacts of garment
production reduceextile waste and to hgroducedocally. Thereforethe DutchCircular Textile Policy
Programstates thatyp2030,all newtextile producs must consist of at least 50% sustainable material, of which
a minimum of 30% is recycledHowever, using postonsumer recycled textilea garment production presents
some challeges.The production process of pastnsumer recycled material carries inherent environmental
impacts Moreover, its use oftedecreasethe quality andhereforethe lifespan of the garmerilso, there are
concerns about its cestfectivenessThis thesisexploreswhether it is desirable to use as much recycled
material as possiblhen producing aewpair ofjeansand what the optimal recycled proportionTs. find this
optimum it applies anathematical programmingodelthatincorporates the outcomestbe true cost
accounting TCA) assessment @ pair of100% virgin and 100% recycled jeats this way, itinvestigateshe
tradeoffs of including postconsumer recycled materialinjegmns oducti on on the jeans’ en
private costs and lifespaihe findings reveahat while using a higher proportion of recycled material reduces
the environmental costs of jeans, it leads to higher private production costs and a stepter tfehe garment.
Under the current circumstangésis not desirable to strive towards using 100% recycled matartae

production of new jeangnsteadthis studyfinds an optimatecycledproportion of 0.2However, this study

does show the challengestlarise when using the TCA methddherefore, it an alsgorovide insightgor
policymakerscompanies and researcharshe practical usand reliabilityof the TCA method
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1 Introduction

1.1  Recycling aghe solution to textile pollution

The global textile, clothing, and fashion industry is among one of the most pgihdustries in the world
(Fletcher, 2012)The fashion industry isstimated to be responsible foB% of global greenhouse gas
emissions, 20% of global wtewater, and 9% of annual microplastics losses to the ¢odégr2023) It also
consumes more energy than the aviation and shippihgstries combine@UNFCCC, 2018)

These impacts of the fashiardustry are not being reflected in consumer behaviooe reason for this may be

the fashion paradox, which states that consumers are more likely to consider the environmental effects of their
non-fashion purchases, btgnd to justify theifashion consmption(Joy et al., 2012)Also, mmpanies are

constantly introducingew clothing designgreating an impulse to buy morwks a resulteach garment is worn

less and less, reducing its lifespan, and increasing the demand for ne{Pisgn2917) It is estimated that of

the 150 billion garments that are produced annually, over 50% are discarded within less thdMazattr et

al., 2021) In case of the EUhtdestination and future use thiis textile wasteis highly uncertain, with a

significant portion being sent to Asia and Afridaconsiderable amount of this waste ends up in open landfills
and informal waste streamstimeseregions. This situatiomaygetworse as a resuitf all EU countriesbeing

requred to separately collettieir textile waste by 2028EEA, 2023)

This ongoing textile waste problenannot be effectively addressed without providing solutions specifically
targeted at postonsumer textile was{@icCauley & Jestratijevic, 2023Recyclinghasgreat potentiator the
textile sector to redudés waste reduce environmental impacts of production eontribute to the circularity of
the industy (BaruqueRama et al., 2017)By avoiding virgin fibre production in the textiles supply chain and
replacing it with recycled fibres, several environmental benefits can be achieved. These include @dcing
emissions, decreasing water consumption, reducing aeitidh and eutrophication by using less pesticides and
dyeing materials, and lowering landfill wagfi®ohnson et al., 2020; Shen & Patel, 20Qher benefits include
that recycling, especially compared to other circular economy practices, can more easily be coupled with existing
busines practicegLevanen et al., 2021FurthermoretheEU Commission's policy on the cireuleconomy
(2015) envisions socieconomic and socienvironmental benefitd'hese includ@ew business opportunities
(e.g. local fibre productionjnnovative production and consumption methods, and social integ(gtiba et al.,
2019)

In an effort to improve the circularity of the fashion industry, the Dutch governrasrttken measures to

promote textilerecycling n 2020, this was done by setting up the
to use at least 5% pesbnsumer recycled cotton theirdenim garmentéRijksoverheid, 2020dMoreover in

2021, the Netherlands sent a joint paper together with ten other member states to the European Commission
regarding a more sustainable fashion industry. Among other things, this paper calls for compulsory clothing
recycling practice$Rijksoverheid, 2021)Most importantly as of January 1, 202the Dutch government has
implemented a extendegroducer responsibilitfEPR)scheme for textiles and garmenitéis scheme makes
producers collectively responsible for the reuse, recycling, and reprocessing of used apparel and fabrics. The
goal of thisprogram is to have recycled and reused at least 50% of the textile products that have been introduced
to the market by 2025, with 60% of this being recycled and at least 25% of the total recyclable portion being
recycled back tdibres(Rijksoverheid, 2022)The goalof this fibreto-fibre recyding is toincreasehe

proportion of recycledibresin new textilesoy as much as possibBy 2030, itwill be mandated thatew

textiles produced must include a minimum of 30% recyfitees (RIVM, 2023).

However, the use of recycled material in garments has potential downsidéss@nefconcern is the high
level of emissions produced during the process of turning used clothes into new matevien et al., 2021)
Moreover, the sorting process for pasinsumer textile waste requires significkdtourinput, causing conces
regarding its coseffectivenesgPensupa, 2020Additionally, there are concerns about the quality of recycled
materialsas its use generally has a negative impact on the properties of the garment that is madBdiom it
2015 Utebay et al., 2019aGiven the multiple downsides and varying environmentaligapons associated
with recycling, it may be worth questioning whether striving for the highest possityleled proportiorin new
garments is actually desirable from an environmeandl economiperspective.

To better understand tlmvironmental impacts of textile recycling, multiple life cycle assesa(leBGR) have
been conductedHowever these LCApresent their findings in natural unitgjch agotal mass (kg) of
emissionsr land size (). This presentation canake it challeging to compare and weigh the different
environmental impactéSandin & Peters, 2018The decisionsesulting fromthesel CAs thendepend on the
relative importance placed on each type of environmental impa&nhance comparability among different
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scenarios, certain LCatudieshave opted to focus on a single environmental impact category. For example,
FrancoGarcia et a(2019, La Rosa &Grammatikog2019 andLevanen et af2021)exclusively examiathe
contribution to climate changelowever, his approactdoes carryhe risk of burden shifting between different
environmental impactédauschild et al., 2018)

To overcome these limitations and facilitate easier comparison and weighdiffggnt environmental

impacts, thanethodof true cost acconting (TCA) has emergedi.CA is increasingly gaining recognition among
practitioners and policymakef$aufik et al., 2023)It provides a framework that allows for the integration of
informationfrom various stages of the supply chaagricultura] manufacturingdistribution, and retai/Xo
guantify impacts and assign a value to them. This approach enabtgmtitdicationand comparisoof the
unintended negativexternal effects of producing a particular product on the environment andyg@xetmilt
Herren et al., 2021)

According toJohnson et g2020) who perfornmedalliterature review orthe supply chain of wste cotton
recycling, previous studies hawaly focused on specific aspects of recydexile. For instanceWendin
(2016)conducted a LCAon recycled cottoat H&M and repors that mechanically recycled cottdes lower
environmental impacthan virgin cottonHowever, the study did not evaluate #mnomic feasibility and
quality reduction of recycled cottdibre that may limit the applications of the final produbb promote the
sustainable use of waatetton, it is critical to understand not only the environmental benefits, buthalso
product quality and economic competitiveness compared to virgin countdmdmtson et al., 202&andin &
Peters, 2018To understandif he Dut ch gover nme ntthesuseafhmighest poksible f st i mu
proportion of recycled material new garments is actually desiraltigere is a need facomprehensive
evaluation that considgvarious blending ratios of virgin and recycled cottdherefore, this thesis aims to
explore the optimal recycled propiort in jeanghrough the use dfue cost accountingnd considering the
tradeoffs between recycled content, product lifespan, and environmental impacts.

1.2 Research questions

This research divides thirieco s t s privatetcoos t“s "enaindo i ment al costs”. Environ
the damage the environment, e.g the cost of greenhouse gas emisi@atecosts include raw material input,
e.g wages and electricity co§GemmilkHerren et al., 2021)herefore, the research questions are as follows:

What are the private costs associated with producing jeans from virgin cotton?

What are the private costs associatdith wroducing jeans from pesbnsumer recycled cotton?

What are the most significant impact categories to consider when evaluating jeans production?
What are thenvironmental costassociated with producing jeans from virgin cotton?

What are theenvironnental cost associated with producing jeans from paxstsumer recycled cotton?
What is the impact of addingpstconsumerecycled material on the lifespan of a pair of jeans?
What is the ptimal proportionof postconsumer recyclechaterialto use in the production of jeans?

NogkrwpnrE

1.3 Methodology

The methodology of this study consists of three main components: a modelling framework, data collection
through literature review, and a sensitivity analysis.

This study adressed the firgivo research questiotisrough a literature reviewror questions three to five, the
study performed literature review andtaxonomyof life cycle assessments (LCA) of both virgin and recycled
jeans.It obtained nonetization factorsnogly from the True Price Foundation to calculate ¢hgironmental

coss. This studyaddressed question six througltiterature review on the quality and lifespan of jedns.
identified an equation that relates the lifespan of jeans to the recycled propbntgstudyaddressed question
seven througlthe creation of apptimization model that aims tmwnsidettheimpacts orenvironmental costs,
privatecostsand lifesparof recycling jeansn order to find the optimal recycled proportion.



2 Background

This section provides an overviewsime relevant background information to this study. It begins by outlining
the current state of textile waste and recycling in the NethéslHere, theexisting textile waste streams

various recycling optiongurrent textile recycling policiesnd drawbacks of recycling are discusSdten, the
method of true cost accounting is introdutgdexamining its origins, application, and the@sated criticisms
and limitations.

2.1  Textile recycling in the Netherlands

2.1.1 Textile waste streams

There are two kinds of textile waste streams;qmesumer waste and pasinsumer wastéuring the cutting
and sewing processedfaut 1020% ofpre-consumer textile waste is generafedu, 2015) Preconsumer
waste is often weltlefined and homogeneous, as it can be collected before the garment is prodesed. Th
characteristisincrea® the possibility of costffective and higkquality recycling(Harmsen et al., 2021)
Furthermore, preonsumer wastdoes ot have thénygiene and collection challenges associated with post
consumer wastéau, 2015) Post-consumer textile waste refers to clothes discarded by customers, either in
recycling bins or through collection services (Chevalier, 20R@3tconsumer tetile waste that is not collected,
mostly ends up in residual waste. The proportion of textiléké residual wasia the Netherlands increasing.
In 2000, textiles made up only 3% of residual waste, but by 2018, that percentage had risen to 6%
(Rijkswaterstaat, 2019)

As can be seein figure 1,45% of all textile waste is collected separately from residual walseecollected
textiles are sorted manuallaed on usability, quality, type, and matersill wearable textiles§0%) are
eitherpressed into bales and sold and shipped by (§@%) or soldn the Netherlands through for example
thrift stores(10%) (VHT, 2023)

A significant portion of wearable textile wass sold to other countries, primarily Eastern Europe and Aftita.
the fractions suitable for recycling, 4% rensiimthe NetherlandsRecycling destinations include Europe, India,
and Pakistan, where further sorting, insulation, and processing im® gecurVANG, 2023)

Incinerated
Netherlands
a R led o
0,
15% ecycle 96%° | Europe, India,
Lo Pakistan
(]
Total Textile Wast: i
. gose: |Ket°n;s e 45%2 Collected textile 50%P Reused 10%° nefertands
! 90%° 1
Africa, Eastern
N Europe

Would have been
58%° suitable for
reuse/recycling

Incinerated (as part of
residual waste)
32%°

Unsuitable for
reuse/recycling

Figure 1: Overview of textile waste streams in tetherlands. Sources.(Rijksoverheid, 2020¢h.(VHT, 2023) c. (VANG, 2023)

2.1.2 Typesof recycling

35% of thepostconsumetextile waste that is collectas being recycled. This can occur in different wabisst,
textilescan becut and shredded into a textile type for a different use thaorifj@al product. If the new product
is of lower quality, it is considered downcycling. Examples inclald¢hing being turned into cleaning cloths
and insulation material for caf§ANG, 2023)

Secondpostconsuner textile can be mechanically recycldtechanical recycling is the recovery of textile
fibres by physically separating the fibres. The mechanically recycled fibres are then mixed with primary fibres to



ensure sufficient quality when used in new prod(¢&sNG, 2023).However, thigechnique istill in its

infancy stagéHarmsen et al., 2021; RIVM, 20233 urrently, only 1% of the material from both pesad post
consumer waste is recycled into new clothjigArther Foundation, 2018A big advantage of mechanical
recycling is that it does not requingonomaterialga textile product that is 100% made of one typ8loé).
However recyclersoften prefer to receive material of ooc@lourwith as few other additions as possiblesisas
elastane. Accessories, coatings, and zippave to beemoved manually before recyclifigan der Wal &
Verrips, 2019)When it comego denim, most mechanichbre-to-fibre recycling is done in small projects and
focuses on creating new denim from old denim. Currently, there are a few facilities in the Netherlands that
mechanically recycle posonsumer textile, such as Frankenhuislaaksbergen and Wolkat in Tilburg, but
their capacity is limited. Until now, mopbstconsumer recyclinfpr the Dutch marketiakes placén Spain and
Turkey(van Raan, 2019)

Finally, there ihemical recycling, which involves breaking down textiles into their basic chemical
components. ThBbresgenerated by this process are of higher typald thecolour of the secondary material

is not importanfvan der Wal & Verrips, 2019However, chemical recycling technologies are still scarce and
arecurrently relatively expensive amshergy intensiveThere are also technical barriewsovercome in order to
meetstrict requirements in terms of pollution and material composition. For this technique, the secondary
material needs to consist of only one material or needs to be separated intensively (chemically), causing a
significant porton of textile to go to wast@wan der Wal & Verrips, 2019 hemical recycling has the potential

to create 100% recycled textiléghe techntingy is not yet ready for commercial use and is more costly than
mechanical recycling. In the Netherlands, a Dutch chemical recycling firm, SaXcell, has recently emerged and
anticipates the ability to use their technology on a large scale in the near(¥YatuiRaan, 2019)

2.1.3 Policy on textile recycling in the Netherlands

To increase the @ularity of the textile industryhte Dutch mnistry of infrastructure andatermanagement has
introduced theCircular Textile Policy Program 2028025 This progranincludes the ambition that the textile
chain will be fully circular by 2050, meaning trall textiles collected in the Netherlands must be reused and
recycled(Rijksoverheid, 2020bBy 2025, all new textiles brought to market must contain at least(@6%6
consumer)yecycled or sustainable materiBly 2030, textile produstmust consisbf at least0% sustainable
material, of which a minimum of 30% is recyclédiditionally, the goal is to recycle a total of 30% of textile
wastein the Netherlandby 2025 and 50% by 2030. Furthermore, the government wants to encouragesthe r
of textiles(Rijksoverheid, 2020b)

To stimulate the recycling of pesbnsumer material, two new initiatives have been introduced by the Dutch
government in recent years. First, the denim industhjch is relatively large in the Netherlantias the

ambition to lead the way in using paginsumer recycled cottdibresin the production of new denim clothing.

As a result, the denim deahs introduced in 2020 in the Netherlands. In this deal, parties commit themselves to
the joint ambition of wrking as quickly as possible towards a new industry standard of at least 5% post
consumer recycled cottdibresin all denim clothing itemgRijksoverheid, 2020d)Second, the extended

producer responsibility§PR) for textileswasintroduced in January 202BPRmeans that the producer (the one
who brings the garment to the Dutch market) is made responsible for their product throughout its entire lifecycle,
including the enebf-life phase. This can be collectively taken up by having producers pay a fee foiexachfp
clothing they bring to market. The fees that producers must pay are determined based on factors such as
sustainability, repairability, reusability and recyclability, and the presence of hazardous substances. The more
sustainably produced, the lowtkie fee. This fee differentiation provides producers with an incentive to act
sustainablyRijksoverheid, 2020a)rhe gal oftheschemes to have recycled and reused at least 50% of the
textile products that have been introduced to the market by. 8026 ofthis portion will be recyclednd at

least 25% of the total recyclable portiaiil be recycled back tdibresandincorporated in new garments
(Rijksoverheid 2022)

214 Drawbackf recycling

While textile recycling is seen as a crucial step towardating a sustainable textile sectand fashion brands
are increasingly integrating textite-textile recycling into their production processi¢éss important to note that
recycling is often not regarded as the preferred strdigg@demicsin the implementation of a circular
economy(CE). Kirchherr et a(2017)conceptualizes the circular economsing theOR framework Among the

9 strategies outlined, recycling ranks near the batidhis perspective is supporteg Sandn & Peters(2018)
who foundthatin nearlyall studieson implementing CE practicés the textile industryother strategies, such as
reuse, are preferred over recycling.



It is important to acknowledge the presence of significhalengesnd drawbacksf recycling(Watson et al.,
2017) One of the maintwallenge in mechanical recycling of pasinsumer textile wasis the reduced quality
due to thecomplex blend ofibresandtheir shortenedength. Theseesultin lower quality, strength, and
softness compared to virgin cottbbres(Chevalier, 2022; Radhakrishnan & Kumar, 20¥8jditionally, the
private costs of shredded textile waste fibres presehalenge, as they often are higlteanvirgin materials

due to thdabourintensivesorting procesgMcCauley & Jestratijevic, 2023; Pensupa, 20Eirthermore, there
are knowledge and attitude barriers that hindeyaking efforts(Anthouli, 2013) For example, some consumers
may have concerns about the susceptihitithacterial growth and infectiomhese factors contribute to
investos becomingndifferenttowards the wastelothing recycling industryXie et al., 2021)

There has also beeniticism onthebenefitsof recyclingfor the environment~or instanceMilne et al(2006)

refersto recyclingas an example of the "journey metaphor" of environmental sustainability. d&ziégns often

make promises about the possibility of a future fashion industry running on recycled materials and generating no
waste.lt justifiesthe lack of clear results ihe present by deferring commitments to a distant fuRye

promoting takeback systemand recyclingretailers are essentialysking stakeholdets accept the current
unsustainable state of the industry. Paradoxicallyethgstems may even contribute to accelerating the
consumption cycle of clothing. Rather than leaving clothes unused in wardrobes, they encourage individuals to
participate in tie takeback systems, making room for new iteamd allowing them to buy more without guilt
(Corvellec & Stal, 2019)There is an ongoing debate regarding whether increased recycling can effectively
offset the overall environmental impaaftthe textile industry if production and consumption continue to grow
(Koligkioni et al., 2018)For instance, there is a risk of trebound effect, which occurs when improvements in
technological innovationdo not meet theienvironmentalexpectationsiue to pehaviourgl economic
mechanismsThis is also present in the Dutch textile indug®iderius & Poldner, 2021Pespite the multiple
challenges and limitations of recycling, the focus of this study revolved around thengka othe

environmental impastof themechanicatecycling process, quality reductiand increaedprivate costs when

using recycled materials.

2.2  True Cost Accounting

221 Negative externalities

The trends towasdmassproduction and overconsumption, and the disregard for their consequences, has not
only becomenormalized but has also beconvery profitakde. However theprice that the planetnd vulnerable
populationsmust payfor the production of clothing is not cheéposta, 2015)These unintended negative-by
products of economic activities are called negative externalltressy occumwhen the actions of economic

agents result in uncompensated physical or economic consequences for others. These externalities arise when
there are no welllefined property rights, often due to the high costs of establishing clear bourfdatieg

Bromley, 1997)Negative externalities are problematic f@rious reasan First, externalizing costs leads to
overconsumption of natural, health, and social resources by economic agents, incentivizing them to consume
more than what is socially efficient. In competitive markets, resource allocation tendsfticibat However,
realworld conditionscan causenarket failuresin the case of negative environmental externalitiearival and
nonexcludable public goods like clean air, water, and biodiyeesie used by private entitidue to the lack of
incentives for production and maintenarmfethese good€nvironmental resources are bemgrconsume and
underpriced(Randall, 1983; Reinhardt, 199%econd, aegative externalities distort market prices, hindering
societies from reaching their maximum potential by misrepresenting the true value of p(Gdunatsil-FHerren

et al., 2021; Michalke et al., 202Z}onsequently, crucigconomic indicators fail to account for the

environmental and health costs associated pritlduction resulting in lower average livirgiandardsThird, the
erosion of natural capital breaches the rights of marginalized groups and future generations to decent livelihoods,
causing social injusticéHendiiks et al., 2021)

Currently, society as a whole bears the costs of externalities, such as the increasing prices of clean water
(Barraqué, 2003)Given the embedded assumptions about behaviour and rationality in the traditional market and
economic models, negative externalities are likely to increase over time. As competition intensifigsnies

will remainalert for emerging opportunities teducecosts.Many scholars perceiveegativeenvironmental
externalitiesas a market failureThough,some evemrguethat it represents a failure of the underlying model

itself (Vatn & Bromley, 1997)

2.2.2 The use ofrue costaccounting

To address #hissue of negative externalitiegriouseconomists, researchers, andiamsbility advocatebave
explored and promoted the concept Dutthndnprofte pri ci ng’
organization True Price Foundati@mow Impact Institute)whichwas established in 201Zrue Price, 2023)
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True pricing, which internalizes some externalities in produceprio revealhidden costs is considered a
potential solutiorio theoverconsumption and undpricing of natural resourcéBaker et al., 2020; Hendriks et
al., 2021) It bridges the gap between market prices and the actual production costs ofgpbgdulacing a
value on external cost&emmilkHerren et al., 2021)Therefore, it alignsvith the Polluter Pays principlaf the
UN Sustainable Development goals.

Thetrueprice is calculated with thieue costaccounting (TCA) methodMichalke et al., 2022)n this study,

true costs refer to the combined internptigate) and externakfivironmental)costs The calculation of

additional‘ social costs was beyond the scope of this stublpwever, it is important toote that thepparel

industry has historically been dominated by countries with lower wage ratesithilalbourintensive nature
(Yunus & Yamagata, 2012[Reports have revealed widespread violations of human rights in garment factories,
including inadequate wages, unsafe workingditions, bondedabour, child labour harassment and incidents

like building collapses and fires in sweatsh@mooks, 2015; Impact Institute, 2019; Nathan et al., 2016)
Despite corporate pledges to improve this, progress in these areas remaingllieBtedn et al., 2022)

When cetermining the true cost oegativeenvironmentakxternalities in monetary ternsvo questions arise

First, whichexternalities should be considered avitht is their quantified impa2gSecondhow to quantify and

monetize ther@To address the first gstion, life cycle assessmefit€A) arereviewedto evaluate and identify

the relevant externalitekCAi s “a t ool to assess the potenti al envir
throughoutgor oduct > s | i fe cycl e, i a mroduction andruse stages, avaser i a l ac (
ma n a g e (KON 2006 p.1). Using a life cgle perspectiverevens burden shifting between stages or

processes, which may occur when efforts to reduce environmental impacts in one area inadvertently lead to

increased impacts in other areas. This potential burden shiftipreventetly consideing a wide range of

environmental impacts, such as climate change, freshwater use, eutrophication, aftdbonrkild et al.,

2018)

To address the second questidese negative impacts, which are expressed in natural ecarithe multiplied

by monetizatiorfactors According tothe True PriceFoundation(2021) thesemonetizatiorfactors are

determined by considering four types of costs that, when comhlireatgthe remediation cost for an impact.

First, restoration costs involve restoripge o p | e’ s ¢ i r ¢ uwealth, Aealtheagabilitiesgoar di n g
environmental conditions tive original stateSecond, compensation costs entail compensating affected
individuals for damages caused by the produaioconsumption of a product. Third, prevention of re

occurrence cositscludeexpenses incurred to avoid or prevent future negative impastgiated with a product
(e.g supply chain auditsfrinally, retribution costs refer to fines, sanctions, or peEsilnposed by governments

for violating laws.The value of monetization factors is not solely determined by their cost perspective, but also
by the areas of impact théyclude(e.g., human health, resource scarcity),ubeof equity weighting, the leve

of discounting applied and the geographical scope. Among these criteria, practitioners should particularly focus
on the geographical scopss it is the most influential criteriufdrendt et al., 2020)

TCA is increasingly gaining recognitiamong practitioners and policymakeespeially in the food sector
(Taufik et al., 2023)Various organizations, including the Natural Capital Coalition, the World Business Council
for Sustainald Development, and TEEB, are working to further expgtapplication(FAO, 2023) There are
differing perspectives on the implementation of TCA, vgittme suggesting that it should involweluntarily)
pricing harmful products proportionally higher, while othguggestising it purely for informing stakeholders
(Michalke et al., 2022)TCA provides insights into the varying impacts of different products, which can be
utilized by stakeholders in production and consumption proc€taafik et al., 2023)This approach has the
potential to incentivize the private sector to generate positive externalities, enhaspargacy, and support the
transition towards a more sustainatystem Furthermore, applying CA bringsattention tassues that are often
overlooked by decisiomakers, and it can contribute to limiting social injustice and addressing underlying
cause®f conflict (Baker et al., 2020; Hendks et al., 2021)n fact, GemmilkHerren et a(2021)even argues
that TCA has the potential to establish a framéwor systemic transformation.

2.2.3 Criticisms and limitations

However, TCA also faces criticismand limitations One of the main criticisms againsCA is that itis amarket
based solution, whicpbuts nature under the rule of the free mar8eine peopleppose thisdea stating thathe
Earth should be recognized as our common home and managed accqRlimgigren, 2017)Also according to
Michalke et al2022) informational campaigns and individual behavioural changes alone are insufficient to
overcome existing institutional barriessdditionally, (Vatn & Bromley, 1997ritiques markebased
interventions, as they tend to address symptoms rather than the underlying problem that gives risalitiesxter
in the first place.
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Second, it is questioned if monetary valuation is even appropriate nor possible. Evaluating the economic cost of
socialdamage, such as clean air, watetlfure,climate stability, and biodiversity, is complex and subjective and
cannot be quantified ingingle figure(Baker et al., 2020)0ften, it relies on methods like thearket price,
revealed preferenaa stated preference approagiich may not accurately reflect the true economic impact
(Arendt et al., 2020; Van Grinsven et al., 20X3)rrentmethodological advancements still struggle to capture
the full extent of economic damage in a realistic ma(derhalke et al., 2022)Arendt et a2020)identifies

the valuation of biodiversitin particularas ore of the major weaknesses$ valuation methodsCapturingthe

full extent of impactss also an issuehen performindife cycle assessments (LCAyhichrequire

simplifications and generalisations in modelling. Considettiege and the fathatcalculated impacts are
aggregated over time and spaité&s more acctate to say that LC#and therefore also TCAslculate potential
impactsrather than actual impadfdauschild et al., 2018)

Third, the ability to create standardized approach to TCA is questioned due to the significant variations in
calculating costs across different regions and even within the samigycduso, theTrue Price Foundation
(2021)highlights thepresencef inconsistencies in assumptions and modelling choices among indicators,
primarily due to a lack of standardizatid@tandardization is crucial for comparability and engagement, as
unclear andliffering calculatios may lead to distrust and improper applicasi¢ire. greenwashing(Baker et
al., 2020) ThoughHendrikset al. (2021)argues that despite imperfections, T€&n stillprovide valuable
information to actors in the supply chain.

Finally, animportantethicalconcernis raisedregarding the potential scenario where true prices are paid to
address externalitiePaying true pricesan simplybecome avay for people to compensate for their

externalities by appropri at i o ntreeplantinganrAfitahh&sraisssed peopl e

concerns about fairness and eqRyndgre, 2017)
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3 Methodology

This chapteputlinesthe research methodology of this study. The methodology consists of thredinsags,
data collection through literature revieseconda modelling frameworkand hird, a sensitivity analysis.

3.1 Literatureresearch and parametrisation

To run the model described in sectiof, 3his studyperformed a literature to investigate the scopthe
research and to identifpe values of input factors.

3.1.1 Private costs

This study conducted a literature rewito understand the private costs of the production of virgin and recycled
jeansincludingthe entire process from raw mategatationto manufacturing and transportatj@xcluding

selling costsl examined various sources, includisgjentific articles, reports, websites of textile selling
companiesand used personal communication through erd@ywords used in databases to find relevant

literature articles are jeans production costs,-poasumer recycled cotton yarn and mechan@ajcling costs.

The investigated databases were Google Scholar, WURIibrary, Sciencedirect and Google. The literature review
followed an iterative process, with additional sources continually being added during the course of the study.

3.1.2 Environmental cost

A TCA assessment typically starts iofentifying the scope of the assessmestablishing the unit of analysis

and the system boundari@g$endriks et al., 2021)lhis study focussedn the tradeoff betweenprivate costs

lifespan, and environmental impactsa pair of jeans sold on the Dutch markeperformed a short literature

review on both the life cycle of recycled and virgin jeans to better understangstem$oundaried.o be able

to compardife cycle assessmentsstandardized their outcomes withe functional unit of one pair of average

sized jeans of 87 kg( Hed man, 2018; S e.beertowWadstades during the production p2oBe2s3 )

the weight of different materials for one pair of jeans dif(éggire 2).To produce a single paif jeans, 0.744

kg of denim fabric is needed as there is an estimated wastage of 10% to 15% due to cutting during the production
procesf Ak 1 et .Farlone pair®f(ednd,)an estimated 0.882 kg of cotton yarn is required, with an

expected wastage of 15.6% during the wegyrocesgKazan et aj.2020)

0.832 kg [ COTTON YARN
0.744kg — DENIM FABRIC
0670kg - JEANS

Figure 2: The weight of different types of material needed for one pair of jeans

This study conducted a literature review to make a selection of impact categdréemcludedvhen

determining the environmental costéis was done in several steps. Fittsis studyconducted a short literature
reviewto better understand which ersmimental impact categories are relevant for textile production and what
their definition is. | reviewed scientific articles t&€As, environmental impact categories and pastsumer
recycling of cotton. Second, | preparethaonomy that lists thassessd environmental impact categories in

LCA studies on virgin jeans, denim fabric and cotton, as welhascycled jeans, denim fabric and cotton.
Since the literature on the mechanical recycling ofqpossumer textiles is limited, there were no ageictgin

on the literature findings.

Third, | made a selection of impact categories based on the availability of LCA data on recycled jeans, denim
fabric and cotton. As studies on recycled material are less avallalskgssed thesearched impact cataigs

of these studiefirst. To determine which studies are suitable for this study, | filtered the studies from the
taxonomy according to the following criteria:

1. The study researches the environmental impacts of recycled jeans, denim fabridatoitaor yarn.
2. The study display#s results in actual units.
3. The study includes results on thesuf 100% recycled material.

Fourth, | made a seléoh of impact categories based on the available dataanetizatiorfactors. This study
primarily derivedmonetizatiorfactors from the handbook of the Dutch True Price Foundétiow Impact
Institute)(2021) However, if any of the impact categories from step three were not addressed by the True Price
handbook, | consulted the handbook from CE D@8tthroten eél., 2018)
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To determine the environmental impacts of a pair of 100% virgin and 100% recycled jeans, | consultedsthe LCA
from step three. From these studies, | selected one base study from watilected most of the LCA data. The
selection of thdase study depended on how representable the study is for jeans production froompuaster
recycled cotton on the Dutch market. The remaining studies are complementary studies, which | consulted to
compare the findings from the base study to. Alsecase the base study lacked information on certain impact
categories, tonsulted these complementary studies. | standardized the LCA outcomes according to the
functional unit described in figure After | selected the most representative environmentahatnyalues from

the base and complementary studies for 100% virgin and 100% recycled jeans, | calcuktt@ddhenental

cost This means multiplying the monetizatitattors with the corresponding environmental impact values
(GemmilkHerren et al., 2021)Then, | calculated the relative environmental cost in percentages of the total
environmental costs of eith&00% virgin or 100% recycled jeari&nally, | discarded laenvironmental impact
categories with a relative environmental cost of less tharah®therefore didot includethemin the model.

3.1.3 Lifespan

This study conducted a literature review to understand the lifespan of virgin jeans and thefragditg

recycled materiabn the lifespan of jeans. Various scientific articles were examined. Keywords used in databases
to find relevant literature arfies are postonsumer recycled cotton quality, jeans lifespan and garment quality
indicators. The investigated databases were Google Scholar, WURBm@Sciencedirect. The literature

review followed an iterative process, with additional sources aagitinbeing added during the course of the
study.As a result of this literature review, this studyndan equation for lifespa#) as an input for equation

(). Here, the lifespan of a pair of jeans is dependent on the recycled proportion.

3.2  Modelling framework for the true costs of jeans recycling
This study introducgta mathematical programming model to quantifyeéhgironmentabndprivatecosts of

recycling jeans. The model aims to optimize the proportion of recycled material by minimizing the total true
costsdivided by the lifespannder various constraints.

First, the cost minimization problem can be written as:
. p 10 i0 Q)

i E .
h 0

Wherei is the recycled proportioll, is the lifespan of jeand is the total true costs of 100% virgin jeans and
0 is the total true costs of 100% recycled jedrs minimization problem is basesh the assumption that the
use of recycled materiédrgoesthe production of virgin material in a 1:1 ratidowever, this ioften not the
caseg(Castellani et al., 2015MIs0, it is assumed that recycling has no oflrgracts beyond thenvironmental,
private costand lifespanmpacts described in this studys well aghe impacts from forgoing virgin material
production. Further, it is assumed that the total true obstsgdinearly with the recycled proportion added.
Also, it is assumethat the costs associated with producing jeans, both virgin andedcgo not change based
on the proportion of recycled material used or any other factors considered in the model.

Total True Costs for either 100% virgin or recycled jeans can be written as:

¢ o U )
Where'Q arethe total environmental costs of either 100% virgin jeans (j=1) or recycled jeansufidC )are
thetotal private costs of either 100% virgin jeans (j=1) or recycled jeans {jh2)total true cost¢ are
assumed to be the summfvate and evironmental costs whout any interactions or dependencies between the

two.

The total environmental costs of 100% virgin or recycled jeans can be written as:

o g ©
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Where™ are the environmental impacts i of either virgin jeans (j=1) or recycled jeansr(js2jural unitsand
0 is the correspondingnonetizatiorfactorin €/natural unit Here, assumptions include that environmental

impacts can be categorized, quantified and can be assignededizatiorfactor. The methodology a@fue cost
accountingis explained more extensively #12.2.
The lifespan ba pair of jeans in hours aefctive wear can be written as:

O | 1 4)

Where| and arecoefficientsandi denoteghe recycled propoxti.

The cost minimization function (1) is subject to the constraints:

[ 1 (5)
i (6)
0 m (7
O 0 ()

3.3  Sensitivity analysis

Although thisstudy utilized real data, it is important to acknowledge the potential uncertainties arising from
variations intextile factories, geographical locations, and the divergent conclusions from different sources
regarding input factord herefore | performed sensitivity analysis to test certain input factors. First, | examined
all the parameters and other model input factors found during the literature review descrithe@hierg!

identified the input factors of interest on the basis of two criteriat,Fire model input factor is uncertain.
Reasons to believe an input factor is uncentaim be for instance due to contradicting literature, a lack of
available literaturer the input factor being dependent on many other factors. Sdamadonably exgct the

input factor to have a largmpact on the outcome of the model. To determine this impagsessethe

relative totalenvironmental costdescribed in 3.2.

The identified input factors were tested\arying the variables by different pentages, both increasing and
decreasing themwith a maximum of 100%while holding all other factors constant (ceteris pariblus¥amined
oneadditional scenario in which two input factors were simultaneously increased to evaluate their combined
impact.

14



4 Privatecosts Virgin jeans

This chapter outlines tharivatecosts involved in the production of 100% virgin cotton je&ist, an
explanation of the termptivatec o st s” i s provided. Subsequently, the
associated with manufacturing jeans made of 100% virgin cotton are discussed.

4.1  Defining privatecosts

The calculation for therivatecosts of jeans involves several factors, udahg raw material, energy, water,
labour, and auxiliary materia(§idan et al., 2021)This differs from the price paid by consumers, which also
covers additional expenses, such as advertising, design, transport, packaging, wastage, gBiqukdits
2015) Given the competitive nature of the denim industogtsaving and product quality are crucial
considerations during the product design pl{asmapoorani, 201 AVang, 2006)

4.2 Division of costs

According toBrooks(2015) the production of denim fabric is the most expensive stdggans manufacturing
accounting folJS$2.80 per pair of jeandOf these costs,arn productiorcostsaccounts for 72.5%
(Radhakrishnan & Kinar, 2018) Within the production of yarn, various factors are influencing the cost,
including raw material, energlgbour, and capita{Wanassi et al., 2015Raw material costs are particularly
significant, accounting f039-67% of yarn manufacturing costs, depending on where it is proqWadassi et

al., 2016) Additionally, system costs make up 51.4% of the total of yarn production costs, with energy costs
accounting for 2.9%, and waste management costg accounting for 0.6%Radhakrishnan & Kumar, 2018
Apart from yarn and fabric manufacturindS$1.67 can be accounted labour costs,JS$1.17 to trimsUS$
1.09to tax and dutyJS$0.50 to wash and finistJS$0.37 to finances andS$0.25 to transporfBrooks,

2015)

4.3  Totalprivatecosts

In total, theprivatecosts for a pair gfeans are aroundS$7.85 (Brooks, 2015)Tseng & Hung(2014)suppors
this as itusesprivatecosts ofuS$7.60 for a pair of jeans in theiesearch. HoweveMohibullah et al(2021)
suggestthatthis figure may be lower than tlaetual costsasit estimates fabric costs alone to S 3.49and
trims and accessories costs tollf&$2.59. This study assumewivatecosts for a pair of virgin jeans to bS$
7.85, which corresponds £7.13 (Google Finance2023)

However, it is important to note that theoduction costsire greatly impacted by the production locatiégels
Zandén(2016)reveals that producing jeans in Italy can cost four to five times more than in &lioan many
cases workers ithetextile industryfacehazardous working conditions and violations of human righés

effort to reduce pragction costsasmentionedn section 2.14. These problems are not limited to East Asian
nations alone, as inadequate wages and unfavourable working conditions have been documented in garment
factories in Western countries such as the(BHtler, 2022)
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5 Privatecosts: Recycled jeans

51 Division of costs

In the case of recycled yarn, raw material costs make up more than half of the total cost (56.1%), followed by
labour cost$24%). Other expenses such as auxiliary costs, waste costs, and spare parts for recycling machines
constitute 10% of the total cost. The least significant contributors to the total cost of recycled fibre are energy
and capital cost8Vanassi et al., 2018)

When using recycled yarn instead of virgin yarn, different private costs associated wstprighrction are

affected. For instance, by utilizing lewost textile waste fabrics as raw materials instead of virgin matiwéal
production costs for recycled material are decreéfSithb et al., 2019)Also, when using recycled cotton yarn

instead of virgin cotton yarn, there are cost savings related to dyeing, as the recycled cotton yarn is already blue
in colour. The savings include reduced costs for water, energy, dye, and effluent treatmentiafieindyase

of L00% recycl ed cot tafdyeingagstpareosavipanpalr & jeangRa&dbakrizthan &

Kumar, 2018)

On the other hand, even with the usage oftwmst textile waste fabrics, a considerable amount of textile waste
remains unsuitable for processing. This is due to materials possibly being damaged, soiled cortammg:
mixed fibre compositions, and the including metal or plg§iiho et al., 2019)The collection and sorting o

these postonsumer garments is a labdntensive and costly operatig@hevalier, 2022; Filho et al., 2019)

This can be explained by the fact that the curreme sthtechnologies for sorting, separating, and processing
individual fibre types (often found in blends) is still in development and has not yet been scaled up to industrial
practice. Therefore, the collection of Aamusable textiles results in relatiydligh economic costs for collection,
transport, and sorting that are not offset by their subsequent value through re@@itimgt al., 2019)Also,
according taChevalier(2022) logistics costs have a significant impact on the overalsodsecycled textiles.

The importance of the recycling processigetis highlighted to minimize these costs. Furthermore, the spinning
processs costly due tahe conductiorof multiple testdo determine the appropriate blends of mixed textiles
(Chevalier, 2022)Finally, Fidan et al(2021)suggestshatthe increased waste ratio in the spimprocess of
recycled cotton yarn contributes to higher costs when manufacturing recycled denim fabric.

5.2  Totalprivatecosts

From the literature, it was challenging to determine whether the production of recycled jeans is cheaper or more
expensive than viig jeans. The manufacturing cesff recycledcotton yarn dependn many aspest namely

the cost ofvaste materiakollecting and sortingshredding andibre extraction,and the energy coéfrafat &

Uddin, 2022; Waassi et al., 2018)

Some studies find that recycled cotton yarn is cheaper than virgin cotton yarn. AccoMiagassi et al

(2018) the price of one kg recycled yarnfigd S0.38, whereaene kilogramof virgin cottonfibre costs$US

1.15. Howevet it should be noted that this study did not involve an extensilection and sorting process, as it
utilized preconsumer material as its inp&idan et al(2021)suggests that using recycled material is slightly
cheapethan virgin materialas it values recycled cotton yarn between 1.301a@ $U3kg and virgin cotton
between 1.50 and 1.80 $US/i&so Arafat & Uddin (2022)suggest slightly lower private costs for recycled
yarn.|t states that the private cost of yarn, incorporating 30% recycled material, amounts to 2.88 $US/kg
compared to are of virgin yarn 0f3.15 $US/kg Though, this studwlso only includes preonsumer material.

On the other hanatherstudies indicate that recycled yarn from shredded textile waste is more expensive than
virgin cotton yarn(Filho et al., 2019; McCauley & Jestratijevic, 2023; Pensupa, 208%)is primarily due to
the additional collection, sorting, shredding, and transportation between fa@iigizancoglu et al., 2020)
Investments in the mechanical recyclipcesgesult in arelatively low profit margin for shredddibres
compared to virgin cottofibres(Hole & Hole, 2020; Jia et al., 2023 ccording toChevalier(2022) this is the
main reason why textile manufacturers have not fully integrated textile fimgtginto their production
processes on an industrial scaléso, Muthu (2020)highlights how challenging is to setup a profitable
mechanical recycling operation with a textile recycling company using leftover teXtiesompetitive
environment faced by textile waste collectors and shredddtseghe profit margin of shredddibresfurther,
making it dfficult for textile recycling companies to invest in advanced recycling technol{igits et al.,
2021) Finally, according td/Vatson et al(2017) the sales margifrom low-quality products made from
mechanically postonsumer recyclefibres is not cosefficient. The studies above do not providey numerical
information on theactual total private costs of recycled material.
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Reblend, a Dutch company, has devetbpaecycled yarn called ReDenim, which is composed of 70% Dutch
postconsumer cotton waste and 30% recygetyester (PET) (ReBlend, 2023)The yarn is manufactured by

the Spanish company Recover, which collaborates with various clothing companies such as C&A, Mud Jeans,
and PrimarkKRecover, 2023)The approximate cost of one kilogram of ReDenim yarn is aaQt as

estimated by de Wit (Personal commication,24 April 2023. Thisrange ofpricing issupportedy Manifutura,

a German company that supplies recycled textiles to compafrédissizes. They indicate that 1 kilogram of

their product, consisting of 55% pestnsumer recyclepolyester and 45% preonsumer recycled cotton, costs

€ 22.5(Manifutura, 2023)

The variation in information regarding the private costs of recycled cotton could potemiatiributed to the
differing focus on preeonsumer and posbnsumer recycled cotton the reviewed studie¥Vhen considering
postconsumer recycling, tHabourintensiveand costly process of collecting and sorting fmustsumer
garments isncluded(Chevalier, 2022; Filho et al., 201%#Iso, whether o notthe studies include investment
costsof recyclingin their studies could contribute to thariation in informationGiven the specific scope ofith
study, it is importantthat the private costs of recycled material reflect the utilization ofqetumer recycling
in the NetherlandsThereforethis study selectegrivate cost®f 20€/kg of recycled yarras an input factor for
the modelwhich corresponds to the pricetbé company ReBlend his company uses pesbnsumer recycled
cotton, in contrast térafat & Uddin(2022)andWanassi et a2018) who researatd pre-consumer materials
and do not mentiomvestment costdased on the assumption of 0.882 kg of yarn per pair of j&hg)( and
keeping all other aspects jgans manufacturing constant, tiséal private cost for a pair of recycled jeansere
estimated to b€ 22.27.However, ReDenim does include 30% rPET, which means it does not completely
represent the private costs of ¥90ecycled cottowompletelyaccuately.

17



6 Environmental impacts géans

In this chapter, theesults from deciding whiclnvironmental impactaere included inhe studyareoutlined

as described in B.2. First, the relevant environmental impact categories for textile produggogidentified.
Second, a suitable set of impact categoniasselectecaccording to thavailable data on the environmental
impacts of recycled jeans ambnetizatiorfactors.Finally, the main (basetudy and complementary studies are
presented.

6.1 Relevantnvironmentaimpact categories for textile production

In nearly alllife cycle assessment (LCA) research, there are three areas of protection or safeguard subjects:
resourcaise, human health, and ecological consequérte Sustainable Apparel Coalition (SA@pvides
guidelines for the textile industryvhichassessethe importance of the key impact categories for conducting
LCAs of clothing(SAC, 2021). Below, the impact categories included in this study are shortly explained.

6.1.1 Abiotic resource depletion

Abiotic resources are ndiving resources that can be either renewable, such as wind energy;@nesvable,

such as iron ore and crude (Blaric & Nellstrom, 2019)This researcincluded water use and depletion of fossil
fuels, metals, and minerals. Water use refers to water that when it is used, it becomes unavailable in its original
watershed for both human use and ecosystems. Similarly, the use of fossil fuels reduces the stock available for
current and future generatio¢suijbregts et al., 2016)

6.1.2 Contribution to climate change

The emission of greenhouse gases, such as carbon dioxide, methane, and nitrous oxide, is a significant
contributor to climate change. These emissions lead to an increase in the atmasypiteritration of

greenhouse gases measured in parts per billion (ppb), which in turn raises the radiative forcing capacity and
ultimately drives up the global mean temperature. This temperature increase can cause various harmful impacts
such as extreme waeer patterns, reduced agricultural yields, and more frequent natural disasters. As a result,
the economy, human health, and ecosystems can all suffer significant damage, including increased risks of
disease and natural disast&entribution to climate ltange is expressed in K, eq(Huijbregts et al., 2016)

6.1.3 Acidification

When acids are released into surface soils and waters, acidificatios asca result. This process can have
detrimental effects on ecosystems and biological organisms, leading to issues such as fish mortality and forest
decline(Guinée, 2004)The acidification potential of a substance is a measure of the maximum amount of
acidification it can cause and is typiyagxpressed in terms &0, eq(Baumann & Tillman, 2006)

6.1.4 Eutrophication

Eutrophication is caused by excessive flows of fertilisers containing nitrogen oxides and phosphates into
different types of water bodies. These effects include an increase in algal blooming, which leads to oxygen
deficiency and harms biological diversity making the waters more turbid and hindering sunlight penetration.
Eutrophication also alters nutritional levels and can harm local orga(aris & Nellstrom, 2019)LCAs can
differ between eutrophication of terrestrial, marine and freshwater bodies of water.

6.1.5 Pollution

Pollution includes the release of toxic substances, edepketingsubstances, radioactive substances,
photooxidants and particulate matter into the environment

Toxicity refers to the potential harm on human health and the environment due to the exposure to toxic
substances. The measurement of toxicity is a complmeps due to the intricate interactions of numerous
systems. There is an abundance of unique chemicals that can cause various impacts, making the assessment
challenging. Toxicity can be broadly categorized into two types: human toxicity arid>ecity. Human

toxicity refers to the harmful effects that occur within the human body as a result of exposure to and production
of toxic substance@Kazan et al., 2020Eco-toxicity can be further divided into subcategories, including
freshwater, marine water, and terrestrial-emdcity (Baumann& Tillman, 2006)

When @one layer depletiotakes place, thabsorption of destructive UV rays from the sun is by the ozone layer
is increasedThis resuls in a higher percentage of LB/radiation penetrating the Earth's surface, which has
adverse fects on the health of humans and animals. Additionally, the depletion may negatively impact
terrestrial and aquatic ecosystems, as well as biochemical materials andBgoleann & Tillman, 2006)
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lonizing radiation (IR) encompasses the effects of poitrateexposure to radiation and the release of
radioactive substances. Exposure to ionizing radiation can have harmful effects on both human health and
animals(Guinée, 2004)

Also, photochemical oxidant formation has the potential to cause adverse effects on ecosystems, crops, and
human healtliGuinée, 2004)0zone is a photooxidattiat is produced in the lower atmosphere (troposphere)
through the reaction of Volatile Organic Compounds (VOCs) and carbon monoxide (CO) in the presence of
nitrogenoxides (/ ).

Particulate matter (PM) is a significant atmospheric pollutant that poesat to human health. This pollutant
consists of a complex mixture of solid and liquid particles from organic and inorganic suspended material. The
PM fractions that have an aerodynamic diameter of less than 10 (PM10) and 2.5 (Ri&Bjetresare tre

most extensively studied since they can easily enter and accumulate in the human respirato(ialiesterd
et al., 2015)

6.1.6 Ecosystems and landscapes

The impact category of land use refers to the harm faflion ecosystems resulting from the occupation and
alteration of land. Since various regions have distinct species diversity, not all famaissédérmatiorhave an

equal impact on biodiversity. Thus, the type of land use must be considered, leading to three distinct categories:
‘agriculturalland transformatioh'urbanland transformationand 'natural land transformatig@oedkoop et al.,

2009)

6.2  Selection of impact categories

6.2.1 Step 1 Available LCA data on recycled jeaghsnim fabric and cotton

Amicarelli et al(2022)compare the impact categories used in LCA studies on fibredfiadd that thempact
categories relatmto the scope of "airdrethe most extensively investigated, followed by "water", "soil", and
"energy". This aligns with the findings éfk 1 (2020)that the most researched impact categories in textile
LCA studiesarecontribution to climate chang&eshwater use, land use, eutrophication potential, and abiotic
resource depletion.

AppendixA shows a taxonomthatlists the used environmental impaettegories for LCAon virgin jeans,

denim fabric and cotton, as well as recycled jeans, denim fabric and ddtotableindicates thatontribution

to climate change, acidification potential, eutrophication potential, water udarahttansformatiomare the

most researched impact categories in the selected LCA studies specifically on jeans, denim fabric and cotton.

After filtering the studies according to the criterissettion3.1.2, | selectedhe studies-idan et a{2021)
EsteveTurrillas & de la Guardi2017) Liu et al(2020)andKazanet al(2020) Table 2 shows list ofimpact
categorieghat these studies asseAs the included impact categories in this research for both recycled and
virgin jeans should be the same, some impact categorieewdtaled from this study due to akaof available
data in the case of recycled materidiese impact categories are shown in red in thigiéable in ppendixA
and are lefout of table 2.

Table 2 Selected impactviewing the available LCA data on recycjedns, denim fabric and cotton
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(Kazan et al., 2020) Turkey 1 1 1 1 1 1 1 7
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6.2.2 Step 2Available dataon monetizatiorfactors

Table 3shows the final selected impact categodepending on the available LCA datadthe available data
onmonetizatiorfactors.For t h e i mpaaddransfarraation gata was used from the True Price report
from 2020 Theunitfortheimpacf r om t he r e p or t(Mdanr Specie2Abuhdanébps , * WMBACc h
includes biodiversityHowever,the LCAs only expregsl this impact category in hectares. Also, for land
transformationthe monetizatiorfactorf or * ot her f or est was selected.
cultivation takes place in many different regions with different bioffieis study rejected thenpact categories

metal depletionhuman toxicitycancer, human toxicitpon cancer, photochemical ozone formation potential

and photochemical oxidatiafue to lacking available data amnetizatiorfactors associated with these impact
categories.

Thi s

Table3 Monetizationfactorsfor the selected impact categories

<)

&

E

3

g
Source Impact Footprint indicator Unit §
(True Price, 2021) Abiotic resource depletion Scarce water use € K Ywo 1.27
(True Price, 2021) Abiotic resource depletionFossil fuel depletion exk13 2At S 0.448
(True Price, 2021) Climate change Greenhouse Gas emmissions ek13/ husljj 0.157
(True Price, 2021) Air pollution Acidification ek13 {hu Si 4.7
(True Price, 2021)  Water pollution Fresh water eutrophication exkl13 t Sl G2 FNBEAKgI203
(True Price, 2021)  Water pollution Marine Eutrophication ekl13 b Sl G2 YINRYS 141
(True Price, 2021)  Air/water/soil pollution  Terrestrial ecotoxicity ek|13 mInm5. SYAGGSR.0003
(True Price, 2021)  Air/water/soil pollution ~ Marine ecotoxicity ek|13 mZInm5. SYAGGSRo0AS
(True Price, 2021)  Air/water/soil pollution ~ Freshwater ecotoxicity ek13 mInm5. SYAGGSR.040E
(True Price, 2021) Air pollution Ozone layer depleting emissions € k13 / C/ mtmm SJj 56.4
(True Price, 2021) Air pollution Photochemical oxidant formation e k13 bazh/ 0.83
(True Price, 2020) Land transformation Land transformation of 'other forestse k K | 2050
(Schroten et al., 2018)Human Human toxicity potential exk13 mZIn 5. mSj 0.0991
(Schroten et al., 2018) Air pollution lonizing radiation ekk13 1.1 !nHopmSl ¢ 0.0461
(Schroten et al., 2018)Air pollution Particulate matter formation ekl13 tamnan Sl 39.2

6.3  Selection of base study and complementary studies

Out of the four studies on recycled materihis study chos€idan et a[2021)as thebase studywhich served

as the main source ofith extraction for the environmental impacts of jassed in this studyl.chose this study

for the following reasong-irstly, it specifically focuses on the production of denim fabric. Secondly, it covers a
wide range of processes involved in fabricdurction. Thirdly, it uses postonsumer cotton waste to produce
recycled cotton instead of ponsumer wastenaking it more relevarior the policy changes in the
NetherlandsFinally, the production of recycled denim takes place in Turkeyresytled cotton fibres from

Turkey are already being used in products sold in the Dutch market, such as jeans from the company "Kuyichi"
(Project CECE, 2023)

The remaining three studiesomplementedhe base study by providing additional information on impact
categoris. The firstcomplementargtudy isEsteveTurrillas & de la Guardi#2017)and examines the
environmental impact of the production of 1 kg of recycled cotton yarn at the Spanish company 'Hilaturas Ferre'.
The study oly considers three crucial stages in cotton yarn production, namely cotton cultivation/collection,
ginning/cutting, and dyeing, and excludes the spinning of the yarn, textile production, selling and usage, and
final disposal. Nevertheless, it covers thgést number of impact categories (15) among all LCA studies on
recycled materialThe secondomplementangtudy isLiu et al(2020)on the environmental impact of

producing 1000 kg of recycled cotton yarn for fabric weaving in China. It covers the washing, breaking,
separating, packaging, and spinning stages, but excludes dyeing in recycled cotton yarn scenarios due to the
predetemined colours of the waste cotton fibré&be finalcomplementangtudyis Kazan et a(2020)and

examines the environmental impact of producing 250 kg of recycled shirts in Turkey. The study assesses the
environmental impacts from raw materials to final pratd, distinguishing between yarn, fabric, and garment
production.
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7 Environmental cost Virgin Jeans
This chapter describes thiée cycle for a pair of 100% virgin jean$ollowed by an overview and clarification of

theselected_CA results.Finally, theenvironmental costwerecalculated.

7.1

The life cycle

Figure 3 illustrates the complete life cycle of a pair of jeans made from 100% virgin cotton. The process start
with the agricultural phas@he amount of water used in cotton production varies significantly across countries,
mainly due to differences in both climate conditions and the specific water requirements for growing cotton

(Chen et al.,

2021Most LCAsfrom the table in fApendixA tendto look at cotton cultivation in either China or

Turkey.For thisstudy, cotton cultivatiomook place in Turkg. Turkey is among the countries that have climatic
conditions that are legavourable forcotton cultivation due to high evaporative demand and low effective

rainfall, resulting in a significant irrigation requirement that puts a strain on local water resources and increases
the environmental burd€iChen et al., 2021)

After cotton cultivation, the cotton is harvestetbanedand pressed into bales (balinghen the cotton is

separated from the seeds (ginnifi§idan et al.,

2021)Thecotton fibres are combed, drawn, and spooled to

create cotton yar(EsteveTurrillas & de la Guardia, 2017After dyeing,the yarn is sized and wowéo create

fabric. Thisis cut and sewn to make a pair of jeans. The jeans are then ironed, packaged, and sold to the
consumer, who can wash and eventually dispose them. The garment may end up in a landfill where energy can
be generated, or it can be collected for recycling ase¢EsteveTurrillas & de la Guardia, 2017)

Transportation occurs between somé¢hefse steps, and while some L&#onsider this factor, the
environmental impacts resulting from transportation are relatively insignificant, representing less than 1% of the
total environmental impact¥. Zhang et al., 2015)

Life cycle of virgin jeans
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7.2  Theenvironmentalmpacts

Table4 shows the values thwere selected for the environmental impacts of virgin jeans, according to the
method insection 31.2.

Table 4 Virgin jeansEnvironmental Impacts and Costs (EC)

Impact category Unit Impact Source EC ¢€) Relative EC (¢
Contribution to climate change Kg CO2 eq 5.011(Fidan et al., 2021) 0.79 3.24
Acidification Potential Kg SO2 eq 0.037(Fidan et al., 2021) 0.18 0.72
Fresh water eutrophication kg P eq 0.005(Fidan et al., 2021) 1.10 4.55
Marine Eutrophication kg N eq 0.002(Liu et al., 2020) 0.03 0.11
Water use m"3 3.099(Liu et al., 2020) 3.94 16.22
Fossil fuel depletion kg oil eq 2.538(Fidan et al., 2021) 1.14 4.69
Marine ecotoxicity kg DCB eq 9.564(Kazan et al., 2020) 0.02 0.07
Fresh water ecotoxicity potentialkg 1,4-DB eq 0.0003(Liu et al., 2020) 0.00 0.00
Terrestrial ecotoxicity potential kg 1,4-DB eq 0.00003(Liu et al., 2020) 0.00 0.00
Human toxicity potential kg DCB eq 0.930(Kazan et al., 2020) 0.09 0.38
Land transformation halyear 0.008(Arvidsson, 2019) 16.91 69.72
Ozone layer depletion kg CFC-11 eg0.00000(Liu et al., 2020) 0.00 0.00
Photochemical oxidant formatiorkg NMVOC 0.005(Liu et al., 2020) 0.00 0.02
lonizing radiation kg U235 eq 0.022(Liu et al., 2020) 0.00 0.00
Particulate matter formation kg PM10 eq 0.002(Liu et al., 2020) 0.07 0.28
Total 24.26 100.0C
7.2.1 Abiotic resource depletion

Kazanet al (2020)tates that the majority of fossil fuel depletion (74%) occurs during fabric manufacturing.
Though, accordingtd k 1 et theldyeihn@p@oe8s)has the greatest impact. Somes eg#ess this
impact category as nenenewable energy demandMj. These results were converted to kg oil eq by
multiplying the amount of Megajoules with0238846(Energy converter, 2023)he selectecbutcome from
Fidan et al (2021is relatively high comparetb other studies.

The agricultural phase is responsible 88f6of water ug ( Ak 1 e t . Catton cultiv&tiOnZeqyires large
amounts of watecompared to othdibres (Fletcher, 2014)As there is a large difference betweba outcome
of the basetudy fromFidan et a(2021)(1.754i ) and of the complimentary studisom Liu et al (2020)
(3.0991 ) and because of the importance of water use in true cost accouménigwed sometherLCAs to
test the accuracy.hese are shown table 5 For this study| chose thanedian of thalifferent results, which is
3.0991 from the study by.iu et al(2020)

Table5 LCA results on wateuseof virgin jeans
Author and year of publication water use (m”3)

(Fidan et al., 2021) 1.754
(Liu et al., 2020) 3.099
(Arvidsson, 2019) 2

(Hackett, 2015) 3.781

(Levi Strauss and Co, 2015) 3.772 i
Sources(Fidan et al., 2021)Liu et al., 2020)Arvidsson (2019)(Hackett, 2015)(Levi Strauss and Co, 2015)

7.2.2 Contribution to climate change

The production stages with the highest global warming potential (GWP) values ardfibogtpnoduction, yarn
manufacturing, and woven fabric production. The field operations, fertilizer production, and energy supply for
the ginning process contribute ®VP in cotton cultivation. Electricity used in the ginning process also
contributes to GWP due to fossil fughsed energy productigazan et al., 2020 hesefindingsaresupported
byAk 1 (8020) &hle chosen value frofidan et &8(2021)of 5.01 kgCO; eq is relatively low compared to
thefindings ofKazan et a(2020)andLiu et al(2020) who bothfound9.7 kg CO; eq.
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7.2.3 Acidification potential

In the production ofeans the primary sources of aciidiation potentialre seed cotton cultivation (61%) and
fabric manufacturing (28%). The main cause of acidification during cotton cultivation is field operations,
particularly the use of fertilizers which results in emissions of ammonia and nitrogenideroXabric
manufacturing, the dyeing stage is the main contributor due to extensive use of chemicals which lead to
emissions oNO, andSO; (Kazan et al., 2020)The chosen value froffidan et a{2021)is very similar to the
outcome oKazan et a{2020)

724 Eutrophication

The agricultural stage is responsible for the most significant eutrophication impacts, primarily due to field
operations and theseof PO, fertilizer. As a resultphosphate and nitrate content runoff from fertilized lands,

which increasethe eutrophication potential (EP) of surface wafel’sk 1 et al ., 20.2nGhjs Kaz an
study, feshwater eutrophication is expressed in kg P eq to fresh{¥ater Price, 2021)As some L@s,

express this in k@O eq, itwasnecessary to convert this amount to P by dividing the weight(ByP3, 2012)

The chosewaluefrom Fidan et a(2021)for freshwater eutrophicatids very similar to the dgome ofKazan

et al(2020) The chosewaluefor marine eutrophicatiors more uncertain, as it is from the studylby et al

(2020) which only includes thproduction of cotton yarns.

7.2.5 Pollution

The fabric manufacturing stage is responsibtettie largest share etcatoxicity impacts In fabric production,
the use of higlguality process water and natural gas increasesdtoxicity potential. Additionally, electricity
production in fossil fuel power plants results in high levels of inorganic emigg{@ezan et al., 2020)The
emitted emissiosflow into aquatic systems and incre&m®toxicity impacts Also, the use of fertilizers and
pesicides during the agricultural stagentribute to ecdoxicity. The chosen value froiiu et al (2020)for
terrestrial ecotoxicityould be on the lower side, as this study only researches the production of cottaangarns
does not include fabric and garment manufactuigugilarly, the chosen value frohiu et al(2020)for
freshwater ecotoxicity could be on the lower siessibly for the same reasthre chosen value froifiKazan et
al (2020)is higher than that frorhiu et al(2020)for marine ecotoxicityAlso, aound 70% of the human
toxicity impactsoccur during théabric manufacturingtage. This iprimarily due to the emission of volatile
organic compounds (VOCSs) from the burning of natural §hs chosen value frotdazanet al.(2020)is again
higher than that frorhiu et al(2020)

The main source afzone layer depletiois fabric manufacturing (91%IMPuring fabric production, wet

processes make use of highality process water and may result in the emission of halogenated organic matter
to the air. Additionally, the treatment procedures consume electricity produceébssitfuels, which can

further increase ozone layer depletidiecording to Arvidsson (2019) éhiggest ionizing radiation impacts take
place during the use and eafilife phaseof jeans mainly during washing and drying of the jeafAs.for
photochental oxidant formation, the fabrimanufacturing stage contributes m¢&aric & Nellstrom2019)
According toSaric & Nellstrom(2019) the agriculture phassontributes most togsticulate matter formation.

The chosen valgefor ozone depletiongnizing radiation, photochemical oxidant formation and particulate

matter formatiorfrom Liu et al(2020)could be on the lower side, as this study only researches the production of
cotton yarns.

7.2.6 Ecosystems and landscapes

According toA k 1 (8020) 896 of landransformatiorcomes from the agricultural phase for cotton fibre
production Because only the study frobiu et al(2020)provides an outcome on latrdnsformatiorand
because of the importance of the impact category in true cost accouménigwed othet CAsthat specifically
studyland transformationThe outcomes are table 6 For this research,chose thenedian which is 00083
ha/year from the study by Arvidsson (2019).

Table6 LCA results orand transformatiorof virgin jeans
Author and year of publication Land transformation (ha/year)

(Liu et al., 2020) 0.00051
(Arvidsson, 2019) 0.0083
(Hackett, 2015) 0.012

(Levi Strauss and Co, 2015) 0.0115

(La Rosa & Grammatikos, 2019)00644 p
Sources(Liu et al., 2020) Arvidsson (2019)ett, 2015) (Levi Strauss and Co, 2018)a Rosa & Grammatikos, 2019)
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7.3 Environmental costs

Theenvironmental costare displayed in tab% The totalervironmental costor the productiorof a pair of
100% virgin cotton jeans 824.26. The impact categorigbat have the greatest influence on the total
environmental costof virgin jeansareland transformationwater usefossil fuel depletion anfteshwater
eutrophication.
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8 PublicEnvironmental cost RecycledJeans

This chapter describes the life cydtar a pair of 100% recycled jearfsllowed by an overview and clarification
of theselected_CA results.Finally, theenvironmental costwere calculated.

8.1 The Life Cycle

Figure4 illustrates the complete life cycle of a pair of jeans made from 100% recycled ¢otbomtrast to
virgin jeanstheprocess starts with the collection and sorting ofgosisumer textile waste. The fabric is then
mechanically recycled through washing, shredding, and cyfidgn et al., 2021)The recycled cottofibres
are then combed, drawn, and spooled to create cottor{fysteveTurrillas & de la Guardia, 201750ome
studies suggest that dyeing the recycled material is unnecessary since it iscteacdd(EsteveTurrillas &

de la Guardia, 2017; Liu et al., 202B)owever,Fidan et a[2021)includes dyeing inthe processFurther steps
are the ame as the life cycle of virgin jeans, which edsobe seen in figuré.

Life cycle of recycled jeans
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8.2  The environmental impacts

Table7 shows the values that were selected for the environmental impactgiofjgans, according to the
method insection 3.2.2.

Table7 Recycled jean€Environmental Impacts and Costs

Impact category Unit Impact Source EC €) Relative EC (%

Contribution to climate change Kg CO2eq  2.503(Fidan et al., 2021) 0.39 13.86
Acidification Potential KgSO2eq 0.014(Fidan et al., 2021) 0.07 2.32
Fresh water eutrophication kg P eq 0.002(Fidan et al., 2021) 0.32 11.13
Marine Eutrophication kg N eq 0.002(Liu et al., 2020) 0.03 0.89
Water use m"3 0.037(Fidan et al., 2021) 0.05 1.64
Fossil fuel depletion kg oil eq 0.968(Fidan et al., 2021) 0.43 15.29
Marine ecotoxicity kg 1,4-DB eq 2.790(Kazan et al., 2020) 0.01 0.19
Fresh water ecotoxicity potentialkg 1,4-DB eq 0.000(Liu et al., 2020) 0.00 0.00
Terrestrial ecotoxicity potential kg 1,4-DB eq 0.002(Liu et al., 2020) 0.00 0.00
Human toxicity potential kg 1,4-DB eq 0.155(Kazan et al., 2020) 0.02 0.54
Land transformation ha 0.000(Esteve-Turrillas et al., 2017)0.00 0.00
Ozone layer depletion CFC-11 eq 0.00000(Liu et al., 2020) 0.00 0.00
Photochemical oxidant formatiorkg NMVOC  0.005(Liu et al., 2020) 0.00 0.14
lonizing radiation kg U235eq 0.067(Liu et al., 2020) 0.00 0.11
Particulate matter formation kg PM10eq 0.039(Liu et al., 2020) 1.53 53.89
Total 2.84 100.0C
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8.2.1 Abiotic resource depletion

Some LCA expres the impact category of fossil fuel depletion as-nenewable energy demandNtegajoules
(Mj). These results were converted to kg oil eq by multiplying the amowit with 0.0238846(Energy
converter, 2023)This study selected the value frdfidan et al2021)of 0.97 kg oil eq was chosen, which is
exactly the same dsu et al(2020)suggest and quite similar to the outcome Kazan et a{2020)

Forwater usethis study selected the value frdfidan et a(2021)of 0.037i , which is relatively low
compared tahe0.4741 Liu et al(2020)suggest. However, this can possibly be the result ofdbditional
‘“was hi rhigétal(@2®@ipcorporats.

8.2.2 Contribution to climate change

This study chose the value frdaidan et a{2021) which srelatively low compared tthe results fronKazan ¢
al (2020)andLiu et al(2020) A possible explanation is thKgazan et a{2020)includes garment productiom
their study whereagFidan et a{2021)only looks at denim fabric.

8.2.3 Acidification potential

This study selectetthe value fronfFidan et a(2021)of 0.014 kgSO. eq, which is relatively high compared to
the other three studies.

8.2.4 Eutrophication

This study selected the valfrem Fidan et a(2021)for freshwater eutrophicatipmwhich is relatively high
compared to the other three studieshose hevalue fromLiu et al(2020)for marine eutrophicatiarmhe
researctonly focusse on cotton yarn production, but it is the only study that looks specifically at marine
eutrophication.

8.2.5 Pollution

This study selectethe value fronlLiu et al(2020)for terrestrial ecotoxicity. The value only incorporaties
produdion of cotton yarnl chose lhe value fronKazanet al(2020)of 2.79 kg 14-DB eqfor marine
ecotoxicity Though thestudy fromLiu et al(2020)founda value of 0 kg #-DB eq, mosttoxicity impacs
occur during fabric and shirt production, whiatenot includedn this studyl did choose thealue fromLiu et
al (2020)of 0.0004 kg 1,4DB eqfor freshwater ecotoxicitywhich couldalso beon the lower sidd chose the
value fromKazanet al(2020)of 0.16 kg DCB edfor human toxicity Liu et al(2020)andEsteveTurrillas & de
la Guardia(2017)providemuch lower values. However, most impact occurs during fabrigarmdent
production, which were not included in these studies.

This study selectethe valuesfor ozone layer depletion, ionizing radiation, photochemical oxidant formation and
particulate matter formatioinom Liu et al(2020) which could be on the lower side.

8.2.6 Ecosystems and landscapes

This study selected the value frddsteveTurrillas & de la Guardig2017) of 0 ha which is due to the lack of
an agricultural phase in the production proceksvever,Levi Strauss and C(2015)does ddicate a total of Z
i lyearland transformatiomo fabric manufacturing, transport, logistics and customer care.

8.3 Environmental cost

The results for thenvironmental costof recycled jeans are presenitedable?7. The totalenvironmental cost

for the production of a pair df00%recycledcotton jeans i€ 2.84. The impact categories that have the greatest
influence on the totanvironmental cosdreparticulate matteformation, human toxicity potentidipssil fuel
depletion and contribution to climate change.

8.4  Comparison virgin andecycled jeans

After removing the impact categories with a relatév&ironmental cosif less than 1%eas described i8.1.2,
seven impact categoriegere left to be includitin themodel described in.3. Figure5 illustrates these
categories and compares the actual environmental costs of virgin and recycled/jeamsnly including the
impact categories with a relative environmental costs of more tharh&%atal enviramentalcostfor recycled
jeansis € 2.78, whereas for virgin jearist  2i4.23 THe environmental costs are higher for virgin jeans across
all impact categorieexcept for particulate matter formatidrhe reduction ifand transformatioand water use
through the use of recycled materials is particularly impactful.
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Comparison Environmental Costs
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9 Lifespan of jeans

This chapter quantifies ttrelation between lifespan atige recycled proportiarfirst,it describegheprocess

of determining the lifespan of jeans, including defining the term and identifying the factors that influence it.
Then it discussd#espan of virgin jeans is, followelly an explanation of how the lifespahanges when
recycled material is addeBinally, thisinformation is combined to formulate the lifespan equatrhat will

be used in the modéi section 3.

9.1 Determining the lifespan

9.11 Defining lifespan

In Benkirane et 812019a, p.6Q)lifespanisd e f i ned as t h eagasmmehtluridergommals s t o wear
condition$. Thelifespan of a garmertan be evaluated and quantifieddifferent ways These includé¢he

number of years it has been used, the frequency oy number ofleaningcycles and the number of users

(Klepp etal., 2020)

According toLaitala & Klepp(2015) assessing the lifespan of a garment solely in terms of years does not
provide enough information into its resource efficierf®gmeone can own a large number of clothes, wtach
increasehe chance that a garment is rarely usde still increasing its lifespan in yeatastead, éking into
account the number of timeggarment is worn is recommended as it reveals whether or not the item is being
used effectivelyKlepp et al., 2020)This approach is interesting because the longer a garment is actively used
by a consumer, the more it can potentialfiset the productionf new textiles, leading teeduced

environmental impact§iippo et al., 2022)JTherefore this studymeasuredhe lifespan of garments in terms of
hours ofwear.

9.1.2 Factorsinfluencing the lifespan

According toPiippo et al2022) the quality of a garment is closely related to its lifesptowever the quality

of a garment can be subjective afgjective, andan depend on both extrinsic and intrinsic product attributes.

Also, contexiplays a role in how quality is evaluaté€8winker & Hines, 2006)Laitala et al2015)identifiesup

to 70 reasons for garment disposal, including defects, size and fit issues, as well as changes in personal taste and
style.

Objective quality is measurable aqdantifiable andan be assessed prior to use. In contrast, subjective quality
is based on factors such as the garment's quality, the liskeagiour and their experience of using the garment
(ConnorCrabb & Rigby, 2019) Disposal of garments is often attributed tojsative factorssuch as changes in
taste and aesthetics, disliking the stgl@our, or print(Piippo et al., 2022) The personal and subjective

evaluation of garment quality can influence how the clothing is worn and caredhichin turn can havan

impact on its physical condition over tarHow clothing is worn and cared for dependgtoew e a r liéestyles
factors More harmful daily activities, such as cycling and gardening will deteriorate clothing quality faster than
less harmful activities. Garment quality is atkependentn choices made during theundry process, as well as
aw e a r ahoice ® alter, modifiand repair clothingConnorCrabb & Rigby, 2019)

While the quality and lifespan of clothing depsiodh many different factors related to éxhnical ad social
durability andpracticality, technical quality deficiencies remain the primary reason for clothing disfistdla

& Klepp, 2015) Deficienciesin quality, such as holes, tears, a worn appearance, &admat, loss of elasticity,
changes in shape, and pilling, accounttfar largest group of reasons for clothing disp@isaitala et al., 2015;

L. Zhang et al., 2020Also, high technical quality enables products to remain in use for longer and even to be
used by multiple individual&Piippo et al., 2022)Therefoe, this study only focusskon te objective qualityf
jeans which consists ofneasurable and quantifiabiledicatorsof technical qualitythat can be assessed prior to
use.

9.1.3 The relationship betwedrchnical qualityand lifespan

Benkirane et af2019b)discussstheuseof a MQ (ConsumeOriented Quality) score to estimate g ar me n't
lifespanbased on objective aging factoffieresults shova promising correspondence between tb® Gcore
andtheevaluated lifespaim the case of Bhirts The studyidentifiesfive categories ofechnicaldamage that
influence disposal decisionRanked in order of relevance, these inclhdkes, loss of shape, opened seams, loss
of colour, and pilling. The abilityof clothing to wthstandthese stress factoasefound to stronglympact their
lifespan

S
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In a subsequent study, researclangedto establish aelationbetween the quality score (CoQ) and various
manufacturing and structural parameters, including fabric thickness, §rarn)tenacity (Cn/Tex), elongation at
break (mm), and twist ratio (TpmBased on their findings, threost significant parameters contributingrigh
consumeioriented qualityandthereforean increased garment lifespamnehigh tenacity high elongationat
break capacitand a dense structugBenkirane et al., 2022To estimatehe lifespan of a garmentis study
focussd onthe indicators ofenacityand elongation at break.

9.2 Lifespan of virgin jeans

Cooper et a[2013)suggests the target lifespan of jeans is 3600 hours, equivalent to 300 usages over four years.
However,in reality people typically wear their jeans for 23B18s over 3.1 year$his finding aligns withthe
resear ch fWastnant ResourtkeK Acion Progran(MRAP), which states that the average lifespan

of garments in the UK i8 years(Xie et al., 2021)However,Gwozdz et a(2017)conduceéda survey across

four countries anfbundthat consumers estimated wearing jeans only about 42 times on avetaltjeg
approximatelyto only 504 hours of wealAlso, wardrobes often contain items ttzse neveworn (Klepp et al.,

2020) For this study, the target lifespan for a pair of virgin jeans was assumed to be 3600 hours of wear (300
usages) until the garment is worn .out

9.3 Lifespanof recycled jeans

In general, ecycled cottorfibreshave laver technical properties than virgin cott@stebay et al., 2019)

Blending posttonsumer waste results in an even higher degradation of yarn properties than when using pre
consumer wast@rafat & Uddin, 2022)As cotton ages, it undergoes major structural and congblemical
changes, resulting in a reduction of several technical prop&fteason et al 2020)

For example, air permeability decreasdsen using recycled yarns because tlasehicker than virgin cotton
yarn(Radhakrishnan & Kumar, 2018ecycled yarrrequires high twist during spinning due to lofibre
migration,which results in stiffer and less moistuedsorbenyarn (Arafat & Uddin, 2022) Recycledfibresdo
not take finishes and dyes adequatélly-Sabaeket al., 2021)As the percentage of recycled cotfdre
increases, there is a gradual increase in thin, thick places, neps, and hairinesdsethigeweight and
thicknesdncreasgWanassi et al., 2015[inally, nultiple studies mentio an impact on technical properties
related to strength, such as lower tenaaitg decrease in breaking elongation of recycled y@refat &
Uddin, 2022) As describedn 9.1.3 this studyfocussedn the impact o&ddingrecycled material on the
lifespan of jeans by examining its effect on tenacity and breaking elongation

Tenacity is the conventional method for evaluating the durability of textile goods, including ydibramdpes.
This measurement is determineddividing the breaking load of the material by its mass per unit length and is
typically expressed in N/tefCesaret al.,2009).Typically, highquality cottonfibreshave lengths between 25

65 mm, while lower quality fibres have lengths o286 mm(Johnson et al., 2020Recycledfibreshave

lengths of approximately 105 mm(EsteveTurrillas & de la Guardia, 2017yVhen subjected to tensile loading,
shortfibreswithin a yarn tend to sligCompared to yarn made from 100% virgin cotton, beshyghrns

containing recyclefibreshave lowettenacityvalues that decrease proportionally with an increase in the
percentage of recycldibres (Arafat & Uddin, 2022; Halimi et al., 2008; Wanassi et al., 20T8¢ addition of
50% recyclednaterial results imtenacityreduction of 13.70%Halimi et al., 2008)This is similarto the

finding from Contin et a2022)

Elongation at break refers to the maximum extensionfiira before it breaks, expressed as a percentage of the
original length It indicates how easily fibre can be stretched. Wherfilare has high breaking elongation, it is
known to be easily stretable under small load8unsell, 2018)The breaking elongation of yarn is affected by
fibre lengthandthe arrangementf the fibreswithin the yarn. Recyclefibres with their high number of short
fibres tend to slip out easily under load, leadindower yarn elongatiofArafat & Uddin, 2022) The studies
Arafat & Uddin (2022, Halimi et al(2008 andRadhakrishnan & KumgR018)investigate the effects of
incorporating recycled cotton into yarn selongation. The findings of their studiegepresented ifigure 6.

All studies indicatea decreasing trend in elongation at break with an increase in refipciedontent However,
there are differences in the extemthis decreaséirafat & Uddin(2022)reveals a more significant decrease in
yarn elongatiowhen recycled material is addedmpared tdRadhakrishnan & Kumg2018) Halimi et al
(2008)demonstrates only a minor reduction in yarn elongatidrich is also supported yidan et a(2021)

Due tothestrongvariations in resultghis study only concentrated time effecton the lifesparof tenacity
reduwtion rather tharthe effectof elongation at brealts a result of adding recycled material.
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Elongation results of 3 comparative studies

Elongation(%)

0
0 20 40 60 80 100 120
Recycled proportion (%)
® Arafat & Uddin, 2022 Halimi et al., 2008  ® Radhakrishnan & Kumar, 2018

Figure 6 Impact of adding recycled material on the elongation at br#fake yarn. SourceqArafat & Uddin, 2022; Halimi et al., 2008;
Radhakrishnan & Kumar, 2018)

9.4  Quantifyingtherelation betweelifespanand recyclingoroportion
To be able to quantify the relation between lifespad recycling proportiorthis study made sonassumptions.

Firstly, the studyassumedhat the lifespan of jeardeclinedinearly in the same way as tenacity when the
proportion of recycled material increasas stated byrafat & Uddin (2022 andWanassi et 42018) The
addition of 50% recycled material results in a declineiracityof 13.70%(Halimi et al., 2008)
Correspondingly, the lifespan also decreases by the same perositteg8.5recycled proportion

Secondlythe studyassumed thahe lifespan of 100% virgin jeans corresponds to 3600 hours of(@eaper
et al,2013)

Thirdly, the study assumetiat the quality and therefore lifespafhjeansremain unchanged with a proportion of
0.2recycled materiaM/hile thetenacity of recycled material tends to decline once it is added, research suggests
that a certain amount of recycled material can be incorporated without significantly impacting quality or
lifespan For instanceHalimi et al(2008)finds that under optimal spinning conditiordendingrecycled
materialsin proportions between 15% and 25% results in negligible changes in quality. Additionally,
Radhakrishnan & Kumg2018)recommend adding 20%of recycled material to produce yagoalitiesnearly
equivalent to those made from virgin cottéiso, Spathag2017)notes that fabrics containing mechanically
recycled material should not exceed 3@ recycledibresbefore experiencing a significant reduction in
quality. On the other hand,uiken & Bouwhuis(2015)suggests that it isvenpossibleto add 50% of post
consumer denim waste without compromising the mechanical prapéettieever this isrefutedby Wanassi et

al (2016),who states that everin an optimized situatioall tensile properties of 80/50 blenéd yarnare less
(between 73% and 84%) than that of 100% cotton yarn.

Fourthly,the study assumed thatins can be created using a maximenycled proportion of 0.%=venthough
some studies work with the possibility of using a recycled material proportion of 108%urrently technically
not possible t@roduceieansmade ofmore than 5% mechanically recyclepost consumematerial(Fidan et
al., 2021; Radhakrishnan & Kumar, 2018)

Basedon theseassumptionghe parameters from equation (4) are given the following values:

| P ¢ WO

[ owqy

The parameterf theconstraing (6) and (8) are given the following values:
i ™

0 COTT

Figure7 illustrates theassumptions this study mattedepict the relationship between the proportion of recycled
material added and the lifespan
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10 Model results

Using the model described in Chapter 3 andddiacollectedin Chapted to 9, the optimalecycledproportion
for a pair of jeans was determinéthpendix B shows an overview of all the parameters used in the model and
their sources.

10.1 Optimal recycling proportion

Figure8 showsthe environmental, private and total true costs for @achortion of recycled material.s%the
recycled proportiof a pair of jeansgncreasesthe private costs increase and émeironmental costand total
true costglecrease. At a recycled proportion of 0.47 the private costs excesavinenmental cost From this
figure, it may seeniike a recycled proportion of 0i§ preferredbutthis figure does not yet include the effects
of adding recycled material on the lifespan of the jeans.

Total costs

MWW
o o

Costs (EUR)
]
(]

= e
(=T ]

0 0.1 0.2 0.3 0.4 0.5
Recycled proportion

Private costs Total true costs

Environmental costs
Figure 8 Total costs for each proportion of recycled mateaaded

In Figure 9, equation 4) is addedwhich represents thdespan. According t@ection 32 andequation (1), the
optimal proportion of regcled materiabccurs when the total true costs divided by the lifespaninimized.
This occurs at the point where there is the greatest distance between the twindigptes9, which in this
case is at a recycled proportion of 0.2.

Lifespan and Total true costs
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Figure 9 Lifespan and total true costs shown in the same figure
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According to the modelhe optimal recycled proportion for a pair of jeds®.2. In this case, the total true costs

per hour of weaarethe lowest, namely 0.0d@8figure10). Figure8 shows that at a recycled proportion of 0.2

for a pair of jeanstheenvironmental costare€1996 and the privatecosésse1 0. 1 6 €, resul ting in
costsof30. 12€. The | i fespan of a pair of jeans9with 0.2

Optimal recycled proportion

0.0092

0.009
0.0088
0.0086

0.0084

TTC/hour of wear

0.0082

0.008
0 004 008 012 016 02 0.24 028 032 036 04 044 0.48

Recycled proportion

Figure 10 Minimizing the total true costs per hour of wear

10.2 Sensitivity analysis

In the base scenarifigure 10 shows thatthe optimal recycled praption is 0.2 Considering the assumption
thatthere is no noticeable reductionthrelifespan of jeanbetween a recycled proportion of 0 and,that the
environmentalmpacts for nearly all categories are significantly lofeerrecycled jeanand the fact thahis

model included the maximum found private costs for recycltrig unlikely thatthe model outcomevill be

lower than 0.2. Thereforghis sensitivity analysifocusses on determinirige level of confidence irtating that
theoptimal recycled proportion does not exceed Ttds means thahis £nsitivity analyss testganges of

input factors thatvould increase the attractivenessaafding more recycled material to jeans than the proportion
of 0.2.

This study selected thiaput factordand transformation monetization factor, land transformation impact, private
costs of recycled angrivate costs ofirgin jeansto be tested, because they are reasonable uncertain and
impactful (section 3.3¥igure5 shows thehighimpactof the land transformatiocostswhencomparingthe
environmental costofrecycled to virgin jeanddowever, thenonetizatiorfactoris quite uncertainAccording

to Amadei et a(2021) who reviewed &isting approaches to monetary valuation in the cdrdeLCA, the

valuation of the land impact category has received considerably less attention and research cofopared to
instancethe valuation of climate changas described in 6.2.2his study selectethe base monetization factor
for I and transformation from an ol der report and repr
in different types of forest, making it uncertafs for theLCA resultson land transformain, table 6 illustrates

the variations in outcomes regarding land transformabiothe case of thprivate costs ofecycled jeans

section 5.2 describes the large variations in private costs of recycled jé@mstudy selected thalue from the
soucethat reported the highest value, as it seemed the most refalisti©utch marketHowever selecting

lower values could impact the final outcorinally, sction 4.3 describes the limited available datahen

private costs of virgin jeanklowever Mohibullah et al (2021indicates that the chosen valofethis studyis on

the lower side.

Table 8shows the summarizedesults from the sensitivity analysis according to the method descril3e8l in
AppendixC to E contain the extended results of the sensitivity analygien themonetizatiorfactor for land
transforman varies, the optimal recycled proportion remains at 0.2 untihthreetizatiorfactor exceeds 3485
€/ha, which is 70% higher than the base val8enilarly, when only the land transformation impact for virgin
jeans differs, the optimal recycled proportistays at 0.2 until the impact exceeds 0.0141 ha, which is also 70%
higher than the base valuéeither of these two factoichange individually up to 70%he optimakecycled
proportion remains unaffecteds for the private costs of recycled jeans, thideindicates that the optimal

recycled proportion remains at 0.2 until the private costs of recycled jeans decrgaded®, which is 35%

33



lower than the base value. In this case, the total privatefooste pair increase by only 6% €alL0.80, while

the total environmental costs decrease by 32€1t8.51 compared to the baseline situaidppendixD).

Finally, in the case of changing private castyirgin jeanstable 8demonstrates that the apial recycled

proportion remains constant at 0.2 for all tested values. This holds true even when the private costs experience a
significant increaser decrease aipto 100%

Table8 Summanyof thesensitivity analysis

Tipping point

for an Minimum Maximum

increased value from Source Minimum  value from
Input factor Base valueoptimal* literature  value literature  Source maximum value
Land transformation monetization factoe/pa) 2050 >3485 160 (Weidema, 2009) 2960  (True price, 2020)
Land Transformation (ha) 0.0083 >0.014 0.00051 (Liu et al., 2020) 0.012  (Hackett, 2015; Levi Strauss and Co, 2015)
tNAGIGS 028048 2F NBOeORBR 20448 6 e@®@49 (Wanassietal., 2018) 22.7  (de Wit, personal communication, April 25, 20
tNAGIGS O2aiGa 2F GANHAY.1R S| Notifousde 0 265  (Jana, 2007) 20 (Wicker, 2016)

*The threshold value of d@nput factor, under ceteris paribus conditions, at which the optimal proportion of recycling would increase from
0.2 to 0.5Sources{Hackett, 2015; Jam, 2007; Levi Strauss and Co, 2015; Liu et al., 2020; Wanassi et al., 2018; Weidema, 2009; Wicker,

2016)

Given the uncertainty surrounding the impact of land transformation and its monetiaationit is interesting

to analysethe scenario where bofactorschangesimultaneouslyWhen the values for land transformation (ha)
and its monetizatior€(ha) experience a slight increase, the model's outi®aftected. For instance, if the land
transformation impact increases by 30% to 0.0108 ha and the monetization factor increases by 30%/la,2665
the optimal outcome becomes 0.5 (Apper@jxConsidering the potential range of both factors based on the
literature assessed (table 8), there is a chance of such a scenario occurring.
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11 Discussion

This research aims to explore the desirability of maximizing the recycled proporfeamgwhile considering

the tradeoffs between recycled conteptjvate cos, lifespan, and environmental impac¥ghile previous

studies have attemptéaquantify and comparearious characteristiad recycled demn, only oneother study
hasinvestigated thinterplay betweethese threéactors(Fidan et al., 2021)The merit of this studgompared

to the study fronfidan et a(2021)lies in three thingdFirst, rather than considering recycling as a exmting
measure, this study acknowledges that recycled material can be more expensive compared to virgin material,
which makes it more relevant for the Dutch marEetcongthis study encompasses a broader rafigmpmact
categories. Of particular importance is guitionalinclusion of the land transformation impact categaityird,
Fidan et a(2021) as well astudies that research the environmental impacts of recycled dehirk | et al
Kazan et al., 2020¥¢ncounter a challenge in reaching conclusive decisions due to the lack of comparability
among tle environmental impacts. Other studies, sudheaginen et a{2021) solve this issue by focusing on a
single impact category, often related to climate change. However, such an approach may not provide a
comprehensive assessment and can potentially lead to burden shiftinghkusshild et al., 2018)

Theoutcomef my modelgenerally align with the findings of previous studi®sction 94 shows thatnost
studies investigating the qualitative properties of recycled denim find that the opgayeled proportioffialls
within the range o15-30% (Halimi et al., 2008; Radhakrishnan & Kumar, 2018; Wanassi et al.,, Bjis&has
2017. Except forLuiken & Bouwhuis (2015)who suggestncorporatings0% of postconsumer denim waste.
Certain studieanalysingthe quality of recycled material have taken into account private @stkat & Uddin,
2022, Wanassi et al., 2018)thoughthesetends to offer more informative insights rather than directly
influencing decisionaVhencomparing tharue cost acaunting TCA) results of a pair of virgin jearns the
results from thémpact Institutg2019) there is a significant disparity. Their research indicates environmental
true costdor a pair 0fL00%virgin jeansof € 10.90, whereas my findings revea22.23. This contrast is
peculiar, considering that we likelsedsimilar monetization factors. The notable distinction primarily arises
from the land use category, which contributesy € 0.25to their overall true pricewhile | attribute€ 16.91 to
this impact categoryOne possible explanation is that the LCA data utilized in this study, sourced from
Arvidsson (2019), incorporates average data from the United States, India, &tuaystralia, whileéhe

Impact Institutg2019)assumes cotton cultivatida take placén India. Also, the discrepancy may arise from
the utilizationof the monetization factor fdr | atrandformatioh i n s t e actupatibi. Thélrapaa
Institute (2019)uses the monetization factimr "land occupationwhich is measured n/MSA (Mean Species
Abundance)ha yr andincludes biodiversityThe LCAs| referred toexpressed their findings solely in hectares
(ha), so | used the monetization factor fol a nd t r a.if théeovirammaental oost of land use is indeed
lower than stated in thigtudy, the model outcome is unlikely to be affec(é@.2).

This study tries to combirend usehe existing knowledge aine propertiesegarding environment, quality and
private cost of recycled materiaHowever, tlere are limitations to this stratedsirst, gudies on the recycling
of cottonfibresfor recycled garment manufacturing have remained lin(i@mhtin et al., 2022; Utebay et al.,
2019) With only a limited number of LCAs to choose from (Appendi) it waschallengingto find a studythat
matches theontext of this studgnd includes as much environmental impacts as poss$iblee able to include
asmanyimpact categories as possihl€;A outcomes were combineachich had different research units, system
boundaries and locatisnWith regardto monetization, especiallpcluding impacts from studies with different
geographical scope problematiqArendt et al., 2020)t cannotbe said whethehis limitationled toanunder

or overestimatiorf the optimal recycled proportio®econdmanystudieson the quality of recycled denim
research differingechnicalquality indicators making it challengingo compare their outcogs For this reason,

| decided to onlyconsider thejuality indicator of tenacity, overlooking many otmegativequality impactof
adding recycled material'his may have led to awverestimation of the quality and lifespan of recycled jeans
and therefee an overestimatiomf the optimal recycled proportioihird, the quality offiboresobtained through
waste shredding depenstsonglyon thequality of thewaste material and finishing procesggsebay et al.,
2019) These variations in @ity are the result afifferent wear and treatment conditiotisg unknownfibre
blends and varying degrees of agifitis makest difficult to generalize the quality of recycled denfdohnson
et al., 2020)As a result, the optimakcycled proportion coulditherbe higher or lower, depending on the
quality ofthe textile wastef aspecificbatch.However Aronsson & Perssof2020)challengesttis notion and
finds that heavily worn postonsumer garments retain significant value as raw materials for yarn spinning

When creating the optimization model, | neagkveral simplificationg’he most notable simplificatidnmade is
the assumptiothatthe use of recycled materiedmpgetely forgoes the production of virgin matereahd
therefore its environmental impadtsa 1:1 ratio. However,Sandin & Peter§2018)highlight the problematic
nature of this assumptipas itcan lead t@noveresimation of the environmental benefits of textile recycling
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and therefore in this case a possible overestimation of the optimal recycled progdstiothis study assumes
thatrecycling has no other impacts beyond the environmental, quality and private cost imgadtd in this

study. Howeverthe desirability of using a recycled proportion of 0.2 in jeans is influenced by various additional
consequenceand challenges reked to textileto textile recyclingOne such challengés that theprogress of
recycling initiatives is threatened fyndamental disagreements concerning ownership and accountability of
textile wastgMcCauley & Jestratijevic, 2023furthermorechallenges wittstakeholder collaboration,

recycling technologies and infragtture for instance ircollection and sorting processesntinue to hindethe
implementation of recycling practis€Chevalier, 2022)When taking these factors into consideratibe,

optimal recycled proportion is possible lowEmally, | made & importantsimplification in the modelegarding

the lifespan of a pair of jeanisassumedhat the lifespan decreases lineariyh an increase in recycled

proportion similar to the reduction in tenacitlowever, translating the information on quality indicatots an
accurate lifespan estimatignoved to be difficuldue to the influence of various factors, as discussed in section
9.1.2. The strategy of enhancing objective garment quality is widely accepted as a means to increase garment
sustainability, assuimg that higher quality garments will last longer. However, this perspective overlooks the
understanding that clothing usage and consumption patterns arelayivarious factors, many of which are
subjective, intangible, and tied to a product's symhalloe (e.g being outdatefffonnorCrabb & Rigby, 2019;
Fletcher, 2012) When these subjective aspects are included in the life§uamer et a(2013)estimates that

the lifespan i2796 hours of wealf this holds truethe optimal proportion of recycledaterialcouldbe higher.

It is importantto acknowledge the limitations of tH&€A method, as these limitations can have an impact on
determining the optimal recycled proportidfirst, the monetization factors used in this study are uncertain. For
consistency reasons, | decidedgrimarily rely on monetization factors frotme True PriceFoundation 2021)
However thesdack locationspecific informationwhich is very influentia(Arendt et al., 2020)Despite the
importance of a standardized apprgablere is no casensus anmgy researchers regarding the appropriate values
for each monetization fact@Baker et al., 2020)The maturity leved of methods and data to measure, value, and
attribute externalitiesary greatly(GemmilkHerren et al., 2021 he literature reveals aiéle range of

outcomes, with certain factors like climate change being extensively studied, while others like water use and
land use receiving less attentighrendt et al., 2020)Even within a more extensively studied impact category
like climate changethe range of values varies sigo#intly (Wang et al., 20195econd smilarly to using a life
cycle assessmenhe TCA method carries thpotentialrisk of double counting. Thisiges whercertaincosts

are accounted for multiple times within the analyBw@. instance, this can occur when evaluating acidification,
ecotoxicity, and eutrophication, which involve partially overlapping substances such as nitrogen compounds.
This isparticularlydifficult when applying the prevention cost approétiue Costnitiative, 2022) Also

within LCAs, double counting of electricity from specific sources can lead to undewerestimations of
environmental impactéolzapfel et al., 2023)Third, LCA andtherefore also TCA assessments rely on the
average performance of processes. Therefore, they do not incorporate the assessmetitadfaisksre but are
very problematicsuch aghemicalspills or accidents dactories(Hauschild et al., 2018)

This study has amportantlimitation in its scop. Asoutlined in section 2.2,2t does notncludenon
environmental social cost&ccording toEgelsZandén(2016) studieson the garment industtyavetended to
focus on integration of environmental sustainabiita strategywhere winwin offerings can be readily found
through longterm customer cost savingghese often downplay the potential traufés in integrating social
sustainability In the case of this study, tHimitation arises partly due to time constraints and dls® tothe
challenging task ofjuantifyingthese externalitiescor examplevaluation methods faareassuch as healttare
quite youngandinvolve uncertainty.The complexity of supply chains and the diverse range of disciplines and
data needectksult in limited data availabilitfdowever,Impact Institutg2019)still tries andallocatest 22 to
thesenon-environmentakocial costs, whicincludeissues such as bondkthour, harassment, chilbour, and
discrimination throughout the production process. Particularly, the practice of bahdedis emphasized,
accounting fo€ 11.95 per pair of jean3his includes instancdike the Sumangali scheme, where young
workers (often females) are boundctintracts lasting up to five yeaaadexamplesf camplabour, where
workers are physically confind@olidaridad, 2012)Given these concerns, a highecycled proportiomay
becomemore desirablén case thevorkers in the recycling supply chains are tredidly.

It is important to considesne moresignificant limitation when usingCA to compare product&Vhile this
approach can determine which prodisgtreferablejt cannot determine if being "better" is truly "good enough"
from a sustainability perspectivVECA can be viewed as a methodology to identify the mosefficient
solutionamong different alternativegsiauschild et al., 2018However, the actu@coefficiency achieved
throughtechnological innovations many cases falls shq®irod et al., 2014)Thecurrent status quo regarding
certain environmental impacts is inadequate for ensuring sustainable development, as several planetary
boundaries have already been excedtatesen & Bjarn, 2018)Furthermorethe gains in ecefficiency may
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be offset by incre&sl demand, leading to a potential rebound effect that diminishes the environmental benefits
(Braun et al., 2021)Also, TCA assumes that sustainability can be achieved through a balance between
environmental, social, and economic dimensions, where a decrease in one dimension can be compensated by an
increase in another. However, this perspective conflicts with the coofcegt e  Ecarryinghcapscity, which
highlights the importance of maintaining a minimum level of environmental protection to meet human needs
despite other interes(Moltesen & Bjgrn, 2018)

Finally, it is important to note that the results from this research might not be applicable in future scenarios.
While textile producedwith mechanical recycling techniques have worse quality than virgin matexrays
technological developmentsr textile are evolvinghat mightincrease this qualityin particular, chemical
recycling is emerging as a viable solution, enabling the creation of 100% recycled textilesialitivetter

quality compared to mechanical recycligfyonsson & Perssor2020; van Raan, 2019lso, future
developments may introduce new technologies capable of recycling textiles composed of different materials
decreasing its production cogBraunet al., 2021)Furthermore Xie et al(2021)shows the potentialof future
policy in promotingwasteclothing recycling which can reduceollection and processing costs of waste
material.For instance,ite extended producer responsibil{igPR) schemewhich has alscecentlybeen
implemented in the NetherlandBhis £hemethe potential to triple the collection and recovery rate of post
consumer textilesTheseadvancements could potentially increase the optimal recycled proportion in jeans.
However,iftheDut ¢ h g o v e r mrgetsfdatextie-toftaxtiienecyeling rates @ met,other challenges
might arise For instancerecycledmaterialmight get moraghan one additional use cyclppssible reducing the
fibre lengths and therefordts quality more.

37



12 Conclusions and recommendations

This thesis investigated the trad#s of including postonsumer recycled material in jeans production on the
jean’s environment al true cost s, private costs and |
much recycled material as $gble in the production efewgarmentsand what theptimal recycled proportion

is. The study reveals thathile using a higher proportion of recycled material reducesrnhi#gonmental costof

jeans, it leads to higher private produntimsts and a shorter lifespahthe garmentleans made from 100%

virgin material have lower private production co€8.13) but significantly higher environmental cods (

24.23). In contrast, jeans made from 100% recycled material have higher privédietion costséR2.27) but

much lower environmental cos®2.78).The environmental benefits of recycled jeans are particularly evident

in terms of land transformation and water use, whighesubstantially loweenvironmental costsompared to

virgin jeans. However, recycled jeatis exhibit higherenvironmental costs fgrarticulate matter formation.

Based on thenodel outcome, the optimal proportion of recycled material in jeans is 0.2. At this proportion, the
total true costamount to€ 30.12, with€ 19.96 representintdpe environmental costand€ 10.16accounting for
private costs. The estimated lifespan aing at this proportion is 3600 hours of wedthough the total true

costs decrease as the recycled proportion increases, the reduction in lifespan associated with this leads to an
optimal proportion of 0.2.

The findings of this study arelevantfor the growing interest of governments, companiesisumersind the
scientific community in circular economy and true cost accourfli@f). This study offers several valuable
insightsthat arecrucial to consider when formulating policies and making datssiegardingroducing
purchasing, and reseaiof recycled textilesFirst, itdemonstratethe uncertaintieand challengeassociated
with usingthe TCA method in practical applicationhe lack of standardizatiosf the TCAmethodresultsin
significant uncertainés of the both life cycle assessment (LCAxdingsand monetization factors usesecond,
in order to actually achieve te@vironmental benefits from a better quality garmigrig crucial to ensure that
garmentsactuallyreach their maximum potential lifespan. The lifespan of a garment is influenced by many
different factorsandoften the maximum lifespan of 3600 howfsvearis not achieved. Attention must be given
by all actors to other principles of tB& framework 6thecircular economyCE), such as reuse and repair, in
order to extend the lifespan of garments.

Specifically for policy makers, this stugiyovidesinsightsfor craftingpolicies and regulations related to the
textile industry. For instance, it higlights thebenefitsthat can be obtaindaly reducing the private costs
associated with recycled jeantprivate cost of recycled jeamsuld be loweredo € 14.48, the optimal
recycled proportion wouldhcrease t®.5.In this case, the total private costs &pair increaséy only 6% to
€ 10.80, while the total environmental costsuld decrease by 32% ®©13.51 Howeveras stated beforthis
maximumbenefit can only be obtained when garments actually reach their maximum lifAsgamrently
waste management costs acddononly 0.6% ofthe total production costs of virgin jeans, produse®m to
lackan economidéncentiveto ncr eas e g ar meaadicswastdVhile thesExtendes Pradoogdr
Responsibility (EPR) scheme is a positbteptowardscreating this incentive aramore circdar textile
industry,its primary focusstill lies onrecycling Other additional CEpracticesare essentidb extend the
lifespan of garments anmdinimize environmental impacts$:or instance, mitiple studies have consistently
emphasized the importance of reusing clothing instead of recycli8gridin & Peters, 2018)

Furthermore, théndingsfrom the TCAassessmeratre directly useful for textile companies inderstanding

the environmental impacts within the supply clsdivat require attention for improved environmental
sustainability For companieproducingl00% virgin jeans, the impact categories with the highegironmental
costareland transformation, water use, and fresh water eutrophicatttinch mostly occur during the

agricultural phaseOn the other hand, for companies involved in the production of recycled jeans, the impact
categories with the higheshvironmental cosdreparticulate matter formation, fossil fuel depletion, and
contribution to climate chang&he findings also highlight that there are several drawbacks when striving
towards 100% recycled garmenist, recyclingis not without its impacts, as it generates various types of
pollution. Secondthe quality of a garment tends to decline when thpgitmn of recycled material exceeds

0.2, which offsets thenvironmental advantageThird, textile recycling is relatively costlyinstead companies
can diversify their approadb reduce environmental codtg alsoinvesting resources ta otherCE practices,
rather than solely focusing on recycling. This enables them to reevaluate and reshape their business models

For the scientific community, this stuglyovides several insightkat requireattentionin future research. First, it

gives a glimge into thepossible challengdaced wherusingTCA. The findings reveahat it can be
challenging to seekCA results that comprehensively cover relevant impact categories, align with the specific
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contextof your researchand are expressed in naturalts that align with thenits of thechosen monetization
factors.When combininglifferent LCA resultsinaccuraciegan occurparticularly when dealing with studies
conducted in diverse locatiorRegarding LCA resultspeifically on recycled cotton,xtensiveresearch has
been conducted dts contribution to climate change, acidification, eutrophication, and water use, while the
impact categories of land use, material depletion, and particulate matter forregtimefurther attention.
Additionally, thevaluation of impact categories varies across different studies, with some externalities receiving
more research attention than othdtisis study revealthe particularimportance andieed for further research on
the impact andaluationof the land usempact categoryBesidesthis study shows that it is important to
consider the ultimate goal of the TCA assessment. If the aim is to genuinely increase prices for consumers,
understanding how accurate calculations are and the effects and destinationdafitibaal funds becomes
essentialTo addresshe complexitiesand uncertainties related to TCRirther research is necessary to identify
a more standardized approach to TCA, to identifyriies inherent in TCA and to develop axtensive
understanding of its implicationSecond this studyhighlightsthe importance of incorporating various
dimensionsvhenconsidering the utilization of recycled mateigalotherCE practicesn thetextile industry.

This makes itpossible to identifymorepotential risksof CE practicegor textiles.Third, alimitation to this

study is that it does not includ@n-environmentakocialexternalities while these are strongly present in the
textile industry Future studiethat focus on the garment sector are advieedisoconsider lhis dimension when
studying the application @ZE practicesas this campossibly alter the outcomEourth thefindingsfrom this
studyindicate a need for additional reseaichvays toenhance the economic feasibility of incorporating
recycledmaterialinto new garmentd-inally, this study suggesthat aiming for a 100% recycled proportion
may not be desirable given the existing technological limitatibhereforejt is recommended toonduct
research on the economi@bility and potential consequences of alterna@epractices, beyond recyalj.

This broader focusanhelp policymakers and companies explore gthessiby moreefficient, CE practices
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14 Appendix
14.1.1 Appendix A Taxonomy on LCA literature

Table9 Available data on impact categories in LCA studies on jeans, denim and cotton

g s
]
g g g
_ g g8,
o g 23 5§52
2 = g = 55 @
5 58 3 2 58 3 §E SEE 8
c 8 - 5 a - £ g8 8 & e c £ O 5 €c K]
@8 _s8§c. £ 5 3 g £s8 ScE_o2rs E
@ & 8 5 ¢t £ S © = o = o 2 € § o %8 o § ¢ L 8 ® 5
ESE®Sa®SE 8 > 2 S 8 2ec 58T 2E g 8§83 -
stseggegsf - _§_P8 2e€XER8L8533-5208%8¥%F8s55%
8.?3%:3'3-‘5. S 6852 R TER22pES S S8 sasww Sk
cEceg L2 88Fofg®8_ £:-8§28c0ocpoo=-22888EcE
£z 8E3g8s3atiz8icsg 555252885 EEE¢se
2382580333335 885 2 33 ccccfzS28s88803
EEE 8 8s8E58F 52 coEsdigfdgosgaeessegsd
S 2 £tE032F38 2 0w & g 585 2t :E, g g g C 225989908 ¢ &
Author and year of publication o D Ef=232P==s0z0scpk 2222825288 8586%88 8
(Fidan et al., 2021) 1 1 1 1 1
(Fidan et al., 2021) 1 1 1 1 1
(Spathas, 2017) 1 1 1 1
(Spathas, 2017) 1 1 1 1
(Esteve-Turrillas & de la Guardia, 2017) 1 1 11 1 101 101 1 1 1 1 1
(Esteve-Turrillas & de la Guardia, 2017) 1 1 11 1 11 11 1 1 1 1 1
6'1P S FE®dZ HaHNG 1 11 1
6! 1P S +FEdT HAunQ 1 11 1
(Levanen et al., 2021) 1
(Levénen et al., 2021) 1
(Liu et al., 2020) 1 11 1 11 1 1 11 1 1 1 1 1 11
(Liu et al., 2020) 1 101 1 101 1 1 101 1 1 1 1 1 11
(Franco-Garcia et al., 2019) 1
(Franco-Garcia et al., 2019) 1
(Moazzem, Crossin, et al., 2021) 1 1 11 1 1 1
(Moazzem, Wang, et al., 2021) 1 1 11 1 1 1
(Moazzem, Wang, et al., 2021) 1 1 11 1 1 1
(Hedman, 2018) 1 1 101 1 11 1
(Hedman, 2018) 1 1 1 1 1 11 1
(Hedman, 2018) 1 1 1 1 1 101 1
(B.R. de Haan, 2017) 1 1 1 101 1 1 1
(Hackett, 2015) 1 1 101 1 1
(Saric & Nellstrém, 2019) 1 1 1 1 11 1 11 1 11
(Baydar et al., 2015) 1 1 1 1 1
(Kazan et al., 2020) 1 1 1 1 1 1 1
(Kazan et al., 2020) 1 1 1 1 1 1 1
6 SYSNJI CARFY S Fft®dZ HAaHaO 11
6 SYSNICARFY S Ift®dZ HAaHaO 11
(La Rosa & Grammatikos, 2019) 1 1 1
(La Rosa & Grammatikos, 2019) 1 1 1 1 1 1 11 1 1 1 1 1
(Morita et al., 2020) 1 1
(Zhang et al., 2015) 1 1 1 1 1 11 1
(Levi Strauss and Co, 2015) 1 1 101 1
Total 13 20 20 522 5 1 52 9 6 1 2 7 1 2 5 8 8 110 3 3 12 3 3 6 9 1 4 3 3 3 3

*This study excluded the impact categories indeel to a lack of available data in the case of recycled material.

SourcesFidan et al., 2021 (Spathas, 201) (EsteveTurrillas & de la Guardia, 2017) Ak 1 e t ,(Levanen et 2.02021)hiu et al.,

2020) (Moazzem, Crossin, et al., 202{loazzem, Wang, et al., 20 (de Haan2017), (FranceGarcia et al., 2019jHackett, 2015)

(Saric & Nellstrom, 2019)Baydar et al., 2015)Kazan et al., 2020JHedman, 2018 Sener Fi d a(ha Resa & @rhmmatikés0 2 3 )
2019) (Morita et al., 202Q)(Y. Zhang et al., 2015]Levi Strauss and Co, 2015)
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14.1.2 Appendix B:Model parameters used in the model in Chapter 10

Table10 Model parameters used in ChaptEd for repoduction

Model parameters

100% virgin jeans Source 100% recycled jeanSource azyStrarirzy TSoufd2N) 6ekl
Contribution to climate change (kg CO2 eq) 5,011 (Fidan et al,, 2021) 2.503(Fidan et ., 2021) 0.157(True Price, 2021)
Acidification potential (kg SO2 eq) 0.037(Fidan et al., 2021) 0.014(Fidan et al., 2021) 4.7(True Price, 2021)
Fresh water eutrophication (kg P eq) 0.005(Fidan et ., 2021) 0.002(Fidan et ., 2021) 203(True Price, 2021)
Water use (m"3) 3.099(Liu et al., 2020) 0.037(Fidan et al., 2021) 1.27(True Price, 2021)
Fossil fuel depletion (kg oil eq) 2.538(Fidan et al., 2021) 0.968(Fidan et al., 2021) 0.448(True Price, 2021)
Land transformation (ha/year) 0.008 (Arvidsson, 2019) 0.000(Esteve-Turrilas et ., 2017) 2050(True Price, 2020)
Particulate matter formation (kg PM10 eq) 0.002(Liu et al., 2020) 0.039(Liu et al., 2020) 39.2(Schroten et al., 2018)
tNRGFHGES O02ata 6¢e0 7.13(Brooks, 2015) 22.277.13-2.50(Brooks, 2015)+0.882(Kazan et al., 2020)*20(de Wit, personal communication,

Lifespan parameterSource

h -1643.3(Halimi et al., 2008; Contin et al., 2022)
i 3928 (Halimi et al., 2008; Contin et al., 2022)
I maximum 0.5(Radhakrishnan & Kumar, 2018)

L maximum (hours of wear) 3600(Cooper et al,, 2013)

14.1.3 AppendixC: Sensitivity analysi$or Land transformation impacts ambnetizatiorfactors

Table11 Optimal recycled proportion in jeans fdiffering Land transformation Impacts atMbnetizationfactors

3 Land transformation impact for virgin jeans (ha)

0,0008 0,0017 0,0025 0,0033 0,0042 0,005 0,0058 0,0066 0,0075 0,0083 0,0091 0,01 0,0108 0,0116 0,0125 0,0133 0,0141 0,0149 0,0158 0,0166

2056 020 020 020 020 020 020 020 020 020|020 020 020 020 020 020 020 020 020 020 020
410 020 020 020 020 020 020 020 020 020 020|020 020 020 020 020 020 020 020 020 020
615 020 020 020 020 020 020 020 020 020|020 020 020 020 020 020 020 020 020 020 020
820 020 020 020 020 020 020 020 020 020 020|020 020 020 020 020 020 020 020 020 0,20
1025 020 020 020 020 020 020 020 020 020|020 020 020 020 020 020 020 020 020 020 0720
1230 020 020 020 020 020 020 020 020 020|020 020 020 020 020 020 020 020 020 020 0720
1435 020 020 020 020 020 020 020 020 020|020 020 020 020 020 020 020 020 020 020 0720
1640 020 020 020 020 020 020 020 020 020|020 020 020 020 020 020 020 020 020 020 020
1845 020 020 020 020 020 020 020 020 020 020 020 020 020 020 020 020 020 020 050 050
2050 020 020 020 020 020 020 020 020 020| 020020 020 020 020 020 020 050 050 050 050 ]
2255 020 020 020 020 020 020 020 020 020|020 020 020 020 020 020 050 050 050 050 050
2460 020 020 020 020 020 020 020 020 020|020 020 020 020 020 050 050 050 050 050 050
2665 020 020 020 020 020 020 020 020 020|020 020 020 050 050 050 050 050 050 050 050
2870 020 020 020 020 020 020 020 020 020|020 020 020 050 050 050 050 050 050 050 050
3075 020 020 020 020 020 020 020 020 020|020 020 050 050 050 050 050 050 050 050 050
3280 020 020 020 020 020 020 020 020 020|020 05 050 050 050 050 050 050 050 050 050
3485 020 020 020 020 020 020 020 020 020 050|050 050 050 050 050 050 050 050 050 0,50
3690 020 020 020 020 020 020 020 020 020 050|050 050 050 050 050 050 050 050 050 0,50
3895 020 020 020 020 020 020 020 020 050 050|050 050 050 050 050 050 050 050 050 0,50
4100 020 020 020 020 020 020 020 020 050| 050|050 050 050 050 050 050 050 050 050 0,50
*The row and column igreen show thbase values of either the monetization factor or the impact.

Monetisation factor for Land transformation (EUR

14.1.4 AppendixD: Sensitivity analysis for Private Costbrecycled jeans

Table12 Optimal recycled proportion in jeans for differing Private Costs of recycethd
Private Costs Recycled Jeans (EUR) |
1,114 2,227 3,341 4,454 5568 6,681 7,795 8,908 10,02 11,14 12,25 13,36 14,48 1559 16,7 17,82 18,93 20,04 21,16 22,2
Optimal Recycled Proportion 0,50 050 050 050 050 050 050 050 050 050 0,50 050 050 0,20 020 020 0,20 020 020 0,2
Total Private Costs (EUR) 412 468 524 579 635 6,91 7,46 802 858 9,13 9,69 10,25 10,80 8,82 9,04 9,26 9,49 9,71 993 10,1
Total Environmental Costs (EUR)3,51 13,51 13,51 13,51 13,51 13,51 13,51 13,51 13,51 13,51 13,51 13,51 13,51 19,95 19,95 19,95 19,95 19,95 19,95 19,9
*The column in green shows the base values.
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14.1.5 AppendixE: Sensitivity analysis for Private Costs of Virgin jeans
Table13 Optimal recycled proportion in jeans for differing Private Costs of virgin jeans
Private Costs virgin Jeans
071 143 2,14 285 357 428 499 570 642|7,13| 7,84 856 9,27 9,98 10,70 11,41 12,12 12,83 13,55 14,26
Optimal recycled Proportion 0,20 0,20 0,20 020 020 020 0,20 0,20 020/ 020020 0,20 0,20 020 020 020 020 0,20 020 020
Total Private Costs 502 559 6,16 6,73 7,30 7,87 844 9,01 958/ 10,1510,72 11,29 11,86 12,43 13,01 13,58 14,15 14,72 15,29 15,86

Total Environmental Costs 19,95 19,95 19,95 19,95 19,95 19,95 19,95 19,95 19,95 19,95/19,95 19,95 19,95 19,95 19,95 19,95 19,95 19,95 19,95 19,95
*The column in green shows the base values.
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