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Preface 

 

This thesis sprang from my lifelong fascination for fashion and textiles. From the moment I was able to 

hold a needle, I made outfits for my Monchhichi and Barbies; as soon as I could handle a sewing 

machine, I made clothing for myself and others. 

It still intrigues me how one can create a 3D modelled piece of clothing from flat fabric, or knit a 

complete garment from one thread. I can still remember the excitement I felt when I visited the – long 

ago dismantled – Enka viscose manufacturing plant in Enschede and several other textile factories. I 

was – and still am – fascinated by the long rows of machines and workers making beautiful textile 

materials and products. The same goes for the upcoming new technologies to create apparels (such as 

3D printing and laser cutting); and new (smart) materials (for example, bio-based filaments and 

conductive polymers) and the ways (young) designers play with these. Making a piece of clothing has 

always been a subtle, almost ungraspable interplay between the creator, the material, the maker and 

the wearer. Likewise, I am intrigued by the meanings of fashion for people, its history and the cultures 

that surround it, and the way the fashion industry operates and has influence. 

 

When someone is asked for the most important products in life, garments are rarely those first 

mentioned. But when stepping out in the morning for work or school, you might forget your mobile 

phone or the keys to your house, or a book you possibly need for a course that day. This might seem, 

at that moment, to be a big problem, but they are problems that can be overcome. When you forget 

your clothing, however, you face real problems! You will get cold (or too warm in hot climates) and 

people will stare at you. So, are not your garments the most important products in your possession? 

It is also interesting that when I discuss my research topic – under the broader heading sustainable 

fashion – it always provokes a reaction. Fashion and sustainability affect everybody and everyone has 

an opinion about it. It is rewarding to notice your research topic has relevance, is (somehow) 

understood and has a strong connection with people in their daily life. This latter aspect might also 

stem from the fact that fashion and identity are so closely linked. 

 

My professional career in fashion began with sewing for textile designers and within fashion ateliers. 

The rise of the sustainability movement presented the opportunity to include the topic in my MSc 

graduation project undertaken at the Delft University of Technology (TU Delft). The assessment of 

environmental aspects requires in-depth knowledge about the processes behind the sector and its 

products. Through both this work and study, it has become clear to me that the viewpoint of an 

industrial design engineer has valuable potential for the fashion industry. Following my graduation, I 

started working as a product manager in a fashion company and discovered that sustainability in real 

world fashion was not, at that time, an issue. This was in the middle of the 1990’s, the world economy 

was recovering from crisis and the internet bubble had begun to grow. It was also the time when fast 

fashion came into being. 

 

My fascination for textile products, the system and the industry, in combination with a hunger for 

knowledge about the facts behind the sustainability of fashion, are the main reasons for this project. 

This thesis is the result of a search for a more sustainable fashion industry; a need to answer questions 

about conscience; and about responsible fashion designers living in the 21st century. I hope to inspire 

all actors in the fashion industry to create everyday clothes, which are sustainable and foster self-

empowerment – of the designers, the wearers and the makers – now and in the future ahead. 
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Abstract in English 

 

This thesis looks at sustainable fashion from the viewpoint of the designer and seeks the answer to the 

central research question: How can designers contribute to a cleaner and more sustainable 

fashion production system? 

The goal of the research presented in this thesis is to inform fashion designers (and other stakeholders 

in the fashion industry) about what they can do to integrate sustainability in their designs by taking 

into account life cycle assessment study results. 

‘Fashion’ in this thesis refers to ‘the clothing that people wear’ (inspired by Breuer, 2015, p.34). 

To structure the research, the underlying research questions, the results and the conclusions are 

divided into metrics related (i); production process related (ii) and communication related (iii). 

 

This thesis consists of two parts: (I) the ‘Chapeau’’, which describes the introduction, the methods, a 

synopsis of the research results, the discussion, conclusions and recommendations, and (II) the 

‘Publications’, presenting the six underlying papers, accomplished through an exhibition in the annex. 

 

The introduction section of this thesis shows, that the current fashion system is unsustainable. The 

problems, which arise from this expanding industry, are twofold: it is polluting and anti-social. 

The worldwide textile and apparel sector results in material depletion, toxic emissions and 

social(economic) exploitation. 

The first chapter of the Chapeau highlights the insight that designers may be identified as potential 

actors who can contribute to the transition towards a more sustainable fashion industry, but they lack 

the right information and practical, open-source, reliable data and tools to provide clear and well-

grounded insights into the consequences of design based decisions. This section also introduces the 

central research question1, as well as the three underlying research questions2, and discusses the scope 

and delimitations of the research. 

 

The second chapter presents the main methods of the research (‘action research and reflective 

practice’; ‘ecodesign and the life cycle design strategies wheel’ and ‘life cycle assessment and 

ecocosts’), and shows the relationship between these methods, the research questions and the 

publications. It forms the prelude to the main approach, which is qualitatively oriented and based on 

life cycle assessment (LCA) and the (s-)ecocosts method. 

 

                                                   

 

 

 

 
1 Central research question: How can designers contribute to a cleaner and more sustainable fashion production 

system? 
2 Research question 1 (RQ 1, metrics related): What are the current flaws in LCAs on textiles and clothing products 

and what can be done about these? 

RQ 2 (production process related): Which innovative technologies and design approaches hold promising 

contributions for cleaner textile production and a sustainable fashion industry? 

RQ 3 (communication related): How can designers (and other stakeholders, such as companies, policy makers, 

consumers and researchers) be best guided to make well-considered decisions for sustainable clothing products? 
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The third chapter summarises the results from the publications, ranked under the aforementioned 

three underlying research questions. The research highlights three flaws in LCA studies of the past: 

(i) the non-existence of yarn count specification in LCA calculations, since it has a major 

influence on production energy; 

(ii) the exaggeration of the environmental burden of machine washing in the use-phase; 

(iii) the incorrect method of handling carbon sequestration in LCA (to include in LCAs of bio-

based textiles). 

Furthermore, the research identifies the textile manufacturing stage (fibre production, yarn spinning 

and weaving) as environmental hotspots, and the garment production phase as the phase with the 

highest socio-economic costs. 

The research on smart textiles reveals that the extra environmental burden of it is worrisome. It can be 

avoided through careful design, however. The research on 3D printing, digital design and local 

manufacturing reveals that the environmental burden of these techniques is no less than the impact of 

‘conventional’ methods; however, introduction to a wider audience might have a positive effect on the 

life span of clothing (since it is tailor-made), as well as a positive effect on the social aspects of the 

production system. 

 

The fourth chapter of the Chapeau indicates the related discussion points; ranging from the limitations 

of the numerical approach of the research, to the restricted influence of the designer in the 

contemporary fashion system. The discussion includes the issue of the responsibility of the designer – 

to inform their supervisors about the sustainability impacts of the designs – versus the responsibility of 

the company management – to adhere to corporate social responsibility and to determine a fair price 

policy. 

The evaluation at the end of the fourth chapter examines a combination of the action research and 

reflective practice methods with the article-based approach, concluding that this is a valuable method 

of research for this subject area. Furthermore, the inclusion of the social aspect in this PhD was a 

challenge. 

 

The fifth chapter presents the conclusions of the research, based on the three research questions, 

underlying the central research theme. 

The chapter begins with the conclusion that the metrics related publications have a threefold 

contribution to the development of life cycle sustainability assessment (LCSA), namely:  

(i) an up-to-date LCA benchmark on textile products from different materials;  

(ii) a solution for the carbon sequestration issue in LCA;  

(iii) the development of a method for quantification of the social impact. 

Important conclusions in this context are, among others, that garments made from cotton and wool 

have a less sustainable footprint than clothing made from man-made fibres, and that the energy use 

for the fabric manufacturing process, ‘knitting’, has a factor 20 times lower than the energy needed for 

‘weaving’. 

 

The production process-related conclusions highlight that additive manufacturing (AM), with or 

without the combination of co-creation and local production, could be beneficial for a sustainable 

transformation, but that the right combination of material, structure and process is crucial for success. 

Furthermore, the research demonstrates that ecodesign improves the environmental performance of 
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smart textiles and that, by means of the ecocosts method, the environmental gain of redesigns can be 

mapped out. 

 

The communication related conclusions, in the context of the practice based orientation of this 

research, refer to the communication between LCA-researchers (on textiles) and (fashion) designers. 

Firstly, it is concluded that this research positively supports the hypothesis that the unsustainable 

fashion industry can be transformed into a more sustainable industry by means of providing fashion 

designers with the right information so they can implement the results of scientific LCA research in 

fashion design practice. 

Secondly, the communication related research question leads to the suggestion that, as long as the 

validity of existing tools for sustainable fashion design remain questionable, and scientifically sound 

and appealing ecodesign related metrics are still under development, an intermediate person must 

take position between the LCA-expert and the designer. This new stakeholder, the ‘tranS-LCA-tor’ 

could guide the designer with practical and directly implementable suggestions for sustainable fashion 

design, based on scientific results from research by LCA-experts. 

In line with the above suggestion, the fifth chapter ends with a concise list of answers to the above 

central research question and calls upon the designer to:  

(i) make well-considered choices for materials and production processes;  

(ii) to learn about life cycle thinking and ecodesign;  

(iii) to carefully consider a company’s sustainability policy before accepting work with them. 

 

Chapter six of the Chapeau examines the recommendations for stakeholders other than designers, 

including research recommendations, and pays special attention to the future activities of the tranS-

LCA-tor. 

 

According to a famous quote of fashion designer Coco Chanel (1883-1971), fashion is all around us. 

Chanel once said that: “Fashion is not something that exists in dresses only. Fashion is in the sky, in the 

street, fashion has to do with ideas, the way we live, what is happening.” 

In line with this quote and the research described in this thesis, the ultimate challenge for designers is 

to make sustainable fashion ‘a way of living’, by means of creating ‘Life Cycle Clothing’, which 

enhances the self-empowerment of the designer, the maker, and the wearer. Therefore, the author of 

this thesis calls on the designer to take up a different role; to become a trendsetter for sustainable 

fashion. 
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Abstract in Dutch - Samenvatting in het Nederlands 

 

Dit proefschrift benadert verantwoorde mode vanuit de visie van de ontwerper en zoekt naar het 

antwoord op de centrale onderzoeksvraag: Hoe kunnen ontwerpers bijdragen aan een schoner en 

duurzamer modeproductiesysteem? 

Het doel van het onderzoek dat in dit proefschrift wordt gepresenteerd, is modeontwerpers (en andere 

belanghebbenden in de mode-industrie) informeren over wat zij, door rekening te houden met de 

resultaten van levenscyclusanalysestudies, kunnen doen om duurzaamheid te integreren in hun 

ontwerp. 

In dit proefschrift wordt ‘mode’ gedefinieerd als ‘de kleding die men draagt’ (geïnspireerd door 

Breurer, 2015, p.34). 

Ten behoeve van de structuur van het onderzoek is een verdeling gemaakt van de onderliggende 

onderzoeksvragen, de resultaten en de conclusies, in metriekgerelateerd (i), productieproces-

gerelateerd (ii) en communicatiegerelateerd (iii). 

 

Dit proefschrift bestaat uit twee delen: (I) het ‘Chapeau’, met daarin de introductie, de methoden, een 

synopsis van de onderzoeksresultaten, de discussie, conclusies en aanbevelingen, en (II) de 

‘Publications’ waarin de zes onderliggende artikelen worden gepresenteerd, aangevuld met een 

tentoonstelling in de annex. 

 

De introductie van dit proefschrift laat zien dat het huidige modesysteem niet duurzaam is. De 

problemen die hierdoor ontstaan zijn tweeledig: deze groeiende industrie is vervuilend en antisociaal. 

De wereldwijde kledingindustrie leidt tot materiaaluitputting, toxische emissies en sociale en sociaal-

economische uitbuiting. 

Het eerste hoofdstuk van het Chapeau concludeert dat ontwerpers gezien kunnen worden als 

potentiële actoren die kunnen bijdragen aan de transitie naar een meer duurzame mode-industrie. 

Echter, het ontbreekt hen aan de juiste informatie en praktische, open toegankelijke, betrouwbare data 

en instrumenten die heldere en goed onderbouwde inzichten kunnen geven in de gevolgen van 

ontwerpbeslissingen. Dit hoofdstuk introduceert eveneens de centrale onderzoeksvraag3, als ook de 

drie onderliggende onderzoeksvragen4, en beschrijft de reikwijdte en de afbakening van het 

onderzoek. 

 

                                                   

 

 

 

 
3 Centrale onderzoeksvraag: Hoe kunnen ontwerpers bijdragen aan een schoner en duurzamer 

modeproductiesysteem? 
4 Onderzoeksvraag 1 (RQ 1, metriekgerelateerd): Wat zijn de tekortkomingen in de huidige LCA’s van textiel en 

kleding en wat kan hieraan gedaan worden? 

RQ 2 (productieprocesgerelateerd): Welke innovatieve technologieën en ontwerpbenaderingen kunnen leiden tot 

schonere manieren van kledingproductie en een duurzame mode-industrie? 

RQ 3 (communicatiegerelateerd): Hoe kunnen ontwerpers (en andere belanghebbenden, zoals bedrijven, politici, 

consumenten en onderzoekers) het beste begeleid worden zodat zij weloverwogen beslissingen nemen bij het 

ontwerpen van duurzame kleding? 
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Het tweede hoofdstuk presenteert de belangrijkste onderzoeksmethoden (‘action research en 

reflective practice’; ‘ecodesign en het life cycle design strategies wheel’’ en ‘life cycle asssessment en 

ecocosts’) en geeft aan wat de relatie is tussen deze methoden, de onderzoeksvragen en de 

publicaties. Dit overzicht vormt de opmaat tot de belangrijkste aanpak die kwalitatief georiënteerd is 

en gebaseerd is op de levenscyclusanalyse (LCA) en de (s-)ecokosten methode. 

 

Het derde hoofdstuk omvat een samenvatting van de resultaten uit de publicaties, gerangschikt naar 

de eerdergenoemde drie onderliggende onderzoeksvragen. Het onderzoek geeft drie gebreken aan in 

LCA-studies uit het verleden: 

(i) de garendikte specificatie in LCA-berekeningen is niet meegenomen, wat van invloed is op 

de benodigde energie voor productie; 

(ii) de overschatting van milieuvervuiling door de wasmachine in de gebruiksfase; 

(iii) de incorrecte wijze waarop opslag van CO2 in de LCA wordt geïntegreerd (om op te nemen 

in LCAs van bio-gebaseerd textiel). 

Daarnaast wijst het onderzoek de textielfabricagefase (vezelproductie, garenspinnen en weven) aan als 

meest milieuvervuilend en de kledingproductiefase als fase met de hoogste socio-economische kosten 

(hotspots). 

Het onderzoek over slim textiel laat zien dat de extra milieulast hiervan zorgwekkend is, maar dat dit 

door middel van een doordacht ontwerp vermeden kan worden. Het onderzoek naar 3D-printen, 

digitaal ontwerpen en lokale productie toont aan dat de milieu-impact van deze technieken niet 

minder is dan de impact van conventionele methoden, maar dat een wijdere toepassing ervan een 

positief effect kan hebben op de levensduur van kleding (omdat het op maat is gemaakt) en op de 

sociale aspecten van het productiesysteem. 

 

Het vierde hoofdstuk van het Chapeau behandelt de discussie, uiteenlopend van de beperkingen van 

de numerieke aanpak van het onderzoek tot de beperkte invloed van de ontwerper op het huidige 

modesysteem. Daarnaast behandelt de discussie de verantwoordelijkheid van de ontwerper - om hun 

leidinggevenden te informeren over de duurzaamheidsimpact van hun ontwerp - versus de 

verantwoordelijkheid van het bedrijfsmanagement - om maatschappelijk verantwoord te ondernemen 

en een eerlijk prijsbeleid te hanteren. 

De evaluatie aan het einde van dit hoofdstuk concludeert dat de combinatie van de methoden action 

research en reflective practice een waardevolle aanpak is voor dit onderzoeksgebied. Bovendien geeft 

de evaluatie aan dat de integratie van het sociale aspect in LCA een grote uitdaging is. 

 

Het vijfde hoofdstuk presenteert de conclusies van het onderzoek gebaseerd op de drie 

onderzoeksvragen die onderliggend zijn aan het centrale thema. 

Het hoofdstuk begint met de conclusie dat de kwantitatiefgerelateerde publicaties een drievoudige 

bijdrage leveren aan de ontwikkeling van de levenscyclusduurzaamheidsanalyse (lifecycle sustainability 

assessment; LCSA), namelijk:  

(i) een bijdetijdse LCA-vergelijking van textiele producten van diverse materialen;  

(ii) een oplossing voor het onderwerp ‘opslag van CO2 in LCA’;  

(iii) de ontwikkeling van een methode voor de kwantificering van sociale impact. 

Belangrijke conclusies in deze context zijn onder andere dat kleding gemaakt van katoen en wol een 

minder milieuvriendelijke voetafdruk heeft dan kleding gemaakt van kunstvezel.  
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Ook het energieverbruik voor het fabricageproces ‘breien’ is een factor twintig lager dan de energie 

die benodigd is voor ‘weven’. 

De productieprocesgerelateerde conclusies geven aan dat additive manufacturing (AM), eventueel in 

combinatie met co-creatie en lokale productie, de duurzame transformatie zou kunnen bevorderen, 

maar dat een juiste combinatie van materiaal, structuur en proces cruciaal is voor succes. 

Daarnaast toont het onderzoek aan dat ecodesign de milieuprestatie van slim textiel verbetert en dat 

door middel van de eco-kostenmethode de duurzaamheidswinst van alternatieve ontwerpen in kaart 

kan worden gebracht. 

 

De communicatiegerelateerde conclusies, terwijl de praktisch gebaseerde aanpak van dit onderzoek in 

acht wordt genomen, verwijzen naar de communicatie tussen LCA-onderzoekers (op kleding- en 

textielgebied) en (mode)ontwerpers. 

De allereerste conclusie (onder deze noemer) is dat het onderzoek de onderliggende hypothese in 

positieve zin ondersteunt: de niet-duurzame mode-industrie kan getransformeerd worden tot een 

duurzamere mode-industrie door modeontwerpers te voorzien van de juiste informatie, zodat zij de 

resultaten van wetenschappelijk LCA-onderzoek kunnen implementeren in de praktijk van 

modeontwerp. 

Ten tweede leidt de communicatiegerelateerde onderzoeksvraag tot de conclusie dat een intermediair 

nodig is tussen de LCA-expert en de ontwerper, zolang de validiteit van bestaande instrumenten 

(tools) onzeker blijft en de wetenschappelijke en aantrekkelijke ecodesigngerelateerde 

berekeningsmethodiek nog in ontwikkeling is. Deze nieuwe belanghebbende, de ‘tranS-LCA-tor’, kan 

de ontwerper begeleiden door praktische en direct implementeerbare suggesties te geven voor 

duurzame mode die gebaseerd zijn op wetenschappelijke resultaten voortkomend uit onderzoek van 

LCA-experts. 

In lijn met bovenstaande suggestie eindigt het vijfde hoofdstuk met een overzichtelijke lijst van 

antwoorden op de gepresenteerde onderzoeksvraag aan het begin van deze samenvatting en roept de 

designer op om:  

(i) weloverwogen keuzes te maken voor materialen en productieprocessen;  

(ii) het zogenaamde levenscyclusdenken en ecodesign toe te leren passen; 

(iii) een goede evaluatie te maken van het duurzaamheidsbeleid van het bedrijf waar werk voor 

wordt verricht. 

 

Hoofdstuk zes van het Chapeau geeft aanbevelingen voor belanghebbenden, anders dan ontwerpers, 

inclusief suggesties voor verder onderzoek. Tevens vraagt dit hoofdstuk extra aandacht voor de 

toekomstige activiteiten van de tranS-LCA-tor. 

 

Volgens een beroemde uitspraak van modeontwerper Coco Chanel (1883-1971) is mode 

alomtegenwoordig. Chanel heeft eens gezegd: “Mode is niet iets dat alleen in jurken bestaat. Mode is 

in de lucht, op straat en heeft te maken met ideeën, met de manier waarop wij leven, met wat er 

gebeurt.” 

In lijn met deze uitspraak en het onderzoek zoals beschreven in dit proefschrift is de ultieme uitdaging 

voor modeontwerpers om verantwoorde mode tot een ‘manier van leven’ te maken. Dit kan de 

ontwerper doen door het creëren van ‘Life Cycle Clothing’, die het autonoom ontwikkelvermogen van 

de ontwerper, de maker en de drager vergroot. Daarom roept de auteur van dit proefschrift de 

ontwerper op om een andere rol aan te nemen en om een trendsetter te worden voor duurzame 

mode.  
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C.1 Introduction 

 

1.1 Problem background 

 

1.1.1 The textile and fashion industry 

 

“The textile and fashion industry is one of the biggest and oldest industrial sectors in the world” 

(Niinimäki, 2013, p.14). Textile production and consumption has been growing ever since the Industrial 

Revolution and at exponential rates over the past decades. Today the output of global fashion and 

textile production is estimated “… to be more than 30 million tons annually” (ibid.). In 2013, world 

exports of textiles and clothing rose by 8%, four times higher than the average growth for world 

exports (2%) and valued at US$ 766 billion (WTO, 2014). The European Union is the largest importer of 

clothing, accounting for 38% of world imports in 2013, followed by the United States with 19% (ibid.). 

In all Western countries, between 90 and 95% of sold garments are imported (Niinimäki, 2013, p.14). 

 

Figure 1 shows the ranking of important garment producing countries according to a recent report of 

McKinsey (2016). Chief purchasing officers of large European companies such as H&M, Primark and 

Tesco were asked to rank the top three apparel sourcing countries for the next five years, which, 

according to McKinsey, leads to the conclusion that China is in decline and Bangladesh remains at the 

top of the list of future sourcing destinations. McKinsey states that, for the first time in the survey, 

African nations appear on the list of countries expected to play more important roles in apparel 

manufacturing. 

 

 

 

Fig. 1 Important apparel producing countries worldwide 2015-2020 
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According to an estimation by ILO (2014, p.9-10), in the years 2009-2010 around 22 million people 

worked in the global clothing and textiles sector. Stotz and Gillian (2015) state that, in 2014, about 60-

75 million people were employed in the textile, clothing and footwear sector worldwide; compared to 

only 20 million people in the year 2000. 

 

“Textiles and clothing production is among the industries that contribute most negatively to 

environmental and social aspects of sustainability” (Laitala et al. 2015). In fact, the industry was recently 

ranked second, after oil (Sweeny, 2015). Textile production and consumption combined make up 3% of 

global CO2 emissions (Laitala et al. 2015; referring to Madsen et al. 2007 and Carbon Trust, 2011). More 

specifically, Carbon Trust (2011) calculated that the “global production of clothing results in around 

330MtCO2 being produced annually, which is about 1.2% of global human CO2 production emissions. 

In-use emissions from clothing, principally arising from washing and drying, but including ironing and 

dry-cleaning, cause a further ~530MtCO2 to be emitted, equivalent to around 2% of global emissions.” 

The Environmental Impact of Products study by the European Commission’s Joint Research Centre 

recently identified textile products “… as a priority group, which makes a significant contribution [of 2-

10%] to environmental impacts in Europe” (Cordella et al. 2014, p.8). “The analysis highlighted that the 

volume of clothing, on a weight basis, is almost twice that of household textiles” (ibid. p.9). The 

average apparent annual consumption of clothes was estimated at 13.5 kg per citizen per year (ibid. 

p.9). 

 

The ILO (2014) states: “Working conditions in the clothing industry and some industry practices can be 

particularly challenging for female workers … Long and unpredictable working hours and safety 

concerns …, low wages, weak collective bargaining opportunities and lack of equal pay for work of 

equal value can make women vulnerable to exploitation inside and outside the workspace.“ (ibid.) In a 

recent special report centred on child labour, the Guardian (2015) said that “many of the 

[170 million] child labourers [worldwide] work within the fashion supply chain, making textiles and 

garments to satisfy the demand of consumers in Europe, the US, and beyond.” 

 

In the recently released Convenant Duurzame Kleding en Textiel (SER, 2016), “clothing and textiles” is 

identified – in a report of KPMG for the Dutch government – as a sector with an “enlarged risk of 

violation of human rights, environmental norms and animal welfare”. 

Documentary makers (Van der Keuken, 2015; Morgan, 2015, see Figure 5), NGOs (e.g. Greenpeace, 

2016) and journalists (e.g. Laterveer, 2015) have recently reported that the overall5 situation in the 

textiles sector has not yet shown improvement. They express concerns with regards to the ongoing 

pollution of the environment and continuing social exploitation of workers in the sector, as well as a 

shift of production to countries with less stringent environmental legislation and a higher prevalence 

of inequality and no minimum wage. 

                                                   

 

 

 

 
5 Referring to the rough situation, leaving aside many gratifying smaller initiatives, such as the establishment and 

rise of sustainable fashion brands (e.g. People Tree and Studio YUX), - retailers (e.g. Charly + Mary), - designers 

(e.g. Rianne de Witte and Monique van Heist), - webshops (e.g. watMooi), - apps (e.g. Talking Green), etc., which 

are definitely worth a mention also. 
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As can be seen in Figure 2 (Afcot, 2016), two fibres dominate and are projected to dominate the 

expanding textiles market: cotton and polyester (Fletcher, 2008 p.6). Cotton and Polyester (staple 

fibres) are named ‘unequal competitors’, because (i) global fibre demand is rising and, according to the 

International Cotton Advisory Committee, (ii) global cotton production is approaching its physical 

maximum (Afcot, 2016). Therefore, it is expected that the production of polyester fibres will increase in 

the future and the production of cotton fibres will remain at the same level or slightly decrease (see in 

Figure 2). 

 

To give an indication of the countries in which cotton and polyester are being produced, Figure 3 

(Statista, 2016) shows the leading cotton producing countries worldwide in 2014-2015 (in thousand 

metric tons) and Figure 4 (Afcot, 2016) presents an overview and projections of the world polyester 

staple production per country/region (in million metric tons). Figures 3 and 4 demonstrate that China, 

India and the United States are the largest cotton producing countries and that polyester is mainly 

produced in China and South and South East Asia. 

 

 

 

 

 

Fig. 2 World fibre production1980-2025 (Afcot, 2016) 

 

For the fibres presented in Figure 2, the following classifications apply: Wool and Cotton are natural 

fibres. Cellulosic fibres are half-synthetic, regenerated, and can be ranked under man-made or 

manufactured fibres. Polypropylene, Acrylic, Polyamide and Polyester fibres are full-synthetic and man-

made and manufactured also (Gardetti and Torres, p.4). 
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Fig. 3 Leading cotton producing countries worldwide in 2014-2015 (Statista, 2016) 

 

 

 

 

Fig. 4 World polyester staple production 1980-2025 (Afcot, 2016) 

 

By way of a summary of this brief introduction section about the textile industry (including its 

magnitude, the main feedstock materials and the producing countries) Figure 5 shows a collage of 

images that represent the problems arising from this industry: social exploitation, toxic emissions and 

materials depletion. 
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Fig. 5 Stills from the True Cost Movie (Morgan, 2015), a documentary film featuring the problems 

associated with the current textile industry. 
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1.1.2 A brief historical outline 

 

The fact that the fashion industry is polluting and anti-social has been receiving renewed attention 

over the past decade, not only from (non-)governmental organisations, consumers and researchers, 

but also from within the industry itself. This section describes a brief historical outline of the entrance 

and development of sustainable thinking in the fashion industry. 

 

Probably originating in Germany6, the lively debate7 about sustainability and fashion started in the 

early 1990s, and mainly concentrated on the source of the fibre materials used for clothing products 

(Weller, 2013). The general idea was that sustainable fashion should be made from natural materials, of 

which, next to synthetic polyester (PET), cotton8 has been by the far the most dominant material used. 

Conventional cotton became known for its polluting character due to the use of large amounts of 

fertiliser and pesticides during cultivation. Fashion brands (first of all Esprit in 1993, soon after H&M, 

de Bijenkorf, C&A and Hij) launched e(co)-collections, which were made from biological (eco-)cotton 

(Van der Velden, 1994, p.11). 

 

In the more financially abundant years towards the turn of the century, the debate faded away and 

e(co)-clothing disappeared (Weller, 2013), in favour of fast fashion. No information could be found on 

the moment when exactly the concept of fast fashion was introduced and by whom. Several sources 

(e.g. Tokatli et al. 2008 and Bhardwaj and Fairhurst, 2010) also refer to ‘throwaway’ fashion, and name, 

for example, Burton group’s specialty stores Top Man and Top Shop as well as Marks & Spencer and 

Liz Claiborne as being one of the first, soon followed by Zara, Hennes & Maurits, Mango and New 

Look. Briggs (2013, p.188) indicates that the roots of ‘fast fashion’ date back to the 1980s and refers to 

the pioneering adoption of it by Benetton. 

Fast fashion was recently described by Beumer and Koning (2015) as “… the expression of a 

democratised market …”, which had “… its first and unique manifestation in the Netherlands [and was 

introduced by Mac & Maggie9], eventually leading to shopping districts filled with chains such as 

Hennes & Mauritz, Zara and Primark. … Making clothing is hardly present anymore: buying clothing all 

the more.” This line of argument is followed by Farrer (2011, p.20), who describes the current British 

fashion retail system as “… being driven by a few huge industrial fashion retailers … [who] have 

economies of scale and can buy large volumes of clothing at ever lower prices, creating a churn of 

affordable, well designed goods into and out of store, which can be constantly refreshed, so delighting 

                                                   

 

 

 

 
6 Weller (2013) mentions that “ecological clothing appeared on the German market at the end of the 1970s …” and 

about “reports and debates on the possible health dangers of clothing in Germany in the 1980s.” 
7 Although Weller (2013) reports about the consumer magazine ÖKO-TEST, which was introduced in 1985 in 

Germany, according to Gardetti and Torres (2013), only in 1998 did the first books about textiles, fashion and 

sustainability appear (see: Gardetti and Torres, 2013, p.9-11 for an extensive overview of these books). 
8 “In the mid-1990s, the production of PET [polyester] fibre exceeded that of cotton […]; since then, PET has been 

the most important fibre in the world to this day.” (Shen, 2011) 
9 By citing the description of Frans Ankoné (then stylist at P&C and involved in the initial establishment of Mac & 

Maggie) who indicates Mac & Maggie as “fast fashion avant la lettre”, Köppchen (2014) confirms the finding that 

Mac & Maggie was one of the first brands to introduce fast fashion - by means of translating … “designer fashion 

as shown in Paris and Milan as quickly as possible into affordable, wearable, but highly unique clothes”.  
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the consumer who is ever willing to buy more…”. Niinimäki and Hassi (2011, p.1878) likewise ascertain 

that: “The present system in the textile and clothing industry is based on fast cycles of fashion trends 

that aim to continuously produce new consumer needs and products. Product lifecycles are 

shortening, and companies want to substitute their products at an increasing pace10.” 

To date, the fast fashion concept continues to dominate in Europe and the United States and has been 

introduced over the past decade in emergent economies in the Middle and Far East. 

 

As a reaction to fast fashion, the concept of ‘slow fashion’ was introduced (Fletcher, 2008) as “… a way 

to re-evaluate our relationship with speed …” (ibid. p.172). This movement adopted the norms and 

values of socio-cultural well-being (Manzini, 1999); slow design (Fuad-Luke, 2002) and the slow food 

movement (introduced by “father of the Slow Food Movement” Carlo Petrini (Savaskan, 2013)), but has 

been commonly misunderstood. In particular, the fashion media misinterpreted the concept “… as a 

descriptor for products that are in some way less fast” (Fletcher, 2010, p.262). Fletcher (2008; 2010) as 

well as Niinimäki (2011) describe slow fashion not as the opposite of fast, but as “… a different 

worldview that names a coherent set of fashion activity that promotes variety and multiplicity of 

fashion production and consumption and celebrates the pleasure and cultural significance of fashion 

within biophysical limits” (Fletcher, 2010, p.262). Slow fashion, as Fletcher and Niinimäki describe it, is 

not about slowing down lifecycles, but about considerately designing clothing products via a multi-

layered, diverse, quality-based agenda (Fletcher, 2008, p.174), in which fast and slow fashion might be 

combined in different production systems with different taxation and labels for these (Niinimäki, 2011, 

p.142). 

 

The numbers behind the contemporary fashion system and the consequences for the environment 

were the subject of widespread attention in 2006 with the release of the (almost iconic) report Well 

Dressed (Allwood et al. 2006), made by researchers at Cambridge University. The scientific analysis 

included predictions of “… the environmental, economic and social consequences of changes in 

production structure, consumer behaviour, material and process innovations and government 

influence.” The researchers identified the consumer as a central catalyst for change to reduce 

environmental impact and promote social equity. 

During the same period, the industry gradually began to include sustainability assessment in their 

operations and started to integrate corporate social responsibility (CSR) in supply chain management 

(Kogg, 2009). Meanwhile, a proliferation of international certifications and labelling arose – varying in 

the level of sustainability improvement by focussing on the environment, fair trade and/or labour 

issues – leaving companies, consumers and designers11 in confusion (De Waart et al. 2009, p.54). 

In 2011, 30 large fashion companies (with members accounting for 60% of global sales) launched a 

multi-stakeholder alliance (named: The Sustainable Apparel Coalition) with the aim to draft a set of 

sustainability indicators for use across the entire garment industry (Poldner, 2011, p.277). 

                                                   

 

 

 

 
10 “The number of collections per year has increased significantly in the past 25 years, with some fashion brands 

offering up to 20 collections each year.“ (ILO, 2014, p.1) 
11 In this thesis the words “designers” and “fashion designers” are used interchangeably but all refer to the 

designers of clothing products (see also Section 1.1.3).  
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The Cradle-to-Cradle12 (C2C) movement and the Circular Economy13 (CE) introduced the body of ideas 

of thinking in material loops, either in biological or technical cycles, including design for long-lifespan, 

disassembly and/or recycling. C2C and CE has been inspiring many textile companies and designers 

worldwide, inciting clothing collection schemes and accelerating the development of textiles made 

from recycled materials, produced from both chemical (mainly PET-recycling, e.g. Eco-fi) and natural 

origin (cotton recycling, e.g. saXcelltm). 

Simultaneously, the development of modern technology has been stimulating the textile industry 

(both researchers and designers) to create technologically advanced and complex systems and 

products. At this moment (at the beginning of 2016) smart textiles and 3D-printed textiles can be 

found in high regions of their hype cycles. For sustainable textile design these developments evoke 

increasing concerns (Köhler, 2013) as well as opportunities (Toeters et al. 2013). 

 

Finally, there is one event in recent history that should be part of this brief historical overview about 

sustainability in the clothing and textiles sector: The collapse of the Rana Plaza (2013) factory in 

Bangladesh on 24 April 2013, described by the Clean Clothes Campaign as “the worst ever industrial 

accident to hit the garment industry”. This event raised global attention to the appalling working 

conditions of many workers in the textiles industry and led to the Accord of Fire and Building Safety in 

Bangladesh (CCC, 2016). 

 

The review in this introduction argues that in the future a growing population of consumers will most 

probably buy (consume) more clothing, which, in turn, will enlarge the negative effects on the 

environment and social well-being of the world population. 

 

1.1.3 Defining the solution space and target group 

 

The preceding brief historical overview of sustainability in the fashion industry leads to the following 

formulation of four main discussion areas: 

 

 the choice of materials, production chains and fabrication methods (1) 

 a fair distribution of money among the workers throughout the chain (2) 

 customer behaviour (buying, use- and re-use, cleaning, disposal), waste handling and  

recycling (3) 

 communication of the (un)sustainability of apparel (4) 

 

Furthermore, following the explanation in Section 1.1.2, the following key-actors, who can contribute 

to a more sustainable fashion industry are identified: 

 companies – creating fashion brands, bringing textiles on the market and managing the supply 

chains (a) 

 certification bodies – defining requirements for textile materials and processes (b) 

                                                   

 

 

 

 
12 popularized by McDounough and Braungart since 2002 (Pauw, 2015) 
13 brought under wide attention by the Ellen MacArthur Foundation (2010) 
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 researchers – contributing to the body of knowledge (c) 

 consumers – buying, taking care, cleaning, re-using and disposing of apparel (d) 

 policy makers – framing legislation (e) 

 non-governmental organisations (NGOs) – exerting influence on several parties (f) 

 

A recent comprehensive Swedish study (Roos et al. 2016) about sustainable development at the level 

of (national) industry sectors identified the following groups of actors as stakeholders of the Swedish 

fashion sector: consumers, brands, suppliers, sub-suppliers, authorities, investors, media and NGOs and 

proposes different interventions relevant to different actors. 

 

There is no evidence within this overview that the fashion designer has played any part in the 

sustainability debate as yet. Not only is the fashion designer not mentioned (at least not as one of the 

actors who scrambled for a sustainable fashion industry) but the above lists of possible influencers do 

not specifically describe the designer as a leading figure. Also, the Swedish study does not specifically 

mention designers and/or design interventions (ibid.)14. 

But, is it not the designers who decide how and which products enter the market and via which 

channels they are manufactured and sold and how they are used and end their life? 

 

From the historical overview (in Section 1.1.2), it can be concluded that fashion designers have not 

been frontrunners in the debate about sustainability and fashion, nor have they been those to evoke 

the necessary transition. At the famous catwalks in Paris, Milan and Tokyo, which are an important 

inspiration source for the fashion industry and the consumers, sustainability has been conspicuous by 

its absence15. Furthermore, none of the famous, influential fashion designing laureate are known for 

the integration of sustainability in their designs16. 

How can it be that, while fashion is generally known for its progressive character and is associated with 

innovation and change, the average appearance of garments in shops does not differ extensively from 

what was available 30 years ago (unlike many other products, which have experienced unprecedented 

transformations due to technology development, e.g. television sets, cars etc.)? And why is information 

about sustainability hardly present on the shop floor, but often over-represented in online 

                                                   

 

 

 

 
14 In another recent publication (Future Fashion Manifesto, 2015), the same research group does address the 

designer and emphasises that: "Today the designer has a limited role and commonly functions within limited 

scope of influence. Designers are often limited by their restrictive departmental roles. Most often the designer is 

missing relevant tools; influence beyond their section, knowledge and insight on their available options to 

sustainable decisions." The same document advises designers to include strategic design thinking for sustainable 

fashion design and points out that, by doing so, environmental performance improvement is about 41%. 
15 Leaving aside smaller national (e.g. Ethical Fashion Show Berlin; following up the Ethical Fashion Show Paris after 

nine editions since 2013) and local (e.g. Fair Fashion Festival Utrecht, Fair Fashion Fest Gent) initiatives, which are 

less well-known and less influential. Here it should also be noted that a few up and coming Dutch fashion 

designers (Jef Montes and Maison de Faux of Tessa de Boer and Joris Suk) showcased their commitment to 

sustainability by denouncing the fashion system in much talked-about performances at the Amsterdam Fashion 

Week 2016. 
16 Stella McCartney, Vivienne Westwood* and Yohji Yamamoto* might be among the few exceptions that prove 

the rule. 

* also identified by Breuer (2015, p.268) 
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communication of fashion brands? Focussing on a product level and then examining the broader 

picture over time, the biggest difference in the industry is that the quality is lower, volume is greater 

and there is more emphasis on marketing. 

 

Scientific literature in the field of design research claims that designers can play an important role 

towards sustainable transitions. “It is estimated that the product design and development phase carries 

approximately 80% or even more of the environmental and social impacts of the product, including 

the manufacturing, use and disposal phases (Tischner & Charter 2001, 120). In short, decisions made 

during the design process affect the environmental impact of the product during its whole life cycle.” 

(Niinimäki, 2011, p.26) 

Luttropp and Lagerstedt (2006, Abstract) state: “The designers are said to have the key to sustainable 

product development through ecodesign.” Furthermore, they emphasise that environmentally driven 

demands must enter into the early phases of design to be included in the specifications (Luttorp, 2006, 

p.1397-8). 

According to Ramani et al. (2010, p.091004-1): “Product design is one of the most important sectors 

influencing global sustainability, as almost all the products consumed by people are outputs of the 

product development process. In particular, early design decisions can have a very significant impact 

on sustainability…” 

Furthermore: 

“The role of the designer is becoming more varied: part creator, part researcher, part facilitator, part 

process manager (Atkinson, 2011). Designers are moving beyond designing solely a product but 

tailoring a range of touch points into designed services and experiences. These approaches are moving 

beyond ‘stuff’, and towards inspiring and empowering change. Vuletitch (2010) even refers to 

designers as change makers.“ (Ballie, 2012) 

 

Although all the actors in the list at the beginning of this section are expected to be very important, 

the above discussion justifies the decision to address the designers 17 as specific target group for the 

research of this thesis. 

Following Vuletitch’s line of thought, (fashion) designers might be referred to as ‘Change Agents’, 

because it can be expected that, in the future, designers will increasingly act as interdisciplinary 

intermediaries, rather than as maker-producers, such as agents (‘agens’ in Dutch) have been doing in 

chemical processing (of textiles). 

 

Up to this point, the term designer has not been well defined and ‘designer’ and ‘fashion designer’ 

interchangeably used. In this thesis the designer is defined as the person who designs clothing 

products, therefore the term “clothing designer” also applies. For the definitions of clothing and 

fashion, the reader is referred to Section 1.4. 

 

                                                   

 

 

 

 
17 This choice does not exclude the fact that this thesis could also be of interest to a wider group of readers, 

including consumers, business managers, consultants or policy makers and other actors in the textile chain, who 

are particularly addressed in the Recommendations (C.6). 
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In the MAKE chapter of the book Shaping Sustainable Fashion, Gwilt and Rissanen (2011) describe (1) 

the phases of fashion design and production (ibid. p.60-62); (2) the fashion designer’s role (ibid. p.62-

63); (3) the fashion design brief (ibid. p.63-64); and (4) point out three key problem areas when 

encouraging “... the fashion designer to engage with sustainable design practice”. According to Gwilt 

and Rissanen (2011, p.69-70), the latter comprises: (i) understanding sustainable design strategies; 

(ii) link sustainable strategies with the fashion design and production process; and (iii) apply lifecycle 

thinking to the fashion design brief. In addition to this, the next section elaborates further on the 

problems for the designer. 

 

 

1.1.4 The problem for the designer 

 

While the role of the designer has been changing (with reference to Vuletitch, 2010; Atkinson, 2011 

and Ballie, 2012; see the previous section), awareness about sustainability in the fashion sector has 

been growing over recent years (see Section 1.1.1). A general observation is that designers (and many 

of their supervisors) are ‘wandering and shopping around on the (data) market’18 but cannot find what 

they are looking for. In general, designers lack the right data and information (about materials and 

production processes) to justify their decisions. 

 

Another issue is that designers are not acting alone but are ‘just’ a part in the whole fashion system. 

Designers work for fashion companies (stakeholder (a) in the second listing in Section 1.1.3), which can 

be existing, new, large or small and with their own mission and value proposition drawn up by 

company management. The ‘sustainable fashion designer’ has to find its position in a complicated web 

of interests; in an industry where ‘greenwashing’19 sometimes is used (by the management) to 

maximise company profits. In this context, Gwilt and Rissanen (2011, p.72) refer to Kawamura (2005), 

stating that: “The fashion designer in a micro, small or medium size business does not work in 

isolation, as the creation of the fashion garment is a collective process”. 

 

Extra difficulties stem from the fact that many fashion designers (and many other stakeholders from 

the e-f list in Section 1.1.3) might not be skilled enough to translate (scientific) research results into 

practice, nor might they be able to judge communication about sustainability issues in the media. 

Most fashion designers (and other stakeholders) receive secondary education in fashion institutes, 

sometimes complemented by higher artistic education at art academies or higher academic education 

in applied universities, but probably have never carried out scientific research. This is a potential 

problem when addressing complicated sustainable design issues in a complex industry such as that of 

fashion (Gwilt and Rissanen, 2011, p.13). 

                                                   

 

 

 

 
18 Likewise, Poldner (2011, p.291) describes how “… companies are involved in other initiatives [next to the 

membership of the Sustainable Apparel Coalition] whether through accreditation, membership or as an affiliate. 

The data shows that they ‘shop around’ in search of knowledge on how to green their supply chains.” 
19 “Greenwashing is disinformation disseminated by an organization so as to present an environmentally 

responsible public image. –10th edition of the Concise Oxford English Dictionary” (Ramus and Montiel, 2005, 

p.377) 
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Niinimäki (2011, p.93) ascertains that “… textile and clothing design is lacking research knowledge on 

ecodesign and sustainable design issues”. Although many books (e.g. Black, 2008; see also Footnote 7), 

research (e.g. Spangenberg et al. 2010; Fletcher, 2012; Niinimäki, 2013), concepts (e.g. Nature-Inspired 

design, De Pauw, 2015; Circular Economy, Ellen MacArthur, 2010 ) and innovative products (e.g. Van 

Dongen, 2013; Van Herpen, 2013) have inspired, the specific role of the designer and which exact tasks 

and actions designers can undertake, methods to truly accelerate the transition towards a more 

sustainable fashion industry have hardly been described or educated so far. 

 

It is important to note that designers not only choose the materials and production processes, but are 

also often involved in marketing, and have influence in the communication processes of their products 

to consumers. In continuation, designers, as concept developers, are the (obvious) people to create 

new and innovative product service systems (Armstrong et al. 2015), combined with or without new 

(digitalised) production processes, progressing technologies and retail concepts. 

 

Over the years, several instruments for sustainable improvement of the textiles and apparel sector have 

appeared, of which many are based on LCA methodology: 

 tools for textiles and brands benchmarking (Modint Ecotool, 2012; Higg Index, 2012; Made-by 

Brand Tools & Benchmarks and ModeTracker, 2016; SAC Tools, 2016; TE, 2016); 

 toolboxes (Ecolizer, 2016; The TEN, 2016); 

 apps for materials comparison (e.g. Nike Making app, 2013); 

 software applications (e.g. the sector-specific data module for Textile finishing in GaBi); 

It is interesting to note that LCA has gradually been adopted by the fashion industry as a way to 

measure sustainability impact, but profound LCA analyses of textile chains and methodology 

development remain in progress. The same applies for the embedding of LCA results in (fashion) 

design practice. 

 

In 2004 already, Dahlhöff (2004, Table 4, p.19) reported methodological issues in LCAs for textile 

products, classifying these “… as issues regarding the procedure and the model, respectively.” Dahlhöff 

identified the most important problems as: (i) “to find inventory data in general”, (ii) “to assess land use 

for cotton and wool production”, (iii) “to assess emissions of chemicals to the environment”, and (iv) 

“to assess irrigation water use for cotton cultivation” (ibid. abstract). Furthermore, Dahlhöff reported, 

“The LCA methodology for the textile sector is particularly difficult owing to the fact that it often 

includes land use and that the production chain usually includes many parts of the world causing 

difficulties in local and regional environmental assessment. Moreover, the specific conditions for 

cotton cultivation are usually not known and vary greatly causing difficulties in assessing 

environmental impacts on a local scale, such as land or irrigation water use.” Up to now, these 

problems have not (or have only partially) been solved, as later confirmed by Shen (2011, p.36-37) and 

Terinte et al. (2014, p.135), who more recently performed in-depth LCA studies on textile materials and 

processes, leading to many methods, tools and research, suffering from lack of life cycle inventory 

data, data inconsistency and problems with allocation and carbon sequestration20. 

 

 

 
 

20 Note that this remark does not refer to the quality of the state-of-the art LCAs as performed by the researchers 

mentioned in the references in this section. 
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This leaves the designer with many unanswered questions, such as: How to create sustainable textile 

products and what does a sustainable fashion industry looks like? Which materials are sustainable, 

natural or synthetic or a combination? What is ecodesign in fashion? How can it be implemented? 

Should recycled materials be used or products recycled, or both? How will digitalisation alter the 

appearance of clothing products and the roles of designers, consumers and the market? What does 

the consumer want and how can ideas and knowledge best be communicated? How can a designer 

have a positive influence over social dynamics in the value chain? 
20 

 

1.2 Problem definition 

 

Section 1.1 introduced the textile and fashion industry and the sustainability problems associated with 

the production of clothing (i.e. materials depletion, toxic emissions and social exploitation, see Section 

1.1.1). 

The brief historical outline (Section 1.1.2) highlighted the rising concerns about these issues (in the 

1980s and 1990s) and the rise of fast fashion (from the 1980s onward). It can be argued that this 

movement, including the integration of modern technology, has contributed to the enlargement of the 

problems. 

The discussion of the definition of the solution space and the target group for this research (Section 

1.1.3) led to the decision to choose the designer, who could not be appointed as a frontrunner of 

sustainable fashion, possibly due to an information gap on how to ‘practice sustainable fashion 

design’. 

 

Summarising the previous introduction, the problem definition underlying this research becomes 

bipartite: 

 

1. 

The worldwide textile and apparel sector is unsustainable, from both an environmental point of view as 

well as a social point of view, ranging from materials depletion and toxic emissions to social 

exploitation. 

 

2. 

Designers are identified as potential actors who can contribute to the transition towards a more 

sustainable fashion industry, but the right information and practical, open-source, reliable data and 

tools to provide clear and well-grounded insights in the consequences of design based decisions are 

not available. 

  

                                                   

 

 

 

 
20  
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1.3 Research questions 

 

To conclude the introduction (in Section 1.1) and the problem definition (as formulated in Section 1.2) 

the central research question (CRQ) pertaining to this thesis is formulated as: 

How can designers contribute to a cleaner and more sustainable fashion production system? 

Referring back to the first two discussion areas in Section 1.1.3. (“the choice of materials, production 

chains and fabrication methods” and “a fair distribution of money among the workers throughout the 

chain”) the proposition is that it would prove very helpful to the transformation if designers made 

better choices for materials, processes and supply chains, from a sustainable perspective. 

Furthermore, it can be argued that knowledge about LCA, which forms the basis for many existing 

instruments for sustainable design (see Section 1.1.4), might help designers to accelerate the transition 

towards a more sustainable fashion production system. Based on this argument, the underlying 

hypothesis for this research is formulated as follows: 

The unsustainable fashion industry can be transformed into a more sustainable industry (as part of the 

overall fashion system) by means of providing fashion designers the right information, in order that 

they can implement scientific LCA research and LCA results in fashion design practice. This hypothesis 

refers back to the fourth discussion area, raised in Section 1.1.3, which is described as “the 

communication of the (un)sustainability of apparel”. 

 

Based on the above considerations, and to further structure the research, the CRQ is divided into three 

RQs, which can be grouped under three subject headers: (i) metrics related, (ii) production process 

related and (iii) communication related. These RQs are formulated as follows: 

 

RQ 1 (metrics related) 

What are the current flaws in LCAs on textiles and clothing products and what can be done about 

these? 

 

RQ 2 (production process related) 

Which innovative technologies and design approaches hold promising contributions for cleaner textile 

production and a sustainable fashion industry? 

 

RQ 3 (communication related): 

How can designers (and other stakeholders, such as companies, policy makers, consumers and 

researchers) be best guided to make well-considered decisions for sustainable clothing products? 

 

Since these three RQs are rather broad for one PhD study, further focus on aspects and issues has 

been determined. Extra convergence, definitions and further limitations are explained in the following 

section (1.4, Scope and delimitations), Section 2.2 (Research sequence) and Section 3 (Results). 
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1.4 Scope and delimitations 

 

This research is about the sustainability of clothing products in a fashion context. 

This description immediately highlights the three most important notions, namely sustainability, 

clothing and fashion, which have to be defined to clarify the scope and boundaries of this research. 

 

Sustainability is a broad and impalpable construct. A widely accepted definition, which links 

‘sustainability’ to ‘sustainable development’, is given in the Brundtland report (Brundtland et al. 1987, 

p.43): “Sustainable development is development that meets the needs of the present without 

compromising the ability of future generations to meet their own needs”. Directly linked to this 

definition is ‘the triple bottom line’ concept, as first formulated by Elkington and Trisoglio (1996): 

People, Planet and Profit – also named the Triple-P (see Figure 6). According to this concept, in 

corporate activities, equal weight should be given to all three dimensions. 

 

 

 

Fig. 6 The Triple-P model 

 

‘People’ refers to the social aspects of sustainability, or the ‘intergenerational equity’ as Vogtländer et 

al. (2013, p.2) describe this dimension, herewith referring to the “…fair global distribution of prosperity, 

at fair labour conditions…” (ibid. p.3). 

‘Planet’ denotes the ecological consequences for our future environment, caused by materials 

depletion and emissions as the consequences of human interaction with nature. 

‘Profit’ is linked to the economic ‘profitability’ of companies, and ‘prosperity’ of our society with 

sufficient economic growth to support a better life for poor people. 

 

There are also widely used definitions referring to sustainability that do not include all elements of the 

triple bottom line. To mention a few related to two of the three elements, economics and ecology 

(cited from WBCSD, 2005 and WBCSD, 2016): 

 [“]As defined by the World Business Council for Sustainable Development (WBCSD), "eco-

efficiency is achieved by the delivery of competitively priced goods and services that satisfy 

human needs and bring quality of life, while progressively reducing ecological impacts and 
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resource intensity throughout the life cycle to a level at least in line with the Earth’s estimated 

carrying capacity." In short, it is concerned with creating more value with less impact.[”] 

 [“]The Organisation for Economic Co-operation and Development (OECD) has called eco-

efficiency “the efficiency with which ecological resources are used to meet human needs” and 

defines it as a ratio of an output (the value of products and services produced by a firm, 

sector, or economy as a whole) divided by the input (the sum of environmental pressures 

generated by the firm, the sector, or the economy). 

 Academic experts and practitioners term eco-efficiency the synthesis of “… economic and 

environmental efficiency in parallel”. 

 The European Environment Agency (EEA) defines it as “more welfare from less nature” and 

says it comes through decoupling resource use and pollutant release from economic 

development and overall welfare.[”] 

 

In a strict sense, the above descriptions are definitions on eco-efficiency – “a management philosophy 

that encourages business to search for environmental improvements that yield parallel economic 

benefits” (WBCSD, 2016), and not on sustainability (because the social pillar has been left out). Eco-

efficiency refers to the ratio between environmental and economic costs (the comparison of input and 

output) and as such is useful as a measure to describe sustainability with the objective of improving it. 

In other words, ‘eco-efficiency’ is about “…using fewer resources to achieve the same purpose.” 

(Bocken et al. 2016, p.309-310). 

Definitions that do include social sustainability as well (and by this means cover the three pillars of 

People Planet Profit) can be found in the aforementioned Brundtland report (Brundtland et al. 1987): 

“What we need now is a new era of economic growth; growth that is forceful and at the same time 

socially and environmentally sustainable” and, for example, in the UNEP Guidelines for S-LCA of 

products, in which “the ultimate goal of sustainable development” is described as “human well-being, 

contributing to the needs of current and future generations.” (UNEP/SETAC, 2009, p.16) 

In this document, the concept of sustainable development is linked to sustainable production and 

consumption (and integrates environmental, economic and social dimensions) and mentions the 

relationship with the “social responsibility of organisations and the objective to improve social and 

environmental performances along with sustained economic profitability – all in the perspective to 

contribute notably to greater human well-being.“ (ibid. p.5) 

 

Furthermore, the construct and effects of ‘PPP-thinking’ and the definitions derived from this have 

been criticised because the focus is more on “... the process of using up and on the materiality of 

consumption ...” (Ehrenfeld, 2008, p. \124), instead of on the perception of it. 

The industrial ecologist Ehrenfeld (ibid.) suggests a viewpoint on sustainability by explaining the 

definition as follows: “Sustainability is the possibility that humans and other life will flourish on Earth 

forever”, and Ehrenfeld proposes this possibility is within reach by means of behavioural change, on an 

individual as well as a social level. 

 

The latter definition also highlights the knowledge field of socio-cultural innovation, as advocated by, 

for example, Manzini, who places designers in the role of social actors and refers to them as the most 

important players able to influence daily life experience (Mestre, 2014, p.28). Manzini (2009) describes 

design for sustainability as following: “everything design can do to facilitate the social learning process 

towards a sustainable society. That is, to sustain promising social and technological innovations and to 
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re-orient existing drivers of change towards sustainability.” Manzini (ibid.) describes sustainable 

solutions as “product and service systems that propose different ways of being and doing from those 

currently dominant, lighter in environmental terms and more favorable towards new forms of 

socialisation.” 

 

The question which arises from the previous paragraphs is whether these definitions are helpful to 

enable designers to create sustainable products that function within the complexity of the product 

system. Several models (e.g. the model of the engineering product design process by Cross and 

Roozenburg, 1992), visions (e.g. the vision in product design model of Hekkert et al. 2003) and 

frameworks (e.g. the conceptual framework of product service systems (PSS) of Rivas-Hermann et al. 

2015) have been developed to structure the relationship between product development and the socio-

technical or societal environment in which these products function. To position the aforementioned 

definitions of sustainability in the context of this thesis, they are reviewed against the multilevel design 

model (MDM) as described by Joore and Brezet (2013, see Figure 7). This model has been developed 

with the specific aim to structure the complex system in which designers function and therefore is 

considered beneficial to the conceptualisation of a definition of sustainability within the context of this 

research. 

It is argued that the definitions of sustainability as described on the previous page work well for 

stakeholders who operate and exert influence at the (top) Societal System level (S) – where 

communication by diplomacy is more commonly applied (and possibly required as well); but that 

designers, operating at the Product Service System (Q) and the Product Technology System (P) are in 

need of more practical and better specified definitions. 

 

 

Fig. 7 The multilevel design model (linear presentation; Joore and Brezet, 2013) 

 

The problem with the ‘(S)-level’ definitions in (design) practice might be that they are harder to 

implement at the lower (Q) and (P) levels because they do not include any norms or value judgements. 
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Therefore, the results from working with these kinds of definitions might be more difficult to measure 

and less useful for benchmarking and track and trace, since they implicate qualitative research. For this 

thesis, with the quantitative LCA methodology and a metrics related research question at its core (see 

the hypothesis and RQ1 in Section 1.3), it is important to choose a normative definition of 

sustainability, which could not be found in the literature. Since the CRQ refers to a transformation, the 

definition for sustainability used for this thesis is formulated as the preferred situation21, namely: 

‘Sustainability is reached when the ecocosts and s-ecocosts of a product, a service or a system are 

zero’. By this means, and in advance of the explanation of the applied methods in Section 2.3 and 

specifically in 2.2.4 about life cycle assessment and ecocosts, the reader is already introduced to the 

quantitative character of this research. 

 

There are many (English) words to describe clothing. Also, there is a confusing aspect in the English 

language, with various terms for clothing products (or garments) and fabrics, which can be and often 

are named ‘textiles’. Throughout this thesis, these terms are used interchangeably but all refer to the 

clothing we wear on a daily basis. Furthermore, many other words can be used “to describe the cloth 

that is used to cover and adorn the body”. Breuer (2015, p.30) lists a few: “Clothes, apparel, attire, 

costume, uniform, outfit, garment, ensemble, vestment, dress”. 

It is important to clarify the exclusion of two important product categories from this thesis, which are 

often bracketed together with ‘textiles’, namely footwear and carpeting. Although there certainly is 

overlap with reference to input (fibre) materials and fashion cycles, functionality and production 

methods are different and therefore shoes (and hats) and household textiles are excluded from this 

study. 

Without the wording ‘adorn’ (see the above quote), the definition of clothing would not be very 

complicated and could be as simple as: ‘the cloth that is used to cover the body’ (exactly as described 

in the preceding section). The use of ‘adorn’ already adds complexity, because through this, other 

meanings of clothing, beyond their function come into play. Niinimäki (2011, p.38) describes several 

meanings of clothing, e.g. by citing Woodward (2005) who “argues that clothing unifies roles with 

regards to identity, sexuality and sociality, and hence clothing choices externalize the inner self in 

social contexts”. Via Kaiser’s (1990) claim that: “clothing can be understood by its cultural context” and 

Entwistle’s (2000) definition: “clothing…mean[s] an embodied experience that is socially constituted 

and situated”; Niinimäki (2011, p.38) refers to Levy-Bruhl (1966), who indicates clothing to be one of 

the products that “can be defined to be the extenders of identity”, and McCracken (1990) who “argues 

that clothing is an expressive medium and can be understood as a language or at least as a 

communication medium” (of which marketing seizes this opportunity, see next section). This is the 

point also where the meaning of fashion is introduced as referring to the ability of a product to “signify 

the present” (Miller, 1992). Finally, Niinimäki (2011, p.39) returns to Kaiser (1990), who claims that 

“fashion is a symbolic product, and it differs from clothing”, which is “material production that fulfils 

                                                   

 

 

 

 
21 In LCA vocabulary, one could also refer to the no-effect level for toxic emissions (note that most toxic 

substances have a toxicity threshold), and the performance reference point (PRP; UNEP/SETAC, 2009) where the 

social issue is supposed to be resolved. 
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our physical needs for protection and functionality. Fashion, in contrast, is connected to the user’s 

emotional needs (ibid.). Fashion connects consumers’ inner individual personality to external symbols: 

e.g. brands, status, items, uniqueness, appropriateness and beauty.” 

 

Next to clothing, not many other products exist that are so closely linked to fashion. Jackson and Shaw 

(2009, Figure 1.1 on p.5) adapt Maslow’s hierarchy of needs and state that “fashion clothing is 

addressing the top three levels of social needs, esteem needs and self-actualisation needs” (of the 

consumer). Jackson and Shaw also point out that the consumer sometimes neglects the hierarchy 

(firstly satisfying hunger before worrying about social or esteem needs) and “prioritises spending on 

fashion clothing over a healthy diet” (ibid.), which once again underlines the importance of fashion and 

clothing for people (see preface of this thesis). Furthermore, Jackson and Shaw (2009, p.87) argue that 

the “… fashion product is the most important part of a fashion marketing mix.” Jackson and Shaw 

(2009, p.87) claim that fashion is: 

 what consumers buy (and do not if a fashion product is fundamentally wrong); 

 the most common way for people to convey how fashionable they are; 

 a brand statement of quality; 

 the principal output of a fashion design process; 

 the focus for the other marketing mix elements; 

 the tangible representation of a brand. 

 

From this context, it could be argued that it is marketing that turns clothing into fashion products. But, 

more in-depth research into fashion theory reveals there are numerous other definitions of fashion, 

which decouple clothing from its (brands’) marketing. Moreover, many of these descriptions do not 

directly relate to clothing and therefore are less practicable to work with for this research. For example, 

Kuusk (2016, p.18) uses the definition of fashion from Pan et al. (2015), describing fashion as: “the 

symbolic, aesthetic and cultural meanings that objects carry, especially the ways in which people use 

objects to express their taste, lifestyle, social status and belonging to a community”. 

More directly related to clothing, and therefore assumed to be more practical to work with for this 

product-oriented research, Kuusk (ibid.) refers to Kawamura (2005) who “proposes a distinction 

between fashion and clothing: Fashion is produced as a belief and an ideology …” while “… clothing 

production involves the actual manufacturing of fabrics and shaping it into a garment.” 

Summarising the above, several researchers with (among others) roots in the domain of product 

design (e.g. Kuusk, 2016, p.18 and Armstrong et al. 2015, p.31) refer to the description of Kaiser (1990), 

who states: ”Clothing, considered distinct from fashion, is a material product that meets a physical 

need for protection and function. Fashion connects consumers’ personality to external symbols” 

(Armstrong et al. 2014). In line with this, Kuusk (2016, p.18) recognises that the consumption of 

clothing is driven by fashion that is part of the contemporary culture. 

Alongside these descriptions, in the thesis Fashion beyond identity, Breuer (2015)22 explains fashion in 

many ways – again linking the concept of fashion more directly to identity – citing a fashion historian 

                                                   

 

 

 

 
22 In the thesis ‘Fashion beyond identity’, Breuer (2015) offers a philosophical, new impulse to the debate about 

sustainable fashion, by proposing to unlink fashion from identity. 
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(Valerie Steele); an anthropologist (Joanne Eicher); the academic Elizabeth Wilson and visual culture 

activist Malcolm Barnard. Finally, via the philosopher Gilles Lipovetsky and again Barnard, Breuer, 

comes up with a workable definition of fashion for this thesis, namely: “Fashion is ‘what people wear’.” 

 

With reference to the explanations above, for this thesis the decision was taken to work with a set of 

clear and concise definitions for sustainability, clothing and fashion, namely: 

Sustainability is reached when ecocosts23 and s-ecocosts17 (of a product, service or system) are zero; 

Clothing is “the cloth that is used to cover and adorn the body” (Breuer, 2015, p.30); 

Fashion is the clothing that people wear (inspired by Breuer,2015, p.34). 

 

With regard to the scope and delimitation of this research, the two descriptions: ‘innovative’ 

(technologies) and ‘promising’ (contributions) in the second RQ (see Section 1.3) require extra 

attention. In this thesis, the widely applicable conception ‘innovative’ refers to smart textiles and AM 

(for textiles). These two technologies have been selected out of many options (such as, for example, 

new developments on bio-based textiles, ultrasonic textile welding or waterless textile dyeing), 

because (i) these can be referred to as whole garment technologies and (ii) currently these areas 

receive ample attention from designers as well as consumers and the media (see e.g. for smart textiles, 

Köhler, 2013, and for AM, Gausemeier, (2011)). From the viewpoint of this thesis, a technology can be 

considered ‘promising’ as soon as it leads to improvement of the sustainability of the point of 

departure (i.e. the base case to which the new product or service is being compared). Referring to the 

definition of sustainability (on the previous page), the ecocosts and s-ecocosts of the ‘promising’ 

technology should be lower than those of the technology to which it is being compared (and 

preferably as close as possible to zero). 

 

As a consequence of the above founded decision to narrow the research, and to concentrate on the 

three RQs (Section 1.3), three important topics have been omitted from this study: 

 

(i) The first topic in the field of metrics related issues is research on circular textile design (re-use, 

remanufacturing and recycling). The main reason to omit this topic is that it has been observed that 

the environmental profiles for other materials, e.g. metals and plastics, are many times better when 

recycled, instead of virgin. It is expected that in the case of textiles, the situation will be similar, since so 

much water and chemical use is connected to the cotton fields and the production of fibres (as 

confirmed in personal communication with prof. A. Remmen of Aalborg University on 13th November 

2015, with reference to reports of several student projects about circular textile design). Several 

companies (e.g. Patagonia and Teijin) and (LCA-) researchers (e.g. Wang, 2006; Hawley, 2006; Muthu, 

2012) have already been quite active in this field, also. Finally, the ecocosts methodology (as explained 

in Section 2.2.4) provides methods for closed and open loop recycling, which are applicable to textiles 

as well24. 

                                                   

 

 

 

 
23 The ecocosts and s-ecocosts are explained in the Methods Chapter 2, Section 2.2.4. 
24 Note that this does not imply that it would not be very interesting to develop and calculate circular textile cases 

(and collect up-to-date LCI data) by means of the ecocosts, or any other, LCA method.  
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In this context, it is important to refer to the recent discussion about circular design (also often 

referred to as cradle-to-cradle design) in an article by De Man and Brezet (2016) in which the authors 

highlight the pitfalls of the wide acceptance of this concept. 

 

(ii) A second issue that is not further explored in this study is any in-depth research on life time 

extension of clothing (although it is discussed in the Discussion and Conclusions section of P.1, p.353-

355 and calculated in the 6th Ecodesign of P.6, p.322). For corporate clothing, it can be argued that this 

topic is mainly related to resistance to wear and tear. For fashion, however, it relates to the third 

omitted area of research, below. 

 

(iii) The third area of research purposely omitted from this study is an in-depth investigation of 

consumer behaviour and design for behavioural change. This study, having the aim to provide 

designers ways of contributing to a more sustainable fashion system, does not concentrate on the 

consumption system associated with clothing. The literature (and private communications with the 

researchers and designers referred to at the end of this section) highlights that research and design 

interventions are currently being developed and different groups have already been active in these 

fields for several years. For example, the Design Research group at Aalto University in Helsinki, Finland, 

where the Fashion/Textile Futures group (Kirsi Niinimäki) specialises in new perspectives on human-

centred design research; the National Institute for Consumer Research, Oslo, Norway (Kirsi Laitala) in 

cooperation with the Norwegian University of Science and Technology (Caspar Boks), where extensive 

research on consumer behaviour has been executed; and researchers and designers at the Centre for 

Sustainable Fashion together with London College of Fashion in the United Kingdom (Dilys Williams 

and Kate Fletcher) who, among other things, work on the integration of Slow Fashion in fashion design 

practice to spread this concept under consumers. 

 

Finally, it should be addressed that this research does not broadly elaborate on systems thinking and 

steering theory. The fact that the designer is part of the (fashion) system comes to the fore in several 

sections of this thesis (and even in the CRQ), but the research in this thesis mainly describes a practice 

based approach, aimed at designers and design practice. In the context of this research, the term 

‘guidance’ in this thesis (and in the third RQ) mainly refers to education (of designers) and 

communication (with designers). 

 

 

1.5 Outline and title of the thesis 

 

This thesis consists of two parts: The Chapeau (Part I, six chapters) and the Publications (Part II, six 

publications, accomplished through an exhibition in Annex I). 

In this first chapter of the Chapeau (C.1), an introduction to the topic was provided, and the context, 

the problem definition and the RQs were described. The next chapter of the Chapeau (C.2) explains the 

purpose of this research, the research approach and the applied methods. Chapter C.3 presents a 

synopsis of the research results derived from the six papers P.1 to P.6 (see Part II) and the exhibition 

(see Annex I). 

Chapter C.4 includes a discussion on several issues and, finally, the fifth chapter (C.5) presents the 

overall conclusions of the research. In Chapter C.6, recommendations for actors other than designers 

are given, followed by advice for further research. 
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Although extensive and systematic empirical research on the ‘role of the designer’ is not the focus of 

this research, this dissertation comprehensively elaborates on this phenomenon, based on the 

literature and research of many others25 who have been studying this issue. As described in Section 

1.1.3., fashion designers have not been very active or well-known as sustainable designers as yet. 

Therefore, it is expected that it would prove helpful to the transformation towards a more sustainable 

fashion system if designers make better choices for materials, processes and supply chains, from a 

sustainable perspective. In other words, it would be beneficial to the transformation if designers take 

up this extra role (and become sustainable designers) by means of including these tasks in their 

‘portfolio of skills’. The title of this thesis, ‘Making Fashion Sustainable’, with subtitle ‘The Role of 

Designers’, was deliberately chosen to place emphasis on the necessary transition towards a more 

sustainable fashion production system, which can be accelerated by designers who adopt their 

responsibility and take up a different role than before, i.e. become a frontrunner of sustainable fashion. 

 

 

                                                   

 

 

 

 
25 For example, the research of: (i) Luttrop and Lagerstedt, 2006; Vuletitch, 2010 and Atkinson, 2011 in section 

1.1.3; (ii) Joore and Brezet (2013) in section 1.4); (iii) Mawle et al. (2010) and Lofthouse (2001; 2006) in section 4.1.2 

and (iv) Gwilt and Rissanen (2013) in section 4.1.4. 



Chapter 2 ---------- Purpose, research sequence and methods 

24 

 

 

C.2 Purpose, research sequence and methods 

 

2.1 Purpose 

 

From the previous sections, it has become clear that designers (and other stakeholders in the fashion 

industry) are in need of information about sustainable textile design from a life cycle perspective. 

Furthermore, it can be concluded that the implementation of scientific LCA research in design practice 

(including in broader strategic decisions, for example, on a business or governmental level) could be 

beneficial for the transformation of the fashion industry into a sustainable industry. 

This leads to the following formulation to describe the goal of this research: The purpose of this 

research is to inform fashion designers (and other stakeholders in the fashion industry) about what 

they can do and what they must undertake in order to integrate sustainability into their designs by 

taking into account LCA results. 

 

2.2 Research sequence 

 

Literature research, executed within the framework of two external assignments for LCAs of textiles (for 

DuPont USA (2012) and Lantor (2013) in the Netherlands, confidential reports), confirms the finding 

that LCAs of textile products are still under development, mainly due to the lack of (publicly available 

and) up-to-date life cycle inventory data and methodological issues that need to first be solved. 

The first logical step for this research was an LCA benchmarking study of textile products, which could 

serve as a reference for further elaboration. The results of this first step are documented in the LCA 

benchmarking study on textiles article in the International Journal of Life Cycle Assessment, named P.1 

in the Publications Part II of this thesis. 

 

During the research for the benchmarking26, it became clear that the subject of carbon sequestration in 

bio-based materials has been a subject of debate for years. There is no consensus about how to deal 

with carbon storage in LCA of textiles such as cotton, but also viscose made from wood pulp or 

bamboo. This formed the impulse to commence an investigation around this issue, which led to the 

Carbon sequestration in LCA article, again for the International Journal of LCA (see P.2 in Part II). 

 

Contemporary LCSA (UNEP, 2011) not only concentrates on environmental aspects but is associated 

with social LCA (S-LCA) as well, which, according to Arvidsson et al. (2015), is “a relatively new research 

field”. Whereas, environmental LCA leads to insights based on (quantitative) calculations, S-LCA has 

not been developed thus far and assessments remain on a qualitative level. As described in the 

                                                   

 

 

 

 
26… and from discussions between the co-workers in this project, including other researchers (for example Dr. 

Pablo van der Lugt) working on LCAs of wood based products. 
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introduction, the current fashion system is associated with several social issues and cannot be ignored. 

It was decided to contribute to the development of S-LCA by means of providing “… S-LCA with 

quantitative socio-economic indicators that facilitate decision making by allowing benchmarking 

between different options in production processes and production chains” (quote from the reviewers’ 

comments). The findings about the current of S-LCA, and the socio-economic costs, are presented in 

P.3 (submitted to the Journal of Cleaner Production); the third LCA-related article. 

 

From the first article (P.1), it became clear that manufacturing methods of textiles and clothing 

products can make a big difference in terms of environmental burden. This provided the spur to 

investigate other methods of clothing production, including co-creation, with the intention to meet RQ 

2. Together with two MSc graduate students of the Industrial Design Engineering Faculty of Delft 

University of Technology, the possibilities of 3D-printed clothing and AM methods were explored. This 

collaboration resulted in P.4 ‘Designing (with) 3D printed textiles’ and P.5 ‘Digital design and localised 

manufacturing’, presented at the 5th International Conference on Additive Technologies (iCAT). In 

publication P.5, RQ 3 is also met, since this research explores more direct communication between 

designer and consumer. 

 

The LCA research conducted for the first article (P.1) was partially completed during the work for the 

European FP7 project, 'LCAtogo', about smart textiles (LCAtogo27, 2011). The innovative smart textiles 

industry is a rapidly growing sector in which two (so far separately operating) industries come 

together, namely those of textiles and electronics. The main LCAtogo issues were: (1) the rapid 

expansion of the smart textiles sector; (2) the concern about the knowledge gap among designers (and 

users) about LCA and life cycle design of smart textile products. Together with Eindhoven University of 

Technology (Kristi Kuusk) and former LCAtogo colleague Andreas Köhler, the results and knowledge 

derived from previous research were implemented in an in-depth assessment of a specific smart textile 

product. This research generated specific conclusions with regards to designing wearable electronic 

textiles (see P.6). The article LCA and ecodesign of smart textiles for the Materials & Design Journal 

combines RQ 1 (the metrics), RQ 2 (the production processes) and RQ 3 (the communication to 

designers). 

 

Apart from communication issues in publications P.5 and P.6, RQ 3 comes to the fore in relation to the 

exhibition ‘Fair Made Fashion Lab’ in The Hague in 2014. This display of the research underlying this 

thesis was the opportunity to contact the broader public to communicate the research results. The 

exhibition also yielded valuable feedback through visitors of the installation, lectures and workshops 

and via the media. To continue with this communication, a second exhibition (named: ‘Rhapsody of 

Ideas for Sustainable Fashion’) is currently being prepared (June 2016) to take place during and around 

the defence date of this thesis (to be expected in November 2016). 

 

                                                   

 

 

 

 
27 Within the framework of the LCAtogo project, the author of this thesis developed, tested and implemented an 

LCA-tool for smart textile designers, together with Andreas Köhler and Conny Bakker of TU Delft and other 

partners from the LCAtogo consortium. 
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Figure 8 presents the RQs of this thesis and the pertaining publications. The header of the image 

shows the CRQ in red. The arrangement of the research questions and ‘coins’ underneath graphically 

indicates that publications 1 to 3 (P.1; P.2 and P.3) concentrate on the first research question (RQ 1); 

Publication 4 on RQ 2; Publication 5 and the exhibitions A.1 and A.2 on RQ 3; and the sixth publication 

P.6 on all three research questions (RQ 1; RQ 2 and RQ 3). Note that Exhibition A.2 is vaguely depicted 

because this exhibition, named ‘Rhapsody of Ideas for Sustainable Fashion’, has not yet taken place 

but is scheduled for December 2016 – January 2017). 

 

 

 

 

Fig. 8 Research questions and arranged publications 
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2.3 Methods 

 

2.3.1 Action research and reflective practice 

 

This research project has been designed around two design methods, which allows for interpretation 

of, and to build on, previous results and conclusions, namely ‘action research’ and ‘reflective practice’. 

 

“Action research is concerned with processes and phenomena that would not have occurred without 

active intervention from a researcher.” (Claesson, 2006, Section 3.1.3) The Action Research approach 

allows the researcher to respond to findings (e.g. raised questions during the research, results and 

conclusions) from previous research and formulate new research questions for the next step 

(publication). 

In this project, Action Research as a sub-discipline of design research is not directly related to product 

design – although all publications are strongly related to clothing products. The progression and 

results of this particular research project are based upon a form of advanced literary research, rather 

than on explorative design research based on physical artefacts. Therefore, the term Desktop Action 

Research is introduced as a name for this type of work and reflects best the working method. 

 

The sequence of the publications, and therefore the passage through the research (as described in 

Section 2.1), has been guided by Reflective Practice. As Mestre (2014, p.33) describes, citing Schön 

(1983): “… during reflection in action and reflection on action, … research problems can be framed, 

situations can be changed, prioritization made and possibilities offered.” This method complements 

well the Action Research method described above. 

 

2.3.2 Ecodesign and life cycle design strategies wheel 

 

According to the EU (2009) Directive 2009/125/EC “Ecodesign means the integration of environmental 

aspects into product design with the aim of improving the environmental performance of the product 

throughout its whole life cycle.” The UNEP Design for Sustainability (D4S or DfS) report highlights D4S 

as “… one globally recognised way that companies can improve efficiencies, product quality, and 

market opportunities while simultaneously improving environmental performance, social impacts, and 

profit margins” (Crul et al., 2009, p.23). The authors recognise ecodesign as the more limited concept 

and as part of the broader D4S strategy. 

 

Ecodesign was introduced in the 1990s and since then many scientific concepts, models, methods and 

ecodesign tools have been developed, of which Sakao (2015), Lindahl and Ekermann (2013, Table 3), 

Ramani et al. (2010, Fig. 3) and Lofthouse (2006) provide categorisations and pros and cons in the user 

context. 

 

For this thesis, the choice has been made to work with the ecodesign strategies from the ‘life cycle 

design strategies (LiDS) wheel’ (Brezet and Van Hemel, 1995) as an important framework; they are 

comprehensive, understandable and still recognised as significant design methods (Delft Design Guide, 

2015). The eight ecodesign strategies from the LiDS wheel are named in Table 1 in the left column and 

an example of the LiDS wheel is presented in Figure 9 on page 29. 
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Table 128 shows an overview of the ecodesign strategies addressed by the publications in this thesis 

(see Chapter C.3 for the full titles of the corresponding papers and Part II of this thesis for the 

complete manuscripts). The first (left) column describes the eight ecodesign strategies of the LiDS 

Wheel and the plus-signs in the adjacent columns indicate which strategy is dealt with in which 

publication. For example, in Publication 3 (P.3), the ecodesign strategies ‘Choice of materials’, 

‘Production method’ and ‘Distribution and transport’ are represented. 

The numbers between brackets below the table refer to the RQs addressed by the specific publications 

(see also Figure 8 on page 26). 

 

 

Table 1: Ecodesign strategies addressed by the publications 

 

The hybrid character of the project is highlighted in Figure 928, where the articles are placed in the 

context of the LiDS wheel. This image graphically supports the understanding of the accent per 

publication. In common with Table 1, this graph could help to guide the reader who is only interested 

in a single specific strategy. For example, Publication P.2 mainly concentrates on the ‘Choice of 

materials’ strategy, while in publications P.3 and P.5 the ecodesign strategy ‘Production method’ 

                                                   

 

 

 

 
28 These overviews, in Table 1 and Figure 9, are presented to inform the reader about the focus of the papers. 
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stands out. The position of the ‘coin’ indicates to what extent the strategy is represented in the 

publication: the further the ‘coin’ is placed towards the outside of the circle, the better the strategy is 

represented in the publication. 

 

 

Fig. 9 The positioning of the publications in the LiDS wheel 

 

 

2.3.3 Life cycle assessment and ecocosts 

 

While the broader concept of ecodesign, ecodesign strategies and the LiDS wheel are qualitative 

methods, quantitative assessment of environmental impacts (directly related to products, but also to 

product-systems and processes) can be achieved by means of LCA. LCA is a quantitative method of 

environmental assessment according to the international standards (ISO 14040 and ISO 14044, 2006): 

LCA is used to measure29 eco-impact. 

                                                   

 

 

 

 
29 One could argue that LCA falls under Metrology, which is: the science of measurement, embracing both 

experimental and theoretical determinations at any level of uncertainty in any field of science and technology, 

(BIPM, 2015), and combines several, perhaps even all, metrology areas. 

In Dutch, we have the phrase: ‘Meten is weten’. The direct English translation of this phrase is: ‘To measure is to 

know’, but could as well be translated as: ‘What gets measured, gets done’ or ‘The numbers tell the tale’. 

According to Wikipedia, this saying means that by executing quantitative measurements, a clear picture of a 

certain condition can be achieved. 
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The method itself, the guidelines and the history of LCA are extensively described publications such as 

the Handbook on Life Cycle Assessment (Guinée, 2002), the ILCD Handbook (EU, 2010) and by Guinée 

et al. (2011). 

 

Environmental LCA (E-LCA) is already a well-established and crystallised method and has, over the past 

decade, been complemented by social LCA. The Guidelines for Social Life Cycle Assessment (S-LCA) of 

Products (Benoît, 2010) combine E-LCA and Life Cycle Costing (LCC) and contribute “… to the 

assessment of goods and services within the context of sustainable development30.“ (Benoît, 2010, 

Title) 

The UNEP/SETAC Life Cycle Initiative Report Towards a Life Cycle Sustainability Assessment (Valdivia et 

al. 2011) introduces the total concept of Life Cycle Sustainability Assessment (LCSA) and shows how “… 

the three life cycle techniques … can be combined as part of an overarching LSCA.” (Valdivia et al. 

2013, p.1673) 

 

Summarising the above: LCSA = E-LCA + LCC + S-LCA (Schau et al. 2012) and with this equation this 

summary section about LCA is concluded, in view of readability of this Chapeau. For more information 

about LCA, and the ecocosts and EVR as briefly introduced below, the reader is referred to the 

respective references and the publications in Part II. 

 

To date, LCA is the only scientific method to measure the eco-impact, for which a worldwide standard 

exists (ISO 14040 and ISO 14044, 2006), and with which the scientific community can work and agree 

upon. So, the decision to work with LCA for this research was obvious. 

 

The ecocosts have been developed as part of the model of the ecocosts/value ratio (EVR), to enable 

LCA calculations (EVR, 2015). In short: The ecocosts represent the amount of money needed for 

prevention measures, to reduce the damage of eco-burden to zero (the no-effect level). 

Recently the ecocosts have been extended with the socio-economic-costs (s-ecocosts), in the first 

instance for the category of worker only (see further P.3). 

 

The main reasons to choose ‘ecocosts’ as LCA-metrics for designers are: 

- they provide an integrated approach for CO2 (equivalents31), water- and land-use, toxicity and 

materials depletion, and 

- ecocosts, EVR and s-ecocosts include LCA tools, which are relatively easy to understand and 

communicate, and have specifically been developed for (among others) designers (they 

provide designers enough information to make LCA calculations and do not trouble them with 

the detailed background problematic needed to determine the several indicators). 

                                                   

 

 

 

 
30 The authors emphasize (Benoît, 2010, p.16) that “Sustainability assessment may also require the evaluation of 

other components that E-LCA, LCC and S-LCA may not be able to include.” 
31 The environmental impact expressed in CO2 equivalents has a larger scope, because it includes the impact of 

several greenhouse gasses, compared with the widespread use of ‘CO2 footprint’ or ‘carbon footprint’, which is 

limited to CO2 only. 
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C3. Results 

 

This chapter provides a synopsis of the research results. Each subsection (3.1 to 3.7) describes one 

publication and begins with the exact reference to the publication in question (see Part II of this thesis 

for the full versions of the publications). The next explanation summarises the publication by means of 

a short description of the research in the paper and subsequently presents briefly-worded answers to 

the underlying RQs32. Each section ends with a paragraph about the contribution of the author of this 

thesis to the specific publication. 

 

Figure 10 provides an overview of all questions involved and can be considered as an evolved version 

of the simplified graph in Figure 8 (on page 26). The box at the top presents the CRQ of this thesis and 

the boxes with the heavy black outlines contain the underlying three research questions (RQ 1 to 3). In 

the boxes next to the ‘coins’ P.1 to P.6 and A.1 and A2., the sub-RQs of the publication are displayed 

(and usually separate into central and sub as well, see also Footnote 32). The blue arrows indicate the 

connection between the questions and show which RQ is informed by which publication. 

Note that Exhibition A.2 is vaguely depicted because this exhibition, named ‘Rhapsody of Ideas for 

Sustainable Fashion’ has not yet taken place but is scheduled for December 2016 – January 2017). 

 

Next to the answers to the questions, each explanation per publication presents relevant extra findings 

and/or additions that link to the subjects in the discussion Chapter C.4. 

The overall analysis of the results leads to the conclusions presented in Chapter C.5. 

                                                   

 

 

 

 
32 For convenience in reading and understanding, and to avoid the appellations ‘sub-‘ and ‘sub-sub’, the 

underlying (central) research questions for each publication are named ‘RQ P.1’; ‘RQ P.2’ etc. The RQs pertaining 

to the latter are named ‘RQ P.1a’; ‘RQ P.1b’; ‘RQ P.2a’ etc. In both, ‘P.1’ or ‘P.2’ etc. refers to the publication and ‘a’; 

‘b’ etc. refer to the specific RQ (issue) explored within the framework of the particular publication. 
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Fig. 10 Overview of the research questions  

How can designers contribute to a cleaner and more sustainable      

fashion production system? 

 

 

RQ 2 (production process related) 

Which innovative technologies and design 

approaches hold promising contributions for cleaner 

textile production and a sustainable fashion industry?  

 

RQ 3 (communication related): 

How can designers (and other stakeholders, such as 

companies, policy makers, consumers and 

researchers) best be guided to make well-considered 

decisions for sustainable clothing products? 

 

RQ P.1a Which base textile material for clothing 

products (cradle-to-gate) has the greatest impact 

on the environment? 

RQ P.1b Which life cycle stage for clothing 

products per kg textile (cradle-to-grave) has the 

greatest impact on the environment? 

RQ P.1 What is the (cradle-to-gate and cradle-to-

grave) environmental impact of textiles and 

clothing products? 

 

RQ P.2a How do the recent proposals in LCA to calculate the temporary 

storage of carbon in bio-based products relate to each other? 

RQ P.2b To what extent are they in line with the classical LCA method (as 

defined in ISO 14044) and the global mass balances as proposed by the IPCC? 

RQ P.2c Is there really a need to introduce a discounting system for delayed 

CO2 emissions? 

RQ P.2 What is the best way to deal with carbon sequestration in LCA (to 

include in LCAs of bio-based textiles)? 

 

RQ P.3a Is there a need for accelerated method 

development for quantitative assessment of social 

sustainability aspects of clothing products? 

RQ P.3b What are the social hotspots (for the 

category worker) in the textile production chain on 

the product level?  

RQ P.3c How do the s-ecocosts compare with the 

price of a T-shirt and a pair of jeans? 

RQ P.3 Is it possible to measure the (un)social 

aspects of textile production in Bangladesh via 

LCA and to inform buyers and consumers in a 

comprehensible manner? 

 

RQ P.4a Is it possible to design and manufacture clothing products by 

means of additive manufacturing technologies, such as 3D printing? 

RQ P.4b What does the (preliminary) LCA of the 3D-printed clothing 

product (in this case a corselet) reveal? 

RQ P.4 Can 3D-printing become a sustainable alternative for contemporary 

clothing production in the (near) future?  

 

 

RQ P.5a Is it possible to combine additive manufacturing (AM) 

and digital design to locally create textile products? 

RQ P.5b Is there a market for clothing products designed and 

produced this way? 

RQ P.5c How will digital design and localised manufacturing 

change the role of the designer? 

RQ P.5 Will local, digital garment design be a possible way to 

ensure the sustainability of (or a part of) the clothing sector? 

 

RQ P.6a What are the 

hotspots over the smart 

textiles’ lifecycle?  

RQ P.6b Can ecodesign 

reduce the environmental 

impact of smart textiles by 

25%? 

RQ P.6 Is it possible to 

improve the environmental 

profile of smart textiles by 

means of ecodesign? 

 

 

RQ P.7 How can sustainable solutions for clothing 

products best be communicated to a wide 

audience? 

 

 P.2 

 P.3 

 P.4 

 P.5 

 P.6 

 A.1 

CRQ

  

 P.1 

RQ 1 (metrics related) 

What are the current flaws in LCAs on textiles and 

clothing products and what can be done about these? 

 

 A.2 
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3.1 Publication 1: LCA benchmarking study on textiles

 

Van der Velden, N. M., Patel, M. K., & Vogtländer, J. G. (2014). LCA benchmarking study on textiles 

made of cotton, polyester, nylon, acryl, or elastane. The International Journal of Life Cycle Assessment, 

19(2), 331-356 

 

This publication describes an improved (up-to-date) insight into the environmental burden of textiles 

made from the base materials cotton, polyester, nylon, acryl and elastane. The quantitative results were 

generated by means of LCA and are expressed in ecocosts. 

 

RQ P.1a 

Which base textile material for clothing products (cradle-to-gate) has the greatest impact on the 

environment? 

Answer to RQ P.1a 

For thin yarns (70-100 dtex33), woven cotton textile fabric has the greatest impact on the environment, 

followed by nylon, elastane, polyester and acryl. 

For thicker yarns (100-300 dtex), woven nylon textiles have the worst environmental profile, followed 

by cotton, elastane, polyester and acryl. 

Extra findings 

In previous and contemporary LCA research on textiles, important technical specifications, e.g. the 

thickness of the yarn (which has a major impact on processing energy), have not been taken into 

account. This can be regarded as a major flaw in all LCAs before 2014, because spinning and weaving 

can be considered hotspots in the production chain. 

For spinning, weaving and knitting, the energy consumption per kg yarn is inversely proportional to 

the yarn size in dtex34. The energy of weaving and knitting is obviously a function of dtex as well, but 

often not specified in previous studies. 

For all fibres, the energy use for the fabric manufacturing process, ‘knitting’, has a factor 20 times lower 

than the energy needed for ‘weaving’ 

 

RQ P.1b 

Which life cycle stage for clothing products per kg textile (cradle-to-grave) has the greatest impact on 

the environment? 

Answer to RQ P.1b 

In general, and within the scope of this study, the manufacturing stages (weaving, followed by 

manufacturing of the base material and spinning for cotton) have the greatest environmental impact. 

This is in contrast with findings in traditional literature about LCA of textiles, in which the use-phase35 

is often suggested to be an environmental hotspot over the lifecycle. The reasons for this are: (1) The 

                                                   

 

 

 

 
33 1 decitex = 1 dtex = 0.1 tex = 1 g/10km. The tex is one of several systems to express yarn thickness (yarn count). 
34 These findings (for spinning and weaving) were later confirmed by Koning (2013). 
35 Zhang et al. (2015) recently reported on the different impact of the laundering behaviour of people in the US in 

contrast with the situation in China where many people hand-wash with cold water. 
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energy consumption of household appliances has been reduced in recent years; (2) The introduction of 

fast fashion has reduced the life span of clothing, resulting in fewer washes per life span. 

 

RQ P.1 

What is the (cradle-to-gate and cradle-to-grave) environmental impact of textiles and clothing 

products? 

Answer to RQ P.1 

Over the complete lifecycle, and taking into account the goal and scope of the study, clothing of 

cotton woven fabric of fine yarn (70 dtex) has the highest ecocost, with a value between €5.84 and 

€6.80 (per kg clothing). This ‘worst case scenario’ for cotton garments (‘bad’ material, thin yarn, 

weaving and despite the credit for end-of-life) is followed by clothing made from nylon, elastane and 

polyester. The ecocosts of acrylic knitted clothing of coarse yarn (300 dtex) are more than 50% lower, 

with a value between €2.51 and €3.11 (per kg clothing). 

Extra findings 

The environmental impact over the life cycle of clothing products can easily be calculated by means of 

the ’Fast Track’ LCA method and the use of open access Idemat Excel files on the internet. 

The outcomes of the hotspot analyses remain scenario based (i.e. case dependent), especially for the 

phases after the fabric manufacturing stage, which are: [E] dyeing of fabric; [F] final finishing including 

drying; [G] use-phase and [H] end-of-life36. 

 

Additional 

Recently, the textile material ‘elastane’ has received renewed attention (EenVandaag 2016) because 

former employees of the Lycra37-factory of DuPont in Dordrecht (NL) reported serious health 

problems, which they connect to the time they worked with this material. One of the claims of the old-

employees is that contact with the material caused infertility, due to the toxic characteristics of 

dimethylacetamide (DMA), which is used as a solvent for elastane fibre production. In 2011, the 

European Chemicals Agency declared DMA to be a substance of very high concern because of its 

effect on human reproduction, and proposed the uptake of this compound in the REACH 

(Registration, Evaluation, Authorisation and Restriction of Chemicals) programme (ECHA, 2011). 

According to prof. J. de Boer (interviewed during the EenVandaag coverage) DMA is released into the 

air during elastane fibre production and easily penetrates the skin. This means that during the 

production of elastane special attention must be given to the s-ecocosts of occupational safety and 

health (OSH; see P.3).  

Within this context it should also be noted that for application in textiles and apparel, elastane is 

normally mixed with other fibre materials in so-called ‘fibre blends’ (e.g. a basic T-shirt is made out of a 

blend of 96% cotton and 4% elastane). 

 

                                                   

 

 

 

 
36 These phases follow the preceding: [A] fibre production; [B] spinning to yarn; [C] weaving or knitting and [D] 

pre-treatment. 
37 ‘Lycra’ is the DuPont-tradename for elastane; Bayer used the name ‘Dorlastan’, and in the U.S. the material is 

named ‘Spandex’. 
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The text of Publication 1 is largely the work of the first author. The collection of the life cycle inventory 

data was performed in cooperation with ir. Mylene Geldof, at the time of the project a student at 

textile engineering school ENSAIT in Lille, France. A large part of this work, including the LCA study and 

the calculation and interpretation of the results, was done by ir. Natascha van der Velden under the 

supervision of prof. Martin Patel of Utrecht University. TU Delft prof. (associate) Joost Vogtländer 

offered valuable insights and comments on the article. 

 

 

3.2 Publication 2: Carbon sequestration in LCA 

 

Vogtländer, J. G., van der Velden, N. M., & van der Lugt, P. (2014). Carbon sequestration in LCA, a 

proposal for a new approach based on the global carbon cycle; cases on wood and on bamboo. The 

International Journal of Life Cycle Assessment, 19(1), 13-23 

 

This article describes an LCA-based method of calculating temporary storage of carbon in bio-based 

products, which can be used for LCA of textiles made from bio-based materials (for example wood or 

bamboo). 

 

RQ P.2a 

How do the recent proposals in LCA to calculate the temporary storage of carbon in bio-based 

products relate to each other? 

Answer to RQ P.2a 

Over the past few years – stimulated by the wood industry and in the industry of other bio-based 

products – the idea arose that a credit (a numerical advantage in terms of environmental impact) 

should be given to bio-based renewable products, related to the temporary storage of carbon in these 

products. 

 

RQ P.2b 

To what extent are they in line with the classical LCA method (as defined in ISO 14044) and the global 

mass balances as proposed by the IPCC? 

Answer to RQ P.2b 

The above idea is not in line with the base-line approach of the ILCD Handbook and PAS 2050:2011. 

There is, however, also an optional approach via which the credit of delaying emissions is to be applied 

to bio-based products as well as fossil-based products such as polymers (‘the atmosphere does not 

differentiate between the two types of CO2’). 

In this article, a different allocation method is proposed for the way in which the extra global carbon 

sequestration in forests is taken into account, namely by allocating it to the total global production of 

wood products. This new approach to allocation is combined with a credit for combustion with heat 

recovery at the end-of-life. This way of calculating the benefit of carbon sequestration is different from 

the way the optional calculations are specified in PAS 2050 and the ILCD manual. 
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RQ P.2c 

Is there really a need to introduce a discounting system for delayed CO2 emissions? 

Answer to RQ P.2c 

Yes, but not via the classical approach (which is by allocating the extra carbon sequestration in forests 

to the product), but by using the different allocation method as proposed in this paper (by allocating it 

to the total global production of wood products), in combination with a credit for combustion with 

heat recovery at the end-of-life. 

 

RQ P.2 

What is the best way to deal with carbon sequestration in LCA (to include in LCAs of bio-based 

textiles)? 

Answer to RQ P.2 

In future LCAs, the advantage of wood and wood-based products might better be described in terms 

of land-use change on a global scale, in combination with the attribution of a credit for heat recovery 

at the end-of-life (if applicable).38 

 

Additional 

For LCAs of textiles made from softwood from the Northern hemisphere (e.g. Europe, North America 

and Siberia), the credit for carbon sequestration may be estimated at 0.19 kg CO2 (0.026 euro) per kg 

dry bio-based textile. The sequestration credit of textile from bamboo is estimated at 0.55 kg CO2 

(0.074 euro) per kg dry textile. Note that these credits are negligible in comparison with other ecocosts 

for textiles, so this carbon sequestration credit may be ignored. 

There is no credit for textile from forest stewardship council (FSC) wood from tropical regions because 

the system is in balance and, by following Van der Lugt and Vogtländer (2014, p.250), one may argue 

that there is a debit of about 3.45 kg CO2, or 0.466 euro, per kg dry textile for unsustainable harvested 

hardwood, but this type of wood is hardly used in the textile industry. 

 

Next to dr. Pablo van der Lugt, PhD from TU Delft, ir. Natascha van der Velden contributed to the 

method development as described in this article. Life cycle inventory data collection was mainly done 

by Van der Lugt and TU Delft prof. (associate) Joost Vogtländer, including the processing and 

interpretation of the results. The text is largely the work of the first author, while Van der Velden 

extensively checked the equations, calculations and results and reviewed the paper. 

                                                   

 

 

 

 
38 In a recent publication, Røyne (2016, p.12) also “… underlines the importance of a consensus process (possibly 

combined with further method development) for agreeing on the methodology for how to account for carbon 

dynamics in climate impact assessment in LCAs of forest products.” Røyne et al. (2016) propose to include more 

aspects expected to have a substantial influence, such as climate impact from soil disturbances, indirect land-use 

change, changes in the albedo and aerosols. They argue that inadequacy might lead to (among others) failure in 

identifying the preferred product in the decision making process. “Until improved methodology, covering all 

potentially relevant climate impact aspects, becomes accessible, [they] recommend that LCA practitioners (i) 

reflect on the decision-making context(s) in which their LCA will and can be used, (ii) consider which climate 

impact aspects are potentially important for the decision-making context(s), and (iii) calculate or estimate the 

influence of the aspect(s) quantitatively (e.g. by sensitivity analysis) or, if this is not possible, qualitatively.” 
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3.3 Publication 3: Monetisation of external socio-economic costs 

 

Van der Velden, N.M. & Vogtländer, J. G. (2015). Monetisation of external socio-economic costs of 

industrial production: A Social-LCA-based case of clothing production. Journal of cleaner production 

(under review) 

 

This paper presents a benchmark (in ecocosts) of production processes and production chains of 

clothing products, by means of social life cycle assessment (S-LCA). 

 

RQ P.3a 

Is there a need for accelerated method development for quantitative assessment of social 

sustainability aspects of clothing products? 

Answer to RQ P.3a 

Yes, because – as the inclusion of environmental LCA (E-LCA) results in the design decision making 

process shows – well-founded analyses can inform several stakeholder categories to outline the 

transition towards a more sustainable fashion industry. 

 

RQ P.3b 

What are the social hotspots (for the category worker) in the textile production chain on the product 

level? 

Answer to RQ P.3b 

For a T-shirt and a pair of jeans, the cradle-to-gate s-ecocosts classify the garment production phase 

(the sewers on the shop floor) in Bangladesh and Myanmar as a social hotspot over the textile 

production chain. 

 

RQ P.3c 

How do the s-ecocosts compare with the price of a T-shirt and a pair of jeans? 

Answer to RQ P.3c 

The total s-ecocosts for a T-shirt and a pair of jeans depend on the production chain. Table 2 provides 

an overview for the cases, as described in the paper. 

 

Indicator 

Case 1 (W) 

T-shirt 

(€/piece) 

Case 2 (A) 

T-shirt 

(€/piece) 

Case 3 (ABP) 

T-shirt 

(€/piece) 

Case 1 (W) 

Jeans 

(€/piece) 

Case 2 (A) 

Jeans 

(€/piece) 

Case 3 (ABP) 

Jeans 

(€/piece) 

Fair Wage Deficit 0 0.045 0.241 0 0.135 1.918 

Extreme Poverty 0 1.321 0 0 11.668 0 

Occ. Safety&Health 0.046 0.095 0.092 0.384 0.759 0.755 

S-ecocosts total 0.046 1.461 0.333 0.384 12.561 2.674 

W = Western; A=Asian; ABP = Asian Best Practice 

 

Table 2 The s-ecocosts (in €/piece) of a T-shirt and a pair of jeans for different production chains 

 

Extra findings 

When the minimum fair wage is paid to all the people in the textile production chain (as specified in 

this paper), the total extra production costs would be around € 0.43 for a T-shirt and € 3.36 for a pair 

of jeans (excluding VAT and profit margins). 

 

 P.3 
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RQ P.3 

Is it possible to measure the (un)social aspects of textile production in Bangladesh via LCA and to 

inform buyers and consumers in an understandable manner? 

Answer to RQ P.3 

Yes. The proposed s-ecocosts methodology makes it possible to quantify the following five 

subcategories for the category ‘worker’ in terms of s-ecocosts: Fair Wage Deficit, Child Labour, Extreme 

Poverty, Excessive Working Hours and Occupational Safety and Health. 

The quantification of the social aspects in a single monetary indicator allows for easy benchmarking 

and hotspot analysis. 

 

The text of Publication 3 is largely the work of the first author. Method development, including data 

collection, calculations and interpretation of the results was done in close cooperation with TU Delft 

prof. (associate) Joost Vogtländer, who has provided valuable insights and comments on the article. 

 

 

3.4 Publication 4: Designing (with) 3D-printed textiles 

 

Lussenburg, K., van der Velden, N. M., Doubrovski, E. L., Geraedts, J. M. P., & Karana, E. (2014, October). 

Designing with 3D Printed Textiles: A case study of Material Driven Design. In: iCAT 2014: Proceedings 

of the 5th International Conference on Additive Technologies, Vienna, Austria, 16-17 October 2014. 

Interesansa-zavod, p. 74-81 

 

This paper describes a design project of a wearable garment by means of 3D print technology, which 

not only has functional or environmental superiorities but also experiential ones. 

 

RQ P.4a 

Is it possible to design and manufacture clothing products by means of additive manufacturing 

technologies, such as 3D printing? 

Answer to RQ P.4a 

This publication (which summarises the master’s thesis Integrated Product Design (IPD) at the Faculty 

of Industrial Design Engineering at the Delft University of Technology of Kirsten Lussenburg) describes 

the design, and prototyping process, of a meaningful garment using 3D-printed textiles. Lussenburg 

(2015) applied the Material Driven Design (MDD) method of Karana et al. (2015) to create a 3D-printed 

corselet of polylactic acid (PLA), produced on an Ultimaker 2, via Fused Deposition Modelling (FDM). 

The project proved it is possible to create a 3D-printed clothing product. 

 

RQ P.4b 

What does the (preliminary) LCA of the 3D-printed clothing product (in this case a corselet) reveal? 

Answer to RQ P.4b 

The final cradle-to-grave LCA of 1 kg of 3D-printed textile (as applied for the corselet under study and 

for the given scenario) results in total ecocosts of €3.69 per kg, which is comparable to those of woven 

textiles with a yarn thickness of 300 dtex. The largest part of these costs is determined by the FDM 

process (51%), followed by the costs of the consumer transport by passenger car (31%). 
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Extra findings 

This paper shows the application of the MDD method to a design process where additive AM is the 

primary production method for textile manufacturing. The research shows it is necessary to include not 

only the material, but also the structure and the production process (the so-called ‘MSP combination’) 

in the design process. This conclusion led to extrusion experiments with cellulose fibres from paper 

pulp and an acrylic binder to create a textile-like material. 

 

RQ P.4 

Can 3D-printing become a sustainable alternative for contemporary clothing production in the (near) 

future? 

Answer to RQ P.4 

The (preliminary) LCA results hold promising results when the environmental impact of 3D-printed 

clothing is compared with conventional clothing production. But, though the MSP and the product 

demonstrate the potential for 3D-printed textiles, the research also confirms that the technology is not 

ready yet to become a serious competitor to contemporary clothing production. Apart from the not 

yet finalised basic material, the main barriers are: (i) the relative long production time of material 

extrusion printing, and (ii) the not yet existing envisioned futuristic manufacturing process (from 3D-

body scan – via specialised software and machines – to customised garment) in combination with (iii) 

the implementation of the right business model. 

 

This project, including the writing of this article, was initiated by ir. Natascha van der Velden. The text is 

largely the contribution of the first author ir. Kirsten Lussenburg, who graduated at TU Delft on the 

subject under investigation. As a member of the graduate supervision team (consisting of dr. Elvin 

Karana, prof. Jo Geraedts and ir. Zjenja Doubrovski) Van der Velden offered guidance and feedback 

throughout the writing process. The article was peer reviewed by a reviewing committee, under the 

supervision of prof. Igor Drstvenšek, President of the organising committee for iCAT 2014. 

 

 

3.5 Publication 5: Digital design and localised manufacturing 

 

Stam, C. J., van der Velden, N. M., Rubio, G., & Verlinden, J. C. (2014, October). Redefining the role of 

designers within an urban community using digital design and localised manufacturing of wearables. 

In: iCAT 2014: Proceedings of the 5th International Conference on Additive Technologies, Vienna, 

Austria, 16-17 October 2014, Interesansa-zavod. p. 82-89 

 

This paper describes the research on the application of co-design principles on a local scale by means 

of exposing the public to a mobile digital knitting machine. 

 

RQ P.5a 

Is it possible to combine additive manufacturing (AM) and digital design to locally create textile 

products? 

Answer to RQ P.5a 

The ‘reflection in action’ (Reymen, 2001) research presented in this publication describes the 

development of a method, that bridges the gap between the 3D print technology and the end-user. 

During the IPD graduation project, as described in this paper, Cees Jan Stam designed an easy to 

 P.5 



Chapter 3 ---------- Results 

40 

 

reproduce, portable, digital knitting machine that can be used to produce textile products ‘on the 

spot’. The project demonstrates it is possible to locally manufacture a tailor-made ‘beanie’ (a hat). 

 

RQ P.5b 

Is there a market for clothing products designed and produced this way? 

Answer to RQ P.5b 

The concept of introducing a localised manufacturing tool into an urban community and the direct 

exposure of the 3D-knitting technology to the customer resulted in a positive response from the 

general public. By making use of the AIDA (Attention Interest Desire Action) model, Stam (2016) 

determined that 87% of the test-participants (n=26) would like to use the machine (if technological 

limitations of the current test-set up and the applied technology are ignored) for small simple 

garments, and 53% would use it for more complex garments. 64% if the interviewees declared they 

would definitely use the machine in future. The field-tests with the Wally 120 generated a lot of 

attention, and the video, ‘Print Your Own Beanie’ (‘Wally 120 Open Knit machine release’, in close 

cooperation with Gerard Rubio), has been viewed over 13,400 times up until now (May 9th 2016). 

Extra finding 

72% of the respondents claimed the need for better fitting clothes as a reason to start using this type 

of garment manufacturing, which implies that despite the standardisation of clothing-sizes within the 

industrial production of textiles, it does not meet the needs of all users. 

 

RQ P.5c 

How will digital design and localised manufacturing change the role of the designer? 

Answer to RQ P.5c Producing clothing by means of digital AM machines, such as the Wally 120, in a 

distributed39 production system (Johansson et al. 2005), transforms the role of the designer from 

creating products that fulfil the needs of the consumer, into designing and defining the tools and 

design space for the end-user. This way of manufacturing clothing products opens the pathway to a 

co-creation process via which the users freely design and manufacture their own products (either with, 

or without, direct contact between designer and consumer). 

 

RQ P.5 

Will local, digital garment design be a possible way to ensure the sustainability of (or a part of) the 

clothing sector? 

 

Answer to RQ P.5 

Local knitting is a promising technology for a transition towards a sustainable society, because: 

(1) knitting is a technology with low ecocosts, see P.1; (2) local production might be a means to avoid 

the high s-ecocosts of garment production, see P.3. 

 

                                                   

 

 

 

 
39 From Wikipedia (accessed at 07-06-2015): “Distributed economies (DE) is a term that was coined by Allan 

Johansson et al. in 2005. There is no official definition for DE, but it could be described as regional approach to 

promote innovation by small and medium-sized enterprises, as well as sustainable development.” 
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Additional 

In the evaluation of the graduation report, Stam (2016) confirms that in order for this method of 

clothing manufacturing to be (more) sustainable (than conventional clothing production), the end-of-

life (EOL) of the product should also be taken into account during the design/manufacturing stages. 

This is because extended life span through product attachment by means of co-creation (Niinimäki 

and Hassi, 2011, p.1879-1880) is no longer guaranteed as soon as it becomes too easy to replace a 

product with something new, made by, and just for, you. 

 

This project, including the writing of this article, was initiated by ir. Natascha van der Velden. The text is 

largely the contribution of the first author ir. Cees Jan Stam, who graduated at TU Delft on the subject 

under investigation. As a member of the graduate supervision team (with prof. Han Brezet and dr. 

Jouke Verlinden) Van der Velden provided guidance and feedback throughout the writing process. The 

article was peer reviewed by a reviewing committee under supervision of prof. Igor Drstvenšek, 

President of the organising committee for iCAT 2014. 

 

3.6 Publication 6: LCA and ecodesign of smart textiles 

 

Van der Velden, N. M., Kuusk, K., & Köhler, A. R. (2015). Life cycle assessment and ecodesign of smart 

textiles: The importance of material selection demonstrated through e-textile product redesign. 

Materials & Design, 84, 313-324 

 

This article presents an LCA of a smart textile-based garment and the redesign of the product by 

means of ecodesign. 

 

RQ P.6a 

What are the hotspots over the smart textiles’ lifecycle? 

Answer to RQ P.6a 

The LCA40 of the wearable smart textile device for ambulant medical therapy (named ‘Vibe-ing’) shows 

that over the lifecycle of Vibe-ing, the production phase (with ecocosts of €33.2) has the greatest 

environmental impact, followed by the use-phase (€10.6) and the EOL (€1.3). 

 

RQ P.6b 

Can ecodesign reduce the environmental impact of smart textiles by 25%? 

Answer to RQ P.6b 

For the eco-(re)design of Vibe-ing the LCA results are used to inform and guide the ecodesign 

strategies to be selected. From the LCA interpretation, it is concluded that ‘Strategy 141 Choice of 

materials’ and ‘Strategy 2 Material reduction’ are the most promising approaches to reduce the overall 

environmental impact of Vibe-ing, because the materials (Merino wool and Electrisola yarn) 

                                                   

 

 

 

 
40 The LCA is based on the prospected scenario thought up by the designers of Vibe-ing (and as described in 

Section 3.3.2 of the article). 
41 The Strategies are derived from the LiDS wheel, as described in Section 2.3.2. 
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significantly contribute to the environmental impact of Vibe-ing. In addition, ‘Strategy 3 Production 

method’ and ‘6 Initial lifetime’ were selected also. Table 3 provides an overview of the ecodesigns, the 

applied strategies and the respective ecocost savings, and shows for Vibe-ing, three out of six eco-

redesign options improve the environmental impact of the smart textile product (expressed in 

ecocosts) by at least 25%. 

 

 

Table 3 Overview of the eco-redesign results of Vibe-ing 

 

RQ P.6 

Is it possible to improve the environmental profile of smart textiles by means of ecodesign? 

Answer to RQ P.6 

The research in the publication concentrates on one case study only and from a scientific point of view 

the results cannot be transferred to smart textile products in general. The results demonstrate that 

ecodesign significantly reduces the environmental impact of the redesign of Vibe-ing. 

 

Additional 

Smart textiles hold high potential to create unique, rich and personalised material experiences, which 

leads to a rising interest in applications with these materials. When the main purpose of the material in 

many applications is to evoke such user experiences, it is argued that many required ‘smart effects’ 

could be achieved through alternative materials with fewer environmental impacts. 

 

The text of Publication 6, including the conceptualisation of the project, the processing and 

interpretation of data and results, is largely the work of the first author. Data collection was mainly 

done by Van der Velden, in cooperation with the co-authors. Dr. Kristi Kuusk, at the time of the writing 

of the article a doctoral student at Eindhoven University of Technology, provided the information on 

Vibe-ing. Dr. Andreas Köhler, PhD from TU Delft, contributed to the work by making the LCA base 

case. During the process, the co-authors provided valuable feedback on the article. 
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3.7 Contribution 7: Exhibition Fair Fashion Lab Humanity House 

 

Exhibition Fair Made Fashion Lab. Life Cycle Clothing. With IDE MSc graduate Kirsten Lussenburg. 

http://www.humanityhouse.org/tentoonstellingen-item/natascha-van-der-velden/, Humanity House, 

The Hague, April - December 2014 

 

The exhibition showed how the ecodesign strategy wheel is applied in research into contemporary 

clothing products and into future concepts for sustainable clothing production. 

 

RQ P.7 

How can sustainable solutions for clothing products best be communicated to a wide audience? 

 

Answer to RQ P.7 

The exhibition ‘Fair Made Fashion Lab’ in the Humanity House in The Hague served as a platform to 

reach a wide audience. The exhibition was visited by more than 8,000 people and received much media 

attention. The installation entitled, ‘Life Cycle Clothing’, explored the RQ (in Dutch): ‘Hoe meet je de 

duurzaamheid van kleding’ (translation: ‘How to measure the environmental impact of clothing 

products?’) and presented the LiDS wheel as a tool to provide insights into the effect of the application 

of ecodesign. The exhibition appeared to be a powerful tool to reach a wide audience. 

 

Extra finding 

The exhibition, as well as the workshops and lectures I gave, were well received and appreciated by the 

visitors42. This is best expressed in an email to me, sent by Jan Piscaer, lector at the Amsterdam Fashion 

Institute (AMFI), who came to The Hague with the complete educational staff of this institute 

(translated from the original email in Dutch): “Thank you very much for your presentation. Last Friday 

was a nice start to our visit to the Humanity House. Your presentation pointed out the importance of 

environmental analyses of products; a welcome support to our curriculum. Anton Luiken [from textile 

recycling innovation centre Texperium in Haagsbergen, the NL] also referred to the ecocosts/value 

ratio of Delft University of Technology yesterday. Nice to notice how things come together now and 

then.” 

 

Additional 

It was observed43 that the visitors and workshop attendees understood well the LiDS wheel and the 

way to work with the ecodesign strategies. This was also the case when they applied the wheel to the 

qualitative environmental assessment with the aim of implementing the ecodesign strategies in a 

redesign. A journalist (of the Volkskrant) even asked if there was any intention to develop the LiDS 

wheel into an ‘official’ consumer ecolabel. In contrast, it appears that scientists face problems 

                                                   

 

 

 

 
42 The group of visitors was very diverse; ranging from primary and secondary scholars to students from different 

educational levels, but also needle work hobbyists and employees of NGOs, researchers and artists, etc. 
43 The author noticed the same during other workshops apart from the exhibition, for example, during a workshop 

with fashion students of the Koning Willem I College on 8 April 2016. 
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understanding the LiDS wheel, which might be caused by the fact that the LiDS wheel is a qualitative 

tool and does not provides concrete answers with clear numbers. 

 

The Life Cycle Clothing installation at this exhibition was designed by the author of this thesis. 

Jemma Land and Frederiek Biemans of the Humanity House, curators of the exhibition, provided 

valuable feedback during the process of conceptualisation. ir. Kirsten Lussenburg, at the time of the 

project a graduate student at TU Delft, assisted by making the graphical designs. 
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C.4 Discussion

 

This chapter includes discussions on several issues that came to the fore during the research, in the 

papers and from experience with teaching design students and professional designers about 

sustainable (textile) design. While the discussion sections in the papers (P.1 - P.6) and the sections 

under the headers ‘additional’ in Chapter C.3 highlight further deliberations on contrasting findings 

and possible limitations of the specific studies, this section sheds extra light on a number of discussion 

items, which so far were not properly addressed in this Chapeau. These explanations have been used 

to construct and address (parts of the) the conclusions in Chapter C.5 and the recommendations in 

Chapter C.6. 

 

Discussion items referring to the research results are presented in Section 4.1 and those related to the 

research process are described in Section 4.2. 

 

 

4.1 Discussion points in relation to the research results 

 

4.1.1 Final deliberations on research results 

 

The first issue relates to the limitations of quantification and the impossibility to reduce everything to 

numbers. A reviewer of Publication P.6 highlighted that streamlined LCAs do not exist, since all LCAs 

require some type of streamlining. For each LCA, decisions must be taken to omit certain data or to 

replace data with surrogates, because these either could not be found or could not be measured. This 

remark made the author(s) decide to delete the description ‘streamlined’ from the final paper and also 

has implications for the validity of this research, because, in fact, an LCA is based on arbitrary decisions 

(see Section 4.2.2, where the author reflects on the limitations of the chosen quantitative approach). In 

the case of research on sustainability, other methods44 could yield valuable results, either by 

themselves or in combination with a quantitative approach. The recommendations in Chapter C.6 

present some relevant developments of a more qualitative nature, including, for example, social 

entrepreneurship (see Chapter C.6). 

 

With social LCA the numerical question is even more obvious. Whereas environmental aspects can be 

measured (to a certain extent, but without doubt better and more reliable every day), many social 

aspects cannot be calculated. Publication P.3 proposes a method for one stakeholder category (out of 

5; UNEP/SETAC, 2009) only, and within this category only five out of eight subcategories could be 

                                                   

 

 

 

 
44 Such as interviews; case studies; interventions and more ‘LCA-like’ (numerical) techniques, as e.g. material flow 

analysis (see for example Herva et al., 2012) or input/output analysis (see for example Tsao and Plepys, 2008; and 

Schömers, 2013). 
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addressed (for some reviewers of this paper, even the discussion about the latter e.g. concerning child 

labour, but also the topic of well-being came to the fore, was rather challenging). 

 

Summarising all of the implications for this study could mean that striving for (following the chosen 

definition of sustainability for this research, see Section 1.4) the ecocosts and the s-ecocosts to be zero 

might be impossible, because (the perception) of sustainability can never completely be reduced to 

numbers only, nor is it to be expected that widespread consensus on all aspects will ever occur. 

 

After all, there is, however, one thing which is very important to bring to the readers’ attention: In 

research on sustainability, the pitfall lies in intuition; it can be guiding, but must always be validated. In 

other words: The designer must be aware that ‘gut feeling’ about sustainability issues does not always 

lead to ecodesigns; or in line with the quantitative definition of sustainability for this thesis, i.e. to 

lower ecocosts. Therefore, this thesis appeals to designers to start by systematically calculating the 

sustainability impacts of the concepts they develop (see the discussion in Section 4.2.2. about 

validation and generalisation of LCA, in which the impossibility of putting everything into numbers is 

raised). 

 

 

4.1.2 Influence of the designer in companies 

 

From the explanation in Section 1.1.3 the following key-actors, which can contribute to a more 

sustainable fashion industry, were identified: (a) companies; (b) certification bodies; (c) researchers; (d) 

consumers; (e) policy makers; (f) NGOs (f). 

By positioning these stakeholders in a ‘stakeholder interest and influence matrix’ (see Figure 11), as 

developed by Ashby et al. (2015), it is possible to reflect on the mutual influence or dependence of the 

stakeholders (ibid. p.44). To complete the matrix overview, the actors identified in the Swedish study of 

Roos et al. (2016: consumers, brands, suppliers, sub-suppliers, authorities, investors, media and NGOs) 

are included in the figure as well. The double arrows show the way the stakeholders interact. 

 

The designer is positioned outside the table, because, in general45 and in the current unsustainable 

situation (see problem definition part 1. in Section 1.2), fashion designers work for companies, which 

means they can be found in the companies/brands circle. Simultaneously, investors are linked to the 

same stakeholder circle, exerting influence on the company management. 

 

To further analyse the situation from the perspective of this thesis (i.e. the position of the designer in a 

sustainable fashion industry; the preferred situation), Figure 12 presents the triple bottom line and the 

ecocosts/value ratio (EVR46) methodology, as described in Section 2.2.4. 

                                                   

 

 

 

 
45 Unless they are independent entrepreneurs, but in that situation they work for their own brand/company, which 

(for this analysis) can be considered as the same situation. 
46 Apart from the ecocosts and the s-ecocosts, the EVR in particular is not applied in the research presented in this 

thesis, but many examples can be found in Mestre (2014). 
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Fig. 11 The stakeholder diagram (adapted from Ashby et al. 2015) 

 

 

Fig. 12 Influence of actors of fashion companies linked to the triple bottom line 
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This figure, which can be considered a zoom-in on the companies/brands circle from Figure 11, 

highlights a number of things: 

In the first instance, the management47 of the company (steered by the investors outside the company) 

is responsible for deciding to follow a sustainable pathway by means of adopting the triple bottom 

line philosophy in all business operations. This first step is considered the most important incentive 

towards a sustainable fashion industry, because this decision is required to enable the underlying 

company departments48 to adopt this perspective (Petala et al. 2010). 

Furthermore, the figure makes clear that designers can contribute to two of the three pillars, namely 

Planet (by taking notice of the theories behind life cycle thinking, ecodesign and LCA and 

implementing these as much as possible in their way of working) and Profit (by means of creating 

valuable products). Marketers support Profit by creating value and work together with the designers 

on eco-efficient value creation. Buyers take notice of the socio-economic costs and use this calculation 

method to influence their buying behaviour. Through this means there is an equal emphasis on People 

and company Profit. Although designers (and marketers) do have lesser influence (than buyers) on the 

People pillar, the socio-economic costs can provide guidance for value creation because, by means of 

S-LCA (the s-ecocosts), it is relatively easy to calculate the ‘true’ cost-price of the product. 

 

Figure 12, and the explanations above, indicate that designers49 have restricted influence on the 

implementation of sustainability in companies’ strategies (because the management – possibly 

directed by the investors – determines this) and unbalanced influence on the triple bottom line (not on 

people aspects, but over Planet and Profit). Although this relative contribution of designers has been 

subject to constant debate, general consensus applies to the range of thoughts of, for example, Mawle 

et al. (2010, p.12-13), Lofthouse (2001; 2006) and many others (see Section 1.1.3, but also e.g. Huisman, 

2003), to start with sustainable improvement by integrating sustainability as early as possible in the 

design brief. This is confirmed in the Future Fashion Manifesto (2015), in which it is stated that the 

design process makes up to 90%50 of the decisions that affect the environment. 

 

Linking the above explanation to this research leads to the notion that striving for ecocosts and s-

ecocosts to be as close to zero as possible should start as early as possible in the design process. 

 

                                                   

 

 

 

 
47 Petala et al. (2010, p.182) refer to senior management as ‘gatekeepers’. 
48 Below, these departments are described by their specific role in fashion companies as: designers, marketers and 

buyers, and indirectly supported by so-called ‘facilitating’ actors such as administrators and personnel officers. 
49 Note that the designer referred to in this section is operating at the P- and Q-level of the MDM model (see 

Section 1.4). There are, however, designers (or entrepreneurs or artists, such as the Dutch Tinkebell) who try to 

affect the higher S-level, but these can be considered as a minority group. These actors (or activists) might be able 

to exert more influence on the People pillar, because they fix attention on societal situations. 
50 In the Future Fashion Manifesto, this percentage is not supported by any reference and is quite high in 

comparison with contributions referred to by researchers (see Section 1.1.3). 
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The author again wants to indicate the practice based orientation of the part of the research 

concerning ‘guidance’ and ‘influence’. Due to time constraints, it was not possible to build this part of 

the research on extensive governance or other theories from the social and political sciences fields. 

 

 

4.1.3 Educational level of the designer 

 

The issue raised in the introduction about the educational level of the designer, might need some extra 

nuance to frame the subject in the right context and to look at it from a different perspective. 

 

As already highlighted in section 1.1.4 many (fashion) designers have not received any education 

about sustainability or ecodesign51. Furthermore, Gwilt and Rissanen (2011, p.13) recognise “… that the 

field of sustainable fashion can appear complex. Fashion designers and consumers are often confused 

by the language of sustainability and professional resources sometimes do not make clear how people 

can connect with methods of best practice, creating barriers for engagement with sustainability.” 

It is unclear to what professional resources Gwilt and Rissanen are referring to, but if, in exactly the 

same sentence as cited above, the notation ‘professional resources’ would be replaced by ‘scientists’, 

this would shed a completely different light on the issue. By this means Gwilt and Rissanen’s statement 

would read as: 

“Scientists sometimes do not make clear how people can connect with methods of best practice…”, 

and by converting this pronouncement to the subject of this thesis, it could be argued that this 

sentence, above all, describes precisely the obstacle that hinders the integration of sustainability in 

design education. This elaboration implies that to date, scientists (in this research mainly LCA-experts, 

but also LCA-researchers) have not been able to translate the LCA methodology and LCA results in 

order that designers can (or preferably are eager) to work with these. 

 

During sustainability courses with BSc52 and MSc53 students, but also during workshops with 

professional designers and engineers within the LCAtogo project (LCAtogo, 2013, p.116-118; LCAtogo, 

2016), it was observed that the (would-be) designers, with some help from the instructors (Andreas 

Köhler, Joost Buiter, Bas Flipsen, Ingrid de Pauw and the author), were able to apply the ‘Fast Track’ 

LCA method54 to compare relatively simple design alternatives. These (product) designers, however, 

received middle and higher education at (technical) high schools or university level and were well 

trained in analytical methods of searching for information in large databases and in presenting and 

                                                   

 

 

 

 
51 And some even specifically ask for it, as highlighted in the documentary Sustainable Fashion Education: The 

Student Perspective made by Cosette Armstrong and Kirsi Niinimäki, which unfortunately was recently blocked in 

the Netherlands on copyright grounds (of the music). 
52 BSc course: IO2070-14 Technische productoptimalisatie; 2015-2016, Quarter 3 
53 MSc course: ID4175 Advanced Embodiment Design Sustainable Design Engineering; 2015-2016, Quarter 3-4 
54 Vogtländer (2016) describes two groups of LCA: (1) ‘fast track’ LCA and (2) ‘classical’ (or ‘full’ or ‘rigorous’) LCA. 

In the case of fast track LCA, the output of the classical LCA calculations is input for the fast track calculation, and 

the focus is not at all on the LCI and LCIA (as it is for the classical, formal approach), but on the comparison of 

design alternatives.”  



Chapter 4 ---------- Discussion 

50 

 

analysing data from Excel worksheets. On the other hand, the instructors (ibid.) noticed many of these 

designers having difficulties with issues such as defining the scope of the LCA and/or the functional 

unit and also recognising the materials and processes involved. It is expected (and also observed 

during workshops with fashion students, for example, at a workshop given by the author to students of 

the Koning Willem I College on 8th April 2016) that for fashion designers from art academies or other 

secondary educational institutions, these issues might be too complicated. 

 

To elaborate further on this, it can hardly be expected that designers (i) are able to detect flaws in 

contemporary LCA research (as is done during this PhD research) nor (ii) that they can substantially 

contribute to the method development of S-LCA. For this, in-depth knowledge of LCA methodology55 

is required and it is argued (and from the personal experience of the author) that it takes several years 

to obtain this kind of knowledge. The same reasoning applies for conducting rigorous LCAs on more 

complex problems, such as the recent publication An LCA-based approach to guiding an industry 

sector towards sustainability; the case of the Swedish apparel sector (Roos et al. 2016); the Prospective 

life cycle assessment of an antibacterial T-shirt and supporting business decisions to create value study 

of Manda et al. (2015) or the Cradle-to-gate environmental impact assessment of acrylic fibre 

manufacturing of Yacout et al. (2016) and many other LCAs of textiles in (among others) the 

International Journal of Life Cycle Assessment. 

 

This research proposes LCSA (UNEP/SETAC, 2011) as a method for designers to gain insights into 

sustainability aspects over a garment’s lifecycle and to further act from conclusions derived from this. 

With the issues raised in this section in mind, two important question arise: 

(1) Are designers skilled enough to understand and use the S-LCA method? and/or 

(2) Did the developers of the S-LCA method make enough effort to translate the method so designers 

can and will work with it? 

Moreover, Gwilt and Rissanen (2011, p.64) raise the question, framing it under the header, ‘resistance 

or inexperience’, and looking at it from a slightly different perspective (not specifically referring to 

LCSA): “Can we attribute this lack of inclusion [of sustainable strategies] to an archaic fashion design 

process or to the failings of the people working within this system?” 

Since the search for the answer to these two questions is beyond the scope of this research, this issue 

is left open for further debate, but certainly informs the final conclusions in Chapter C.5 and the 

recommendations in Chapter C.6. 

 

The latter question, (2), and in particular, the words ‘can’ and ‘will’, bring to the fore two further issues: 

(i) The first is that the usefulness of any method (in this context and research (quantitative) LCSA) is 

dependent on the availability of reliable data, which is an overarching problem raised in the metrics 

related publications in this thesis (P.1, P.3 and also P.6) and by many other researchers (e.g. Dahlhöff, 

2004; Shen, 2011 and Terinte et al. 2014). There is no purpose in a useful and appealing tool with poor 

background data. 

                                                   

 

 

 

 
55 the development of LCA-methodology (Guinée, 2002; Guinée et al., 2011); the guidelines (ILCD handbook; EU, 

2010); the ISO-norms (ISO 14040 and ISO 14044, 2006) and the guidelines on S-LCA of UNEP (UNEP/SETAC, 2009) 
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(ii) The second point brings the research domain of Lofthouse (2001; 2006) under attention; which is 

about “… the types of problems faced by designers involved in ecodesign and the type of support they 

need to make the process of integrating ecodesign easier.” Lofthouse (2006) states that “… ecodesign 

literature shows that many existing tools fail because they do not focus on design ...” and advocates 

these tools should include a “... combined service of (simple and focused) guidance, ecodesign 

education and design focused information …”, but also must be “visual” and “inspiring”. The work of 

Lofthouse includes important information for LCSA method developers who want to support the 

uptake of their domain by designers. 

 

 

4.1.4 Responsibility of the designer vs responsibility of the company 

 

With regards to CSR56, Kogg (2009, p.1) notes that “... attention to corporate social responsibility is 

necessary to maintain a company’s commercial viability and (at least in the long run) corporate 

profitability.” Larsson et al. (2013, p.273) argue that “... external pressures57 provide a rationale for 

corporations to invest in an extended responsibility in the global garment supply chain.” 

In line with the definition for sustainability pertaining this thesis (see Section 1.4) and the triple bottom 

line concept underneath, CSR also entails the equal attention (of the company) to all three pillars of 

the triangle (People, Planet, Profit). Linking this to the discussion in Section 4.1.2, leads to the idea that 

designers, in their ‘centralized role’, as Gwilt and Rissanen (2013, p.67) describe the position of the 

designer in the complex relational system58, could support the companies CSR strategy by means of 

conducting LCA and eco-efficient value creation and simultaneously inform management about this. 

The above arguments provide the background for a discussion about the responsibility of the 

company and the (extended) tasks of the designer when the integration of sustainability and CSR in 

the company’s strategy come into play. It is argued that, whereas the company bears responsibility for 

conducting upstream CSR (by including this in the business strategy), the designer is responsible for 

transferring present (S)LCA knowledge to the company management. Exactly as designers are used to 

inform their supervisors about envisioned silhouettes and target groups, material choices, design 

implications (etc.) and finally cost considerations, they should also inform management about the 

sustainability consequences their designs entail; even though this information might not reach further 

than their knowledge allows (see the Section 4.1.3). 

 

                                                   

 

 

 

 
56 CSR is defined by Kogg (2008, p.61) as “the management of environmental and social aspects that are 

determined, or occur, upstream within the supply chain beyond the focal company’s span of direct hierarchical 

control.” 
57 i.e. both international and national factors, such as: international labour agreements, local institutional systems, 

consumer responses to labelling, media’s portrayal of the garment industry, increased demand for external 

reporting by NGOs and the influence of competitors (Larsson et al., 2013) 
58 Gwilt and Rissanen (2013, 67) specifically refer to micro or small businesses. According to the European 

Commission (EC, 2013), the textile and clothing sector in the EU is based around small businesses. The EC 

determined that companies with less than “… 50 employees account for more than 90% of the workforce and 

produce almost 60% of the value added”. 
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In line with the research on s-ecocosts (see Publication P.3), CSR includes the insurance that all workers 

in the supply chain are paid at least the minimum country wage, which might have consequences for 

the price structure of the garments. As suggested in Section 4.1.2, designers can contribute to (eco-

efficient) value creation, but the final price setting (which might include the sales price to the middle 

man; the whole sale; the retailer and/or the suggested retail price) and the mark-up percentage is 

determined by company management. An analysis of clothing price structures reveals that many 

different cost-price constructions are in circulation, depending on the structure of the supply chain, the 

sales-route and intermediate sales. A general picture for a T-shirt is presented by means of two 

examples in Figure 13. For a pair of jeans, an overview is given by Agarwal (2010) based on CBI 

(Ministry of Foreign Affairs) market information for the lower, medium and high segments, pointing at 

wholesalers’ margins of respectively 25, 33 and 50% and retailers’ margins of 40, 60 and 75%. Schone 

Kleren Campagne (SKC, 2016; SKC = CCC = Clean Clothes Campaign) summarises, on the Dutch 

website, that the total production costs of clothing comprise 2-3% of the total costs of the garment 

and that ‘big’ brands spend about 25 times more money on advertising than on wages. 

 

 
 

Fig. 13 Price structure of a T-shirt (Macleans, 2013 and SKC, 2014) 

 

The English CCC (2013) website assures that “… total wages are almost never more than 5% of the total 

retail price … even for low-price items such as T-shirts offered by budget brands”. CCC suggests that 

“… companies could absorb this negligible increase themselves and the consumer price [c]would 

remain the same.”  
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4.2 Discussion points in relation to the research process 

 

4.2.1 The research approach 

 

Near the end of this PhD trajectory, it was concluded that the combination of the early decision to 

work towards an article-based thesis (and not to choose to finalise this PhD trajectory with a 

monograph) with the Action Research and Reflective Practice methods worked out in a positive way. 

Each contributing article could be referred to as a ‘mini-thesis’. The selected journals have relatively 

high impact factors. Hence, each article is associated with a relatively high workload and tough review 

process. Following publication, there has been time for constructive reflection based on high quality, 

peer reviewed results, and to consider next steps. It is argued that the methods and this way of 

working require a highly skilled researcher with vision and a sixth sense, who is capable of managing 

uncertainties and side-projects at the same time, and is able also to simultaneously communicate at all 

levels. The author, on occasion, was required to call forth a plethora of skills during a single day, e.g. 

during the period the Fair Fashion Lab (see Annex I) was built. During this time, to keep all plates 

spinning, work was required with carpenters and an IDE-student (to build the Life Cycle Clothing 

installation, see Figure A2), combined with giving an interview with a journalist of the Volkskrant (see 

Figure A4) and processing a review of the P.6 paper (see Part II: Publications) for the Materials & 

Design Journal.  

 

Working with students sometimes appeared to be challenging, but the enthusiasm and dedication of 

those who finished the assignments compensated more than expected for the ones who left the 

‘battlefield’. It is rather extraordinary that MSc students finish their graduation project with a high 

grade and a conference paper and are asked to contribute to exhibitions and give presentations. The 

author was happy and proud to mentor two of those extraordinary students (Kirsten Lussenburg and 

Cees Jan Stam; or actually three, when ‘external’ student Stephan van Berkel of the Faculty of 

Architecture of the TU Delft is taken into account as well). 

The addition of an external position during a large part of this research (next to a three-year part-time 

employment for the LCAtogo project) had advantages as well as disadvantages. The positive side was 

that the combination with the work for my own company allowed for integration of ‘external’ results 

into this research (as far as confidentiality allowed). The external periods made it possible to work 

quietly but, on the other hand, this way of working often required abstention from the valuable coffee-

chats and the debates with colleagues. 

 

With ‘fashion’ and the associated social problems in this sector in mind (see Section 1.1.1 and Figure 

5), the idea developed that S-LCA could not be left out from this research; and although at first it was 

decided to omit the subject (because it appeared to be very broad and not feasible to add to this PhD); 

it was added to the portfolio soon after the (one year) commemoration of the Rana Plaza (2013) 

incident. This disaster once more made clear the urgency of the topic and the necessity for method 

development in this area. With this decision, a complete new (although linked to E-LCA) research field 

has been tapped, including a new vocabulary, new guidelines, new associated experts and, last but not 

least, a relatively young, yet unmoulded technique (UNEP/SETAC, 2009). The latter might be one of the 

reasons that the review process of Paper P.3 has been a challenge so far, although the abstract and the 

oral presentation of the matter (by the author) were well received during the Global Cleaner 

Production Conference early November 2015. 
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Finally, during the last part of this PhD trajectory (the writing of this thesis), it has felt as if it has all 

come together, with the writing of the results and conclusions moulded into a concise story. Although 

(and of course), in all fairness, while experiencing the journey, it sometimes felt as if the work was 

leading nowhere or could never be completed or certainly not be finished within a reasonable time 

period. After the formulation of the RQs in Section 1.3, it had already been observed that convergence 

was needed to restrict the scope of the project. The subjects of industrial ecology (i.e. ‘the science of 

sustainability’, Leiden-Erasmus-Delft, 2016) and fashion studies (i.e. ‘the study of fashion’, Rocamora 

and Smelik, 2016) both have a wide interdisciplinary character, however, and could as well be 

considered subjects with high complexity. The set of clear suggestions in Section 5.2, based on 

complicated scientific research (and deliberately formulated in rather uncomplicated wordings to 

appeal to designers who are appointed as the main target group for this dissertation), can be regarded 

as a valuable contribution to the body of knowledge of the domain of sustainable fashion. 

 

4.2.2 Validity, reliability and relevance of the research 

 

“Validation of engineering research is anchored in the tradition of the scientific method…” (Pedersen et 

al. 2000) and according to tradition, it demands a formal, rigorous and quantitative approach (ibid.). 

The validation of this research deserves extra attention because the quantitative character of the 

research could lead too easily to a judgement on this aspect. 

 

It is a limited viewpoint to state that the numerical approach to environmental issues assures the 

validity of the assessments because, in this case, there is a (rather complicated) ‘model’ (method) 

behind the calculations. The main method used in this research is E-LCA (UNEP/SETAC, 2011), which 

has been developed by a group of scientists and, despite the numerical character of the method, 

cannot be regarded as purely mathematical. 

It could be argued that the ‘LCA-model’ is based on subjective decisions; a statement supported by the 

fact that some important issues are still under debate59 and the determination of certain flaws60 in LCA 

by the authors of the publications (P.1 - P.3) presented in this thesis. The above discussion applies also 

to S-LCA, although the numerical approach to this domain is not as ‘matured’ as for E-LCA 

(UNEP/SETAC, 2009) and the approach of the authors of Publication P.3 detailing the s-ecocosts can 

be regarded as one of the first attempts in this direction. 

In the above context, the reviewers’ remarks (on the usage of the typification ‘streamlined’ in 

connection with LCA) go to the core of the validation of LCA and underline the idea that a full (formal), 

rigorous LCA does not exist. 

Alternatively, after more than 20 years of development, it can be concluded that the LCA method is still 

consolidating, “… in acknowledging that the current debate is ‘about good practice in LCA use and 

interpretation’, rather than about the LCA method itself.” (Meursing, 2015b) 

                                                   

 

 

 

 
59 See the discussion points raised in the publications P.1-P.3 
60 E.g. the omission of yarn count in LCAs of textiles in P.1 and arguably incorrect approach to the carbon 

sequestration issue in P.2 
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Since the European Commission (in 2003) declared that “Life cycle Assessments provide the best 

framework for assessing the potential environmental impacts of products currently available”, both the 

European Commission and the UNEP/SETAC research group of the United Nations are continuously 

working on a ‘handbook on best practice’. (ibid.) 

With regards to the internal validation of this research and the use of the background data for the 

LCAs (from for example Ecoinvent, 2010; Ecoinvent, 2014; Idemat, 2012 and Idemat, 2014 for the eco- 

costs calculations), a similar reasoning applies because these data have been used by a core of LCA-

scientists for many years and the references to these databases in scientific publications (among others 

in the International Journal of Life Cycle Assessment) are numerous., The developers of these widely 

used databases make much effort to provide as much transparency as possible, this has been 

continued by the current author(s) to develop data in this research. It has been a basic principle of the 

author(s) to use data from open-source databases and to clearly present all LCI data (including 

unavoidable assumptions); bills of materials; analyses and calculations in the publications. 

 

The above discussion on internal and external validation is interwoven with the generalisation of the 

studies and its results and conclusions. With regards to LCA of textiles in a global supply chain (which 

is typically the case for textiles, Kogg, 2009, p.9), this aspect is specifically highlighted by, for example, 

Steinberger et al. (2009), who present a spatially explicit LCI of the global textile supply chain. It is 

argued that LCAs of textiles are overly complex because of the global character of the industry and the 

many production stages at different locations all over the world (Farrer, 2011, p.25); and that 

generalisation of LCI data complicates the validation of LCAs. To offer an example: Water use in cotton 

cultivation is not an issue in areas with heavy rainfall, but it is in countries where water is scarce 

because of aridity and irrigation is required. The same applies, for example, in the use of energy data, 

because almost every country (but also local productions facilities) makes use of different electricity 

mixes (including the use of many other energy sources). These two, rather simple, examples 

demonstrate the complexity of generalisation of conclusions based on LCA, but many more examples 

exist. To direct this discussion back to the research results of this dissertation, the databases (for 

example Ecoinvent, 2010; Ecoinvent, 2014; Idemat, 2012 and Idemat, 2014) that were used for the LCAs 

in this research, have distinct geographical LCI data61 and these specific data were applied whenever 

possible. In cases where the analyses required spatial explicit (or not yet available) data, much effort 

was undertaken to transparently communicate the acquiring process, the background, and the data in 

the papers and, by this means, take the spatial aspect of LCI data into account as much as possible. 

 

The generalisation of the research results and conclusions into a broader perspective, e.g. translating 

these from the case study on Vibe-ing in Publication P.6 to all wearable electronics, must be carefully 

considered. The conclusions in the next chapter, C.5, are valid for the specific case studies in this 

research and further deliberations are included in this section of Chapter C.4 and in the 

recommendations in Chapter C.6. 

 

                                                   

 

 

 

 
61 To give an example: Eco-invent provides datasets of cotton from the USA and cotton from China and data for 

specific country electricity mixes. 
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This research, and the final conclusions, are based on a sequence of peer-reviewed papers in highly 

qualified scientific journals. With the above in mind, it can be concluded that this approach underlines 

the reliability of the study. 

The introduction in the first section of this thesis makes clear that it is not solely an observation by the 

author that the situation with regards to sustainability in the textile sector has become much worse 

than in 1994 (when the author graduated in the same subject as this thesis, see: Van der Velden, 1994). 

The many references in Section 1.1.1 indicate the sustainability related problems in the fashion sector 

are still existent and ongoing, and justify the relevance of this research.
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C.5 Conclusions

 

This chapter provides the answer(s) to the CRQ, ‘How can designers contribute to a cleaner and more 

sustainable fashion production system?’, by means of dealing with the three grouped research 

questions (RQ 1 to RQ 3). In the introduction section, these RQs were formulated as: 

RQ 1 (metrics related): What are the current flaws in LCAs on textiles and clothing products and what 

can be done about these? 

RQ 2 (production process related): Which innovative technologies and design approaches hold 

promising contributions for cleaner textile production and a sustainable fashion industry? 

RQ 3 (communication related): How can designers (and other stakeholders, such as companies, policy 

makers, consumers and researchers) be best guided to make well-considered decisions for sustainable 

clothing products? 

 

In the next section, 5.1, the answers to these RQs are provided, based upon the research results as 

described in Chapter C.3 and the discussion points in Chapter C.4. 

The conclusions, with regards to the research questions, are presented in sections 5.1.1 to 5.1.3 and 

categorised under the same headers as the RQs themselves: (1) metrics related, (2) production process 

related and (3) communication related. 

Section 5.2 highlights the conclusions from the viewpoint of the CRQ. 

 

To avoid too much repetition, the answers to the research questions (RQ 1 to RQ 3 in Section 5.1) are 

not presented straightforwardly but include textual conclusions that construct the final propositions of 

this research. The conclusions to the CRQ in Section 5.2 are deliberately presented in bullet-points to 

appeal to the main target group of this research: the practice oriented designer (and again to avoid 

too much repetition of the same message). 

 

 

5.1 Conclusions with regards to the research questions (RQ 1 - RQ 3) 

 

5.1.1 Metrics related conclusions 

 

The first research question (RQ 1) – ‘What are the current flaws in LCAs on textiles and clothing 

products and what can be done about these?’ – concentrates on the broad domain of life cycle 

sustainability assessment (LCSA) of textiles. Literature research on LCSA (of textiles) revealed that 

explorations and calculations in this area (until 2012) did not reflect present-day practices (e.g. an up-

to-date LCA benchmark of textile products did not exist). The literature also indicated that certain 

aspects are not being dealt with in the correct way (e.g. carbon sequestration in LCA of bio-based 

materials). Other aspects were in need of further development (e.g. the energy dependence of yarn 

thickness for spinning and weaving and social LCA). 

 

The research, as described in Publications P.1, P.2 and P.3 contributed to the development of LCSA of 

textiles by: 
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 (i) presenting an up-to-date LCA benchmark on textile products made from cotton, polyester, 

 nylon, acryl, or elastane; 

 (ii) proposing a solution for the carbon sequestration issue in LCA of bio-based materials; 

 (iii) developing a method for the quantification of the social impact (for the category worker) of 

 textile products. 

 

From the results and conclusions of these explorations it is possible to consult the designer with clear 

suggestions for sustainable textile design. The practice oriented conclusions, explaining what designers 

can do to make the fashion system more sustainable, are presented in Section 5.2. 

Based upon this research (P.1 – P.3, including the research in P.6) the following generalised62 metrics 

related conclusions can be formulated: 

 

 LCA research on textiles can only be accurate when yarn thickness is taken into account; 

 over the lifecycle of clothing the environmental hotspot is the material manufacturing phase; 

 it is not necessary to include a credit for CO2 in LCA calculations of bio-based textiles; 

 the social hotspot over the textile production chain is the garment production phase. 

 

 

5.1.2 Production process-related conclusions 

 

The second research question (RQ 2) – ‘Which innovative technologies and design approaches hold 

promising contributions for cleaner textile production and a sustainable fashion industry?’ – was the 

impetus to further explore innovative production processes for textiles; those which might be 

considered as sustainable technologies and/or systems in future. With respect to the scope of the 

research and the delimitations described in Section 1.4, two much-discussed and much-applied 

upcoming technological innovations were further explored, namely AM (for textiles) and smart textiles. 

The research pertaining to Publications P.4, P.5 and P.6 leads to the following production process-

related conclusions: 

 

3D-printing of textiles 

The research described in P.4 shows that 3D-printing (as a form of AM) of textiles could become a 

sustainable production system in the future, especially with respect to the social issues in production. It 

will take time to develop the right MSP combination, however, in order to produce a 3D-printed 

material for clothing products with similar (or better) characteristics than contemporary textiles. 

 

 

                                                   

 

 

 

 
62 It is the deliberate decision of the author to present these covering conclusions (and those in Section 5.2) in 

terms of bullet-points, (i) to avoid excessive repetition of similar information, and (ii) to underline the numerical 

character of the research and the ‘harsh’ results, which lead to the possibility to construct clear conclusions. For 

detailed results, discussions and conclusions the reader is referred to Chapter C.3 and/or the full publications in 

Part II of this thesis. 
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Digital and localised manufacturing 

The research in P.5 on the combination of the digital AM technology with knitting (see P.1 for the 

better environmental footprint compared with weaving) in a distributed production system holds 

promising results for the development of a sustainable production and consumption system for 

fashion. 

For this digital and localised manufacturing system to become a sustainable solution for fashion 

products, it is important that the end-of-life phase of the manufactured product is also taken into 

account (in the not yet existent LCA of products made by means of this technology). 

 

The shift from mass-production in large factories towards localised small scale manufacturing might 

bring positive as well as negative effects. An example of a positive effect is the opportunity for 

entrepreneurial SMEs to think of new business models that might better serve the customer. Whereas 

a negative effect could be the shift of production back to highly developed countries, reducing 

employment opportunities in the developing world. 

 

Smart textiles 

The environmental performance of smart textiles (wearable electronics) can substantially be improved 

by means of ecodesign, but designers who design with smart materials should always consider 

alternative (better) sustainable solutions, through which they will not compromise the targeted user 

experiences. 

 

5.1.3 Communication related conclusions 

 

The third research question (RQ 3) – ‘How can designers (and other stakeholders, such as companies, 

policy makers, consumers and researchers) best be guided to make well-considered decisions for 

sustainable clothing products?’ – in the context of this research and these conclusions, mainly refers to 

the communication between LCA-researchers (on textiles) and (fashion) designers. The section below 

describes the communication related conclusions. 

 

This research positively supports the hypothesis (as formulated in Section 1.3) and concludes that the 

unsustainable fashion industry can be transformed into a sustainable industry by means of providing 

fashion designers the correct information in order to promote the implementation of scientific LCA 

research and results in fashion design practice. 

Therefore, designers (and other stakeholders) must be educated in (i) life cycle thinking, (ii) ecodesign 

and (iii) LCA. A powerful and ‘designerly’ way to demonstrate the first two (i and ii) is by means of an 

exhibition, such as the Fair Fashion Lab of Contribution A.1 (see Annex A.I). 

It was observed that the average visitor to the exhibition understood well the background (referring to 

i and ii in the section above) and applications of the LiDS wheel and the Life Cycle Clothing 

demonstrators. In contrast, this research shows that the methodology behind classical LCA (iii) and 

making ‘rigorous’ LCAs of textiles can be rather complicated (and be better taught in a scholarly way 

than in the form of an exhibition), but that by means of the ‘Fast Track’ LCA method it is possible and 

relatively easy for designers to compare design alternatives. 
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As demonstrated in the case study described in Publication P.6, the ecocosts method (in combination 

with the LiDS wheel) can be considered a useful metric to support the designer to integrate 

environmental considerations early in the design process and that ‘full’ LCA is not required for this. 

Based upon the information in Section 1.1 (problem background and historical overview of sustainable 

fashion), however, relatively poor integration of sustainability in fashion design practice means that 

designers will not readily develop and include results of in-depth LC(S)A-research (as produced by 

LCA-experts and presented in scientific publications in journals such as e.g. the International Journal of 

Life Cycle Assessment). Therefore, it is concluded that as long as not all methodological LCSA-issues63 

are solved, and LCI-databases and appealing design metrics64 are still under development65, an 

intermediary must take over this translation task. This suggests the introduction of a new stakeholder 

to the matrix: the ‘tranS-LCA-tor’. The intermediate takes a position between the LCA-expert and the 

designer, translating LCA knowledge into workable and practical guidelines for sustainable textile 

design, e.g. as formulated in Section 5.2 (the answers to the CRQ) and in the recommendations 

chapter, C.6, Section 6.5. 

 

Publication P.5 showed that the designer is able to arouse the consumer’s attention in the fashion 

creation process by means of direct exposure to an innovative clothing (additive) manufacturing 

technology; in this case, digital knitting on a portable knitting machine. 

By directly involving the consumer in the made-to-measure production process of clothing, the 

consumer is likely to particularly appreciate the better fit of the product and therefore is more likely to 

keep the garment for a longer period; which (in the end) could lead to less clothing waste. 

 

The analysis of the position of the designer in the company (see sections 1.1.4 and 4.1.2 and Figure 11) 

leads to the conclusion that the management of the companies, for whom the designer works, have 

great influence on the (sustainable) level playing field in which the designer operates. It is the board of 

the company – steered by the investors – who decides whether or not to follow the sustainable 

pathway. This makes the influence of the designer on the integration of the triple bottom line unequal 

with regards to the three pillars: The designer can exert influence on Planet (by means of including LCA 

research and results early in the design process, subsequently limiting the environmental impact of the 

design), and Profit (by means of creating products with high value); but has less influence on the 

People aspect (because after all buyers, and management, discriminate certain supply chains and are in 

charge of the price settings). 

 

 

 

 

 

 

                                                   

 

 

 

 
63 See the Recommendations Chapter C.6, section 6.4 
64 For example the Idematapp based on the eco-costs method, see Recommendations Chapter C.6, section 6.4 
65 Which is work for LCA-experts and design researchers, see Recommendations Chapter C.6, section 6.4 
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5.2 Conclusions with regard to the central research question 

 

The conclusions (from the publications P.1 to P.6, including the conclusions in the previous Section 5.1) 

support the proposition that it proves very helpful to the transformation if designers make better 

choices for materials, processes and supply chains66 from a sustainable perspective. One way to do so 

has extensively been discussed in this thesis, namely, by means of implementing scientific LCA research 

and results in fashion design practice (for the hypothesis, see Section 5.1 also). 

 

Based upon the research as presented in the underlying contributions (P.1 - P.6 and A.1) and the issues 

discussed in this Chapeau, the section below answers the CRQ: 

‘How can designers contribute to a cleaner and more sustainable fashion production system?’ 

 

It would be helpful for the rise of a sustainable fashion industry, if designers: 

 

 receive education on LCA and ecodesign of textile products; 

 

 initially concentrate on the hotspot: the material manufacturing stage 

(i.e. fibre and fabric production); 

 avoid cotton, in favour of acryl, polyester, elastane and nylon; 

 design with fabrics made from yarn of the maximum possible thickness; 

 choose knitted fabrics instead of woven fabrics; 

 

 accelerate the sustainable transition by means of designing distributed production systems in 

combination with (digital) AM technologies; 

 carefully consider the inclusion of electronics in textiles; 

 

 inform the company management about the (background of the) environmental and social 

impacts of clothing in general and of the envisioned designs; 

 support marketers with marketing sustainable products; 

 work only for companies with a consistent67 CSR strategy. 

 

5.2.1 Final deliberations on the discussion and conclusions sections in context 

 

To finalise this section, and to introduce the following recommendations chapter, a desirable future is 

proposed, in which sustainable fashion designers create ‘Life Cycle Clothing’ (products and product 

service systems) that enhances self-empowerment; firstly of the designers themselves, secondly of the 

wearer68 and thirdly of the maker (no order of importance). By a continuous process of learning, doing 

                                                   

 

 

 

 
66 Taking into account the limited influence of the designer as discussed in the end of the previous section 5.1 
67 See discussion on CSR section 6.1 and 6.6 
68 As discussed in section 1.4 under point (iii) consumer research on textiles is not part of this research but some 

suggestions in this direction are included in the Recommendations Chapter C.6. 
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and experiencing, self-empowerment of the main actors involved in the fashion chain is considered an 

essential element to facilitate sustainable development in the sector. 

 

This self-empowerment concept is proposed by the author as the outcome of the thinking process on 

how to put the empirical research in the wider context of sustainable fashion. This context was 

sketched in the introduction chapter, C.1, and accomplished by the issues raised in the discussion 

chapter, C.4, (which add to the problems described in the introduction and inform the conclusions in 

this chapter, C.5). With the introduction of the concept of self-empowerment, the author suggests that 

this might be a potential, powerful common denominator within the context of this research. The 

argument can be explained as follows: 

“Fashion as both material culture and as symbolic system” (Kawamura, 2005: referred to by Rocamora 

and Smelik, 2016) will not soon disappear. These days, fashion designers cannot ignore the 

sustainability problems associated with the industry they work in. Contemporary and ‘future-proof’ 

fashion designers must somehow include sustainability in their way of working. This thesis argues that 

designers69 could realise this by creating fashion70 with low ecocosts and s-ecocosts71. 

It is observed (and widely highlighted throughout this thesis) that a straightforward way to make 

sustainable fashion is not available, and that the current methods are not easy to implement in fashion 

design practice. If in the future, however, by means of the help of the tranS-LCA-tor and improvement 

of tools, the designer would be better equipped to conceptualise sustainable fashion, this would help 

strengthen the position of the designer in the complicated web of stakeholders; in other words: 

enlarge the designers’ self-empowerment. 

 

The link to self-empowerment of the wearer refers to the social dimension of fashion and the strong 

connection with identity and appearance. A well-known adage in Dutch is: ‘Kleren maken de man’ 

(English translation: ‘Clothes make the man’, which means that a person with nice clothing makes a 

good impression) and it can be argued that a person’s self-empowerment increases when he or she 

feels comfortable in his or her (responsible) clothing and with the style the clothing represents. 

 

Finally, the self-empowerment of the makers72 of the clothing we wear could be enlarged by paying 

them a living wage and preventing them being exploited or coming to harm. A person who is satisfied 

with his or her daily work is healthy and has enough money to make a living is likely to be more self-

empowered than someone who is not. 

 

It requires no extra explanation that the above ‘wanderings of the mind’ suggest that further research 

on all these aspects is needed to underline the ‘empowerment quote’ of the author (and already 

provide enough content to put three PhDs to work). The author hopes that this continuing research 

and the body of knowledge that stems from this thesis will contribute to the rise of a combined group 

                                                   

 

 

 

 
69 As the ones who design clothing products (see definition in Section 1.1.3) 
70 I.e. the clothing that we wear (according to the definition in Section 1.3) 
71 Following the definition of sustainability in Section 1.3 
72 In the context of this research referring to: cotton pickers, factory workers and the seamstress 
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of transition actors (companies, policy makers, consumers and researchers) for sustainable fashion, 

preferably led by self-empowered designers. Initially, this ‘sustainable fashion empowered transition 

actors network’ could be initiated by the tranS-LCA-tor, who will pass on scientific research results and 

provide the actors ‘made-to-measure’ LCA-information. 

 

After all, and in line with the subtitle of this thesis, the author calls upon the designer to start to adopt 

a different role; to become a trendsetter for sustainable fashion (contrary to what many designers 

currently are, see Section 1.1.3 for an explanation of this observation and Section 1.5 on the subtitle of 

this thesis). 
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C.6 Recommendations 

 

This chapter offers recommendations for stakeholders73 other than designers and simultaneously 

includes suggestions for further research. 

In the sections (6.1 to 6.4), each stakeholder is discussed within the context of this research and in 

order of significance, and each section provides the initial impetus to the answer to the following RQ 

(derived from the CRQ): How can <stakeholder> contribute to a cleaner and more 

sustainable fashion production system? 

Section 6.5 provides guidance to the ‘tranS-LCA-tor’ (the newly introduced stakeholder in Section 5.1) 

and presents examples of advice from this intermediate to designers. Finally, Section 6.6 provides an 

additional suggestion, again for designers, which, according to the author, might be an important 

incentive to accelerate the transformation. 

 

 

6.1 Companies 

 

It is widely accepted that (focal74) fashion companies should be recommended to pay more attention 

to CSR75. It is open to discussion how useful such a recommendation is, however, since the majority of 

pre-conditions are lacking in practice: 

 (i) at first, the results of the research conducted by Van Bommel (2016) show “… that [focal] companies 

will need a certain level of capability to react in a pro-active way”… “to develop a strategy concerning 

the improvement of sustainability aspects in their supply network.” (ibid., p.Vll); and for the companies 

addressed in this section this level of capability is ill-defined (defining this would be out of the scope 

of this research); 

(ii) and secondly, Van Bommel (2016) found that no integral CSR policy exists in clothing companies 

yet: “Companies appear to develop different [CSR] strategies and activities for the different themes 

addressed in societal debates…” and “…T[t]hese activities differ in priorities and level of ambition.” 

(ibid., p.Vl). 

 

In summary, it can be concluded that a generalisation of what CSR comprises and what a company 

should do to include this is currently not specific enough. Hence, there is no value in such a 

recommendation. Nevertheless, a practical suggestion of van Bommel should be considered: “…t[T]he 

                                                   

 

 

 

 
73 These stakeholders are depicted in Figure 11. The stakeholder groups ‘suppliers’, ‘sub-suppliers’, ‘media’, ‘NGOs’ 

and ‘certification bodies’ are omitted from this section because they are not key players (or expected to be key 

players in future) or because they act relatively autonomously. 
74 Van Bommel (2016, p.32) defines ‘the focal company’ as: “… an actor in the supply network with a strong and 

strategic position in the network, which can influence the processes creating the dynamics.” 
75 Although in Section 4.1.4 it was briefly discussed and argued, this attention may be necessary in order for 

companies to survive. 
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organisation should become more open for societal debates, willing to learn and cooperate with 

stakeholders and supply network partners and [be] transparent concerning their activities.” 

The same reasoning applies to the commitment of fashion companies to accreditation, certification 

and labelling schemes (such as the ISO standards 140001 and 26000, ILO standards, the Accord on Fire 

and Building Safety in Bangladesh, and so-called ‘eco-labels’, for example, the global organic textile 

standard - GOTS, 2014; EU Ecolabel, 2016 and OEKO-TEX®, 2016). 

Van Bommel (2016, p.47) acknowledges that with regards to “…. competing labels (product-related), 

guidelines, codes of conduct and certification schemes (organisation related) … A[a]pproaches differ 

greatly from cooperation to standardisation and coordination.” This refers to many publications about 

this issue and simultaneously asks and explores the questions: “Who is taking the lead? How are 

companies selecting what strategy to follow? Which initiative will companies join? Or will they start 

their own scheme?” After an extensive discussion on many of these schemes, Van Bommel (2016, p.52) 

concludes that: “As long as collaboration between initiatives will not lead to more integral76 

sustainability activities, companies will keep on developing their own “tailor-made” strategy within the 

wide range of initiatives, in reaction to the external pressure.” It is the observation of the author that 

these ‘tailor-made’ instruments contribute to the confusion among other stakeholders, including 

designers. Companies should carefully consider the development of such schemes and transparently 

communicate, (i) why compliance with existing (often widely used and recognised) activities is not 

possible, and (ii) how the newly adopted scheme has been developed. Without pointing a finger at 

specific initiatives, after six years of research on sustainable fashion, it is observed that there are many 

examples of ‘self-made’ instruments that lack transparency and (scientific and reliable) foundations. 

 

From the viewpoint of this research, companies should (instead) make maximum efforts to support 

their designers to educate themselves in order to equip them to implement (scientific) LCA research in 

fashion design practice. This means that designers should be given the opportunity to devote certain 

time per week to this task. When designers understand the principles behind the EVR, and bring these 

into practice, they will generate more added value, and hence more profit for the company. 

Furthermore, in line with this recommendation and the discussion in Section 4.1.2 (and Figure 12), 

buyers in companies should likewise have the opportunity to learn about social LCA and the socio-

economic costs. Marketers should make familiarise themselves with the EVR and how to make maximal 

use of this method, in cooperation with the designers. In this context it can be argued that the EVR 

might be the key (for designers and marketers) to convince the company management to include LCA 

and eco-efficient value creation in their operations. Further research is recommended to underline this 

statement. 

 

                                                   

 

 

 

 
76 Van Bommel (2016, P.51) makes the distinction between multi-stakeholder initiatives (open schemes) that focus 

exclusively on social aspects, and initiatives concerning the environmental aspects that are predominantly 

business driven and include certification schemes. According to Van Bommel (2016, p.52), ‘integral’ refers to 

integrated sustainability initiatives for the implementation of environmental and social aspects in the clothing 

supply chain network. 
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Simultaneously, companies are advised to broaden their scope, as well as the above advice, to other 

designers in addition to those who design the clothing products. There are many product-design-

related disciplines involved in the fashion industry, e.g. the architects who design the stores, the offices 

and the factories. An example of a ‘tailor-made’ sustainable building for the fashion industry is ‘The 

Happy Factory’ of MSc architectural student Stephan van Berkel (see Figure 14). Van Berkel (2016) 

designed a factory especially for the garment workers in Bangladesh, for the location where once the 

garment factory ‘Rana Plaza’ stood before its collapse in April 2013. With regards to the shift of the 

garment manufacturing stage to less developed areas in the world (i.e. to Africa, see Section 1.1.1), 

companies are advised to consider active interference with infrastructural developments, to prevent 

such disasters as seen in Bangladesh (and unfortunately in the Far East and Europe and many other 

parts of the world). 

 

 

   

 

 

Fig. 14 Impressions of ‘the Happy Factory’ for garment workers in Bangladesh (Van Berkel, 2016) 
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Finally, Dutch companies in particular could consider connecting to the recently developed initiative of 

Dutch Minister Ploumen of Foreign Trade and Development Cooperation, to publish a ‘white’ list of 

companies who comply with ‘fair trade’ (Righton, 2016). This initiative originates from the ‘Convenant 

Duurzame Kleding en Textiel’ (SER, 2016) and, currently, the Dutch government actively approaches 

companies to sign this agreement. At this moment, the ‘white list’ includes 60 fashion and clothing 

companies (with a market share of about 35% of total turn-over) who promise to substantially improve 

the working conditions in their textile supply chains, including environmental aspects, within three to 

five years (Righton, 2016). 

 

 

6.2 Policy makers 

 

The possible execution of the recommendations (to companies) in the previous section is closely linked 

to the political environment in which the companies (and the designers) operate. It is the institutional 

landscape, shaped by policy makers, which allows the companies to act. 

According to Van Bommel (2016, p.VII) – in favour of the successful implementation process of 

sustainability in industrial supply networks – policy makers (as one of several stakeholders) “… should 

stimulate them [companies] to join improvement programmes, and help them become more 

cooperative and transparent.” It goes far beyond the scope of this research to formulate specific 

recommendations in this respect, but in this context the author would like to refer to the study of 

Smink (2016), who unravelled the dynamics of institutions and incumbents in the (unsustainable) fossil 

fuel industry, concluding that “sustainability transitions will evolve along the lines of solutions 

preferred by incumbents” (ibid. p.163). The results and conclusions of Smink’s research cannot directly 

be transferred to other industrial sectors but it would be interesting to explore whether similar 

dynamics exist in the fashion industry. A study such as this could support policy makers of all levels to 

develop an independent vision of the future direction of the fashion industry and to set the rules for 

the sustainable transformation. 

 

Moving this discussion to a European and Dutch level, it is observed that the (textile) research 

community and the textile industry is supported by many funding programmes that include 

sustainable development in general and, more specifically, innovative textile research. Although this 

observation is encouraging, funding bodies are advised to seriously take the issue raised in the 

previous section into account and be aware of the mechanisms in place. With this in mind, the author 

raises concerns about: 

(i) the focus of governments and funding bodies to stimulate cooperation between scientific 

researchers and industry partners, which could lead to biased and/or undesirable implementation of 

research results and conclusions in practice; 

(ii) the focus on stimulating research based on ‘hypes’ (such as ‘smart textiles’, ‘the bio-based 

economy’ and ‘bio-based materials’ and, for example, ‘cradle-to-cradle’ a few years ago, which is at the 

moment replaced by ‘circular economy’). 

It should not be the case that such research (as mentioned under i and ii above) is subsidised at the 

cost of fundamental textile research and research on the sustainability assessment of textiles, products 

and product service systems. 
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Exactly like the 'design decision making process' must be guided by LCSA results (as advocated in this 

thesis), also governmental institutions should better integrate life cycle thinking and the triple bottom 

line (see Figure 12) in policy making and likewise in funding programmes. 

Political institutions are appointed as important stakeholders to guide the consumer to (and through) 

the transition process towards a sustainable fashion industry (see Section 6.3). In line with the final 

recommendation to designers in Section 6.5, governments should stimulate independent social and 

sustainable entrepreneurship. With reference to this perspective, it is highlighted that this advice does 

not contradict the recommendation for partial disconnection of business practice (small or large) and 

scientific research. There are many other ways to bring scientific research knowledge to business 

communities (e.g. via independent knowledge platforms, educational programmes, exhibitions, 

symposia, and/or through tranS-LCA-tors. See sections 5.1 and 6.5). Policy makers are recommended 

to establish and maintain the successful existing knowledge transfer mechanisms and to investigate 

innovative ways for this kind of interaction. 

 

 

6.3 Consumers 

 

This conclusion is graphically supported by the author of this thesis, as can be derived from Figure 11 

and the position of the consumer in the stakeholder diagram. The figure depicts five ‘fat’ arrows 

pointing in the direction of the consumer, and only two thin ones in the opposite direction. This 

indicates that the consumer is intensively influenced by many stakeholders, but that the consumer’s 

influence on the other actors is limited. The confusing situation around eco-labelling for fashion 

products leads to the recommendation that consumers must be guided to participate in the transition 

process towards a sustainable fashion industry. It is suggested that designers and policymakers are the 

two main drivers for this task, and that close cooperation between these could yield beneficial results. 

A strategy, and topic for further research, might be a combination of, (i) a product designed in a way 

that encourages sustainable behaviour (see for example Wever et al. 2008 and Daae and Boks 2015) 

with, (ii) legislation on aspects that cannot properly be met by the design. 

There is extensive information for consumers, including consumer guidance, available on the internet. 

The consistent updating and often transitional nature of such resources makes it unproductive to make 

a comprehensive search of the currently available information and is considered to be outside of the 

scope of this research. 

 

From the conclusions of this study, the advice to the consumer could be: Let go of your appreciation of 

natural materials (e.g. cotton, wool) and consider buying products from bio-based, half-synthetic 

(viscose and/or viscose-like) or synthetic fibres (acryl) instead. Choose clothing of knitted fabric (of 

thicker yarns) over clothing of woven fabrics (of thin yarns). Furthermore, the consumer is advised to 

hang their clothing instead of washing it; and, if the garments are washed (at as low as possible 

temperature), to not use the dryer, but line-dry the items as much as possible. 

Finally, it would be best if consumers use and re-use the clothing as long as possible and, at the end-

of-life, hand in all garments for specific waste treatment, e.g. clothing made from bio-based materials 

for controlled incineration; synthetic fibres for recycling (see Section 6.5); and wearable electronics for 

specific electronic waste treatment. This regulation of the end-of-life flow might be best executed via 

collective clothing collection systems, because the consumer may not be able to distinguish the 

different fibre materials and many fabrics consist of fibre blends. 
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Furthermore, future LCA research (see Section 6.4) must determine what the optimal end-of-life routes 

are for the many different fabric materials used for clothing. 

 

 

6.4 Researchers 

 

For these recommendations, a distinction is made between two groups of researchers: LCA-experts 

and design researchers. LCA-experts must continue improving the LCA methodology (although the 

main building blocks are there) and producing up-to-date LCA research and (open) LCI data (of textile 

products). Remaining LCA-issues, which could be a topic of further research are, for example: 

 water use and land-use over the textiles lifecycle; 

 prevention costs versus damage costs (see, for a discussion, Vogtländer, 2016, p.91-92); 

 toxicity of textile materials (e.g. elastane) and additives over the textiles lifecycle; 

 the expansion of the s-ecocosts to other stakeholder categories (for LCSA-experts). 

 

Design researchers and LCA-experts should closely cooperate to accelerate the development of useful 

LCA-metrics such as the Idematapp (developed by TU Delft IDE MSc student Marinus Meursing, 

2015a). Although higher educated designers can work with the ecocosts method and make 

calculations in Excel, it is expected that a larger group of designers could benefit from appealing and 

better customisation (Lofthouse, 2006), yet scientifically sound, design tools for integration of LCA in 

design decisions. 

 

Research on the development of the MSP composition for AM of textile-like products in combination 

with innovative business models aiming at customisation (and co-creation) must continue. This 

combination entails a promising direction for sustainable production and consumption systems, 

although the reunion of digital technology with DIY (do-it-yourself) must be considered carefully due 

to considerations of increased consumption (Maldini, 2016, p.153), particularly when applied in an 

unsustainable manner. 

 

Other interesting areas for designers to further explore (preferably in cooperation with LCA-experts) 

are: 

 the optimal mix of yarn count (thickness) and fabric weight for the required function; 

 improvement of characteristics of knitted fabrics and knitting technology; 

 non-woven materials (in general and made of bio-based polymers or via 3D-printing); 

 sustainable circular solutions (including distributed systems) for the fashion industry, 

e.g. by means of integrating the QWERTY/EE model of Huisman (2003); 

 optimal end-of-life route per base material per clothing category; 

 the application of the EVR on (product service systems for) clothing products. 
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Design researchers and industrial design engineers are encouraged to intervene much more with 

fashion designers and to start ‘thinking through fashion’77 (Rocamora and Smelik, 2016). Although 

design research is a relatively young discipline78, fashion research is even younger. To date, eight 

‘modedoctoren’ (Dutch for PhDs on fashion) have completed their doctoral thesis (Corstanje, 2013)79 in 

the Netherlands, and three (including the author of this thesis) are about to finish. 

“Structured reflection on design processes can help designers to improve their design process, its 

results, and the designer’s proficiency. Domain-independent design knowledge (as distinguished from 

domain-specific knowledge) is useful to improve design processes in various design disciplines” 

(Reymen, 2001, p.3). With this connotation, Reyman (2001) reflects the opinion of the author of this 

research; that the integration of design research and fashion research (and the stimulation of scientific 

research on fashion) would help fashion designers to better “…design for inclusion, repair, co-

innovation, and involve many more stakeholders as agents and actors”, as suggested by, for example, 

Von Busch (2010) and Ballie (2012). It is also expected that cooperation could lead to better designed 

customer oriented clothing products, with reference to design research to encourage consumers to 

repair clothing instead of discarding it, as well as design to enlarge personal attraction (e.g. as 

described by Sahni et al. 2015 and Niinimäki and Koskinen, 2011), to prolong the lifespan of garments 

(see Section 6.3). 

 

Two final suggestions for researchers and designers are related to the restricted influence of the 

designer in companies (see Section 4.1.2 and the next Section 6.5). (i) It could be interesting for design 

researchers to analyse how much influence designers have on the Sustainable Development Goals, 

which were adopted last year (2015) by the United Nations Member States. This could lead to the 

creation of the sustainable development (design) method as described in Annex II. (ii) As a follow-up 

to these studies’ practice based research on ‘influence’ and ‘governance’, the author recommends 

further research on the data and findings from a governance theoretical perspective. For example, in 

relation to the research of Borrás and Edler (2014). 

 

                                                   

 

 

 

 
77 Three examples: (1) Sullivan (2016, in Rocamora and Smelik, 2016, p. 43) suggests to rethink fashion through 

Marx to deepen our critical understanding of [fast] fashion as ‘the child of capitalism’. 

(2) Smelik (2016, in Rocamora and Smelik, 2016, p. 180) proposes the possibility to “… develop an ecological 

perspective on sustainability through the idea of a ‘becoming-world’ (Deleuze and Guattari, 1994)”. 

(3) Entwistle (2016, in Rocamora and Smelik, 2016, p. 281) highlights that “Future ANT [actor-network-theory] 

research in this area can allow us to trace the nature-culture hybrid nature of fashion.” Entwistle (ibid.) names, for 

example, ‘water’ as an actor within the fashion industry and claims that natural things, such as water, are going to 

shape the fashion system of the future. Entwistle (ibid.) proposes that it would be interesting, for example, by 

following Shove et al. (2007), to examine ”…‘the stuff’ of fashion in all its fullness within our everyday life”. 
78 Design research in the Netherlands is about 30 years old. According to an estimate by prof. J.C. Brezet (personal 

communication d.d. 28-06-2016), in this period, about 200 design research PhDs finished their doctoral thesis (110 

IDE TU Delft; 30 TU Eindhoven; 20 TU Twente and 30 Design and Innovation). 
79 Corstanje (2013) mentions: Daniëlle Bruggeman, Maaike Feitsma, Anja Köppchen and Constantin von Maltzahn. 

Via personal communication (at 07-06-2016) with Hanka van der Voet of ArtEZ, Arnhem, the names of Pauline van 

Dongen and Lianne Toussaint (not finished yet) and Rebecca Breuer were added to this list. Finally, the earlier 

cited researchers Andreas Köhler, Kristi Kuusk and Harry van Bommel could also be considered as ‘modedoctoren 

from the Netherlands’. 
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6.5 TranS-LCA-tor 

 

The conclusions in Section 5.1 were slightly unexpected with the introduction of a new stakeholder to 

the scene: the tranS-LCA-tor. 

 

In general, this tranS-LCA-tor should: 

 teach designers about life cycle thinking, ecodesign and LCA and useful LCA-metrics, such as 

the ecocosts and s-ecocosts; 

 work on the development of publicly available LCI- data and design metrics for LCSA. 

 

More specifically, the tranS-LCA-tor could inform designers about the value of life cycle thinking, 

ecodesign and LCA by means of the following illustrative examples80: 

 

(i-a) Manda et al. (2015) describe prospective LCA results of T-shirts made of 50% antibacterial fibres 

with silver nanoparticles (coated on modal staple fibres via different processes). Through a cradle-to-

grave comparison, Manda et al. (2015) demonstrate that the antibacterial T-shirt with the in-situ 

processed silver, exhibits 20-30% lower environmental impacts than non-antibacterial modal T-shirts 

(referring to important categories such as climate change, freshwater toxicity and eutrophication). 

Finally, Manda et al. (2015) conclude that the “… LCA demonstrated value creation opportunities such 

as lower environmental impacts, lower costs and risks”. 

De Clercq (2008) designed a (workwear) T-shirt with ventilating armpit areas and lighter fabrics to 

reduce perspiration prone areas and/or clammy, smelly (polo)shirts. 

Based upon this information a sustainable designer, working for the apparel brand or retailer who sells 

the antibacterial T-shirts, could propose, for example, to apply the silver nanoparticle fabric only in the 

armpit, and not over the complete T-shirt, as the research of Manda et al. suggests. Design based on 

the careful application of such technologies could deliver the customer the same experience as the 

complete silver T-shirt, namely ‘no smell’, since the armpits are the most sweat prone and least 

ventilated areas. Because the nanoparticles cannot be detected by the eye, the customer would not 

even notice the difference (between a complete or partial silver-coated T-shirt) and is expected to be 

as satisfied with the ‘armpit design’ as with the complete silver-coated T-shirt. So, it can be argued that 

the customer would even be prepared to pay the same amount of money for the new (armpit) design 

as for the old (completely silver coated) T-shirt, with much less (expensive and less sustainable) silver 

to produce it. To conclude: This new ‘armpit’ design would lower the production price and the 

ecocosts while the consumer price could be kept as high as the price for the complete silver T-shirt. 

(i-b) Another sustainable concept that elaborates further on this example could be the replacement of 

the silver-coated part in the armpit with natural wool, which, it can be argued, has the antibacterial 

property naturally without further treatment. 

                                                   

 

 

 

 
80 In this section, the author provides some examples to demonstrate the way of thinking (of the tranS-LCA-tor), 

but this overview should be considered as an exemplary, non-extensive list and could be extrapolated much 

further with many more examples and possible scenarios (in prolongation of the conclusions of this thesis in 

sections 5.1 and 5.2 and the suggestions for further research in Section 6.4). 
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 (i-c) But also the idea of replacing the modal with a blend of 80% Recycled polyester/20% Organic 

cotton, as proposed by De Clercq (2008); or replacing the latter in this mix with a viscose could deserve 

further exploration. 

It speaks for itself that the new concepts should be analysed by means of LCA to validate the claims 

made in this section. 

 

(ii) The integration of solar panels in clothing to generate power for charging mobile phones or other 

electrical devices is sometimes promoted as a sustainable solution (Van Dongen, 2013). 

Ashby (2015, p.9-10) investigated the articulation: “Grid electric power – and, by implication, carbon 

emissions – can be significantly reduced by charging mobile phones with solar power” with the prime 

objective “to reduce energy and carbon from non-renewable sources by using solar chargers instead.” 

Applying a relatively simple calculation, Ashby demonstrates that a solar charger (with an internal 800 

mAh lithium-ion battery with a life of 2 years) does offer a net reduction in energy consumption, but 

that the saving is of the order of 0.1% of the annual electricity consumption of the complete British 

population. Ashby (2015, p.10) concludes finally that: “There are probably simpler ways to save this 

much energy.” 

The above example highlights that having a notion of life cycle thinking and being able to make an 

LCA81 could withhold a designer from the idea of integrating solar panels in clothing, because this 

combination might not lead to a sustainability gain (or at least not with this combination of materials 

and technologies). 

 

(iii) The research of Shen (2011) includes rigorous LCAs of bio-based polymers (to replace the 

traditional petrochemical polymers) and recycling options for several fibre materials and indicates that 

man-made cellulose fibres such as viscose and modal82 offer potential in terms of reduced 

environmental impact83. Meanwhile, new research results became available (see for example Future 

Fashion Manifesto, 2015; and also the research on carbon sequestration in Publication P.2 of this thesis 

points in this direction) consistent with those of Shen (2011). These findings entail strong indications 

that the widespread replacement of, for example, cotton fibres (but also PET) by viscose, for clothing, 

might be a sustainable route for the fashion industry (provided that certified wood or plant material is 

being used84). 

Research, such as that above, has led to the idea85 that the benefits could also be seen if applied to 

other plant-based feedstock materials (polysaccharides) such as, for example, grasses like Miscanthus 

and New Zealand flax, supplying designers with important directions for material choices. Summarising 

                                                   

 

 

 

 
81 Ashby et al. (2015) do not apply LCA according to the ISO-standards, so at this place it would be better to name 

the analysis an ‘LCA-like calculation’ or an ‘Eco-Audit’ (Ashby et al., 2015). Conducting a LCA for the wearable solar 

concept might be more complicated, but nevertheless this discussion could be an indication that the issue is 

worthwhile to further investigate. 
82 preferably produced by an integrated process 
83 Shen (2011) analysed non-renewable energy use and greenhouse gas emissions at first, and in a second study 

also cumulative energy demand – CED; water-use; land use and the CML baseline impact categories. 
84 and the integrated production process is applied, in which the chemicals and water are re-used and recycled 
85 in the Netherlands at first adopted by DutchSpirit and later taken over by Dutch Awearness 
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the above: Cellulosic fibre materials for clothing could be a very successful approach for cleaner 

production of fashion, but each scenario needs to be further elaborated on and analysed from a life 

cycle perspective in order to prevent undesirable trade-offs86. 

 

(iv) It is an observation of the author that designers sometimes mix up manufacturing methods for 

fibres (and fabrics) and are in favour of natural textile materials. This is important to keep in mind87 

because the results above cannot be converted to all plant-based fibre materials, since the impact 

(among other things) depends on the manufacturing method (mechanical, chemical or a combination). 

Hemp is often considered a sustainable base material for fibres and fabrics but Van Eynde (2015) 

highlights that the degumming process, which is necessary to produce hemp textile for clothing88, 

causes significant environmental impacts due to the high energy demand of this manufacturing 

method. This means that for clothing purposes, the environmental impact of hemp (produced in 

China) might be higher than that of cotton (ibid.), although in the cultivation phase this is the other 

way around. Therefore, a full LCA is required. 

 

(v) By combining the findings of (iii) and (iv) the designer could consider the processing of hemp via 

the viscose process, to produce textiles, and consider this a sustainable option. Similar combinations 

could be made for cradle-to-grave or cradle-to-cradle analysis of life cycle scenarios (including end-of-

life) of, for example, incineration versus recycling of bio-based textiles or chemical versus mechanical 

recycling and/or (in comparison with) recycling or incineration of clothing made of synthetic textiles, 

etc. 

 

(vi) Bly et al. (2015) explore the intentions of sustainable fashion pioneers who “… actively create and 

communicate strategies for sustainable fashion behaviour that can overcome the nebulous and 

somewhat paradoxical reality that sustainable development in the fashion industry presents.” One of 

those strategies is DIY and encompasses sewing or upgrading one’s own clothing. 

The designer who aims at this strategy (by encouraging more consumers to adopt DIY) must take into 

consideration that (for cotton clothing) this strategy certainly lowers the socio-economic-costs89 of 

garment production (compared with, for example, the Bangladesh situation) but not the 

(environmental) ecocosts of the cotton and fabric production phase. With regards to the 

environmental impact, the emphasis over the textiles lifecycle (of cotton products) lies on the 

manufacturing stages of the fibre, yarn and fabric (see P.1 of this thesis) and the DIY strategy does not 

change this (unless the fibre, yarn and fabric is made in a ‘sustainable’ region, but this information is 

probably unavailable). In the case of DIY, the relative negative environmental effects from the 

manufacturing stages of the fabric could be traded off by the longer lifespan of the product because 

                                                   

 

 

 

 
86 For example: In case the customer is not willing to buy viscose clothing instead of cotton -, there is no use in 

producing these. 
87 and already analysed and discussed in publications P.1 (the bad environmental profile of cotton compared to 

synthetic fibres) and P.6 (the higher environmental burden of wool compared to acryl) of this thesis. 
88 but not for the production of hemp fibres for composites 
89 and (in line with the deliberations of Bly et al. 2015) might, or (in case of widespread acceptance and uptake) 

might not contribute to the sustainable ‘image’ of the company/brand 
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the DIY user might take better care of the garment or keep it in use for a longer period, but this needs 

to be further analysed in order to draw the right conclusion. Furthermore, as highlighted in the 

conclusions of P.5, the DIY product offers a more sustainable solution only if this product replaces 

another purchase, and not if it adds to (or even enlarges) the wardrobe the consumer would have 

(bought) anyway. 

Derived from the envisioned example above (and also the wearable solar example from example (i) in 

this section), designers are advised to include these kind of ‘life cycle thinking’ directions (including 

LCSA) to support or divert from their concept design. 

 

(vii) For the same reason as mentioned above (i.e. the hotspot is on the fibre, yarn and fabric 

production), designer chosen strategies to ‘design out waste’90 must be carefully considered. The 

designer who has this concept in mind must not overlook the fact that the zero-waste design could 

have implications for the quantity of fabric needed for the concept. It might be a more sustainable 

solution to design with less fabric and cut-off waste than to apply more square metres of fabric 

without waste. LCA could be used to underline this claim (and possibly also find a way to ‘weigh’ the 

value of the aesthetic appearance against the different environmental impacts of the several concepts; 

this may be achieved via the EVR method; see Mestre, 2014 and Scheepens et al. 2015). 

 

(viii) The combination of the advantage of spun dyed modal yarn91 for knitted fabric, as described by 

Terinte et al. (2014), with the research of Schömers (2013) on ‘True Black’92, could mean an incentive 

for designers to explore the possibilities of this technique for more sustainable solutions to create 

fabrics in many spectrum colours, and not only for colours with sufficiently large market volumes, i.e. 

for black, dark blue, brown, red and beige, as Terinte et al. (2014) describe. 

Schömers (2013, p.27) suggests that the dope-dye technology offers innovation opportunities for new 

yarn creation (colour and/or performance) by means of varying the composition of the (different 

coloured) filament fibres in the yarn. In line with this idea, designers could also think of different mixes 

of staple fibres in the primary colours (CMYK: cyan, magenta, yellow and black) to create yarns (and 

fabrics) in all colours of the colour spectrum (roughly as the CMYK-colour model works for colour 

printing). This concept could make spin-dyeing for man-made fibres for fabrics for fashion an option93, 

because, (a) the fabric is expected to have a better environmental profile than batch-died fabrics for 

fashion, and (b) the technology might overcome the barrier for companies to apply the dope-dye 

technology with more colours created in less time. 

 

                                                   

 

 

 

 
90 of which many examples exist, e.g. offered in Gwilt and Rissanen (2011, p.70; p.87-95 and p.132-135) 
91 in terms of environmental performance, compared with conventionally died fabric, based on LCA research, spun 

dye = dope dye (see Footnote 92) 
92 True Black proposes the application of dope dye (= spun dye) as a colouration technique for man-made fibres 

and describes the process of colouring the polymer dope (instead of the yarn or fabric). Schömers (2013, p.24 and 

p.29) demonstrates the environmental advantage of this technique by means of an input-output analysis. 
93 which, according to Schömers (2013) is currently not the case because of the requirements of high flexibility and 

small batches with regards to the speed-to-market of fashion 
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To finalise this section on recommendations for the tranS-LCA-tor, it is important to express once 

more that it is (in line with the main message of this thesis) self-evident that all presented illustrations 

are subject to further LCSA-research and should be worked out by means of close cooperation 

between LCA-experts, design researchers and fashion designers (see Section 6.4). 

 

 

6.6 Additional: What more can the designer do? 

 

In the case of working independently, the designer does not need to decide on the position of the 

(future) employer on the CSR-ladder (as the final conclusion of Section 5.2 suggests), which would be 

hard and possibly even impracticable (as described in Section 6.1). It is argued that by self-becoming a 

social entrepreneur (C&A Foundation and Ashoka, 2016; Social enterprise monitor, 2016), the designer 

would be able to act more autonomously and could take much larger steps to accelerate the 

transformation towards a sustainable fashion system and might be more able to design ‘Life Cycle 

Clothing’ (see Section 5.2). 

One step beyond this might be that designers themselves start with the development (and rapid 

establishment) of the fourth generation sustainable business models94 (Melissen, 2016) and the 

creation of a central position for the sustainable designer within. By this means, the designer could 

become a sustainable entrepreneur (as a follow-up to the social entrepreneur) and might be able to 

bring into practice the ‘sustainable development design method’ (see Annex II). 

                                                   

 

 

 

 
94 Melissen (2016, p.17) describes this “fourth generation” as “networked, community-oriented business models” 

that “ideally … incorporate mechanisms that can truly change the rules of the game (Bocken et al. 2015)” and 

encourages businesses (together with “…engaged citizens, entrepreneurs, civil servants, researchers and 

activists…”) to “…explore ways to co-create viable alternatives to our current socio-economic system - alternatives 

that are based on equality, inclusiveness and a responsible and sustainable way of interacting with our natural 

environment (Loorbach, 2014).” (Melissen, 2016, p.21) 
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Epilogue 

 

When constructing the recommendations for the ‘tranS-LCA-tor’ in Section 6.5, I realised that I was 

writing this text to myself in particular. 

The invention of the tranS-LCA-tor might stem from the idea that I still do not consider myself an 

LCSA-expert95, but that my knowledge about LCSA and the associated language and vocabulary allow 

me to communicate with LCSA-experts and to interfere in the debate about LCSA of textiles. On the 

other hand, (although I do not consider myself as a ‘hard-core’96 designer either) I have been speaking 

‘design language’ for over 20 years. The combination of these two factors in one person makes myself 

the ‘perfect’ tranS-LCA-tor and again underlines the observation (as described in the preface of this 

thesis) that “… the viewpoint of an industrial design engineer has valuable potential for [a 

sustainable]… fashion industry.” 

 

Although I learned an awful lot, my appetite for knowledge about the facts behind the sustainability of 

fashion and the possible mechanisms to change the current situation is not yet satisfied, but has 

become even larger. ‘The more you know, the more questions arise’, is only too true. At least I know 

better what to do next: Just follow the lines above. For me, the search towards a more sustainable 

fashion industry has only just begun. I hope this thesis encourages you to help me with this. 

 

Natascha M. van der Velden 

 

n.m.vandervelden@tudelft.nl  

nataschavandervelden@ziggo.nl 

+ 31 6 29 366 799 

  

                                                   

 

 

 

 
95 In comparison with the ‘LC(S)A-community’, which has already existed for more than thirty years (and the ‘S-LCA 

community’ for about ten; UNEP/SETAC, 2009), my regained experience (after my graduation project in 1994) with 

LCSA of only six years, leads to the conclusion that I have just entered the scene. 
96 This description is chosen to distinguish the designer, who is designing products (and product service systems), 

from the design manager/researcher (which better indicates my professional activities; see Biography) who guides 

the designer through the design-process and/or constructs the design-briefs.  

mailto:n.m.vandervelden@tudelft.nl
mailto:puntje@hetnet.nl
mailto:puntje@hetnet.nl
mailto:nataschavandervelden@gmail.com
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A1. Exhibition Fair Fashion Lab Humanity House 
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In the year 2014, the author was asked to contribute to an exhibition named Fair Fashion Lab, which 

ran from April 24th until January 2015, in the Humanity House museum (www.humanityhouse.org) in 

The Hague. 

 

With this exhibition, the makers expressly wanted to enter into dialogue with the garment industry, 

with policy makers, and with the public. To do so, they asked designers, artists and researchers97 to 

present their vision in the form of an installation. 

 

 

Fig. A1 First sketch for the pocket at the Fair Made Fashion Lab (by Frank Bleeker) 

 

In the pocket Life Cycle Clothing (see Figures A1 and A2), the ecodesign strategy wheel (= the LiDS 

wheel, as presented in Section 2.3.3) was introduced as a method to provide insight into 

environmental aspects of clothing products. Together with industrial design engineering (IDE) 

graduate student Kirsten Lussenburg, the author showed the public how the ecodesign strategy wheel 

is applied in research into future solutions, from 3D printing and clothing made from elephant grass 

(Miscanthus) to the idea that we should all swallow a hair growth pill so that we no longer need 

clothing. 

                                                   

 

 

 

 
97 Monique van Heist, Arne Hendriks, Hilde Roothart, space&matter (Sascha Glasl, Tjeerd Haccou, Frederica 

Heimler), TINKEBELL and me in cooperation with Rivet Concept Development of Jemma Land. 

http://www.humanityhouse.org/
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Over 8,000 people visited the exhibition and side programme with festivals, workshops and lectures 

(see http://www.humanityhouse.org/over-ons/jaarverslag/ and Figure A3). 

Fair Fashion Lab yielded substantial media attention; among others in the broadcast of the Dutch daily 

news Nieuwsuur (http://nieuwsuur.nl/video/639045-een-jaar-na-rana-plaza-bangladesh.html) and 

well-known newspapers, see next pages, figures A4-A6). In total, for a PR-value of €250,000, as 

estimated by the museum. 

 

    
 

  
 

Fig. A2 Impression of the installation ‘Life Cycle Clothing’  

http://www.humanityhouse.org/over-ons/jaarverslag/
https://webmail.tudelft.nl/owa/redir.aspx?C=HbGOEhg2S0m5jy3NRGrivPLKvc_5M9EIdWGfirUnUwnruPrEeP2iJ4qom3jMJbrMNHWN7KrGXpk.&URL=http%3a%2f%2fnieuwsuur.nl%2fvideo%2f639045-een-jaar-na-rana-plaza-bangladesh.html
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Fig. A3a-b Minister Ploumen of Foreign Trade and Development Cooperation opens Fair Fashion Lab 

on April 24th, 2014 (photo (a) left by Rebke Klokke/Humanity House) and the author gives a lecture (b). 

 

 

 

 

 

Fig. A4 Article in De Volkskrant (250,000 copies), Friday 25th April 2014, p.V18 
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Fig. A5a Article in Sp!ts (267,000 copies), Thursday 24th April 2014, p.2 
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Fig. A5b Article in Sp!ts (267,000 copies), Thursday 24th April 2014, p.3 



Annex I ---------- Exhibition Fair Fashion Lab Humanity House 

94 

 

 

Fig. A6 Article in Den Haag Centraal (9,000 copies, reaches 20,700 persons), Friday 25th April 2014, p.16 
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Annex II

 

A.2 The sustainable development design method (SDDM) 

 

Although sustainable development can also be regarded as a philosophy, a concept or a theory, it can, 

through the eyes of the author of this thesis, also be considered as (part of) a procedure98 towards 

sustainability. This procedure (= the method) itself is not defined (yet), but the fulfilment of the 

Sustainable Development Goals (SDGs; UN, 2015, see Figure B1) should be the outcome (author's 

quotation). 

 

 

Fig. B1 The Sustainable Development Goals (SDGs; UN, 2015) 

 

In September 2015, the United Nations Member States adopted the SDGs as part of “… a new 

sustainable development agenda, that will build on the Millennium Development Goals” (UN, 2015). 

These goals include environmental goals as well as social sustainability aspects and the triple bottom 

line People, Planet and Prosperity (see Figure B2). 

 

From the viewpoint of the author of this thesis, behind these goals, lie many (and maybe all) possible 

(design) opportunities towards sustainability on a global scale. In the coming years, next to the 

                                                   

 

 

 

 
98 In Dutch: werkwijze for which Van Dale Grote woordenboeken versie 5.0 gives the following translation: 

(van machine) mode of operation, operating procedure 

(van personen/commissies) method (of working), procedure 

(bij fabricage) (manufacturing) process 

(routine) routine (vaak informeel) 
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implementation of the 2030 Agenda for Sustainable Development99, all countries and all stakeholders 

acting in collaborative partnership must unravel the 17 goals and translate these into specific actions 

that the actors involved can undertake to accelerate sustainable development. The procedure to arrive 

at the SDGs could, for example, be named the sustainable development method (author's quotation), 

and the actions of designers could be grouped under the header: the sustainable development design 

method. (SDDM; ibid.) 

 

Fig. B2 The SDGs are based on and built around the triple bottom line (UN, 2015) 

 

In addition to the goal of this research (as described in Section 2.1), for this thesis, the covering aim, in 

retrospect, is to contribute to sustainable development in the line of thought of the developers of the 

SDGs. From this perspective, and referring to the target group of this research, it would be interesting 

– but also a lot of work and out of the scope of this research – to explore* how much designers can 

actually contribute to these goals. Currently, doctoral student Rebecca Ruebens of Delft University of 

Technology and Rhizome is exploring this question and has been developing the ‘Holistic 

Sustainability Checklist’ and ‘Label’ to assess and “…illustrate the holistic parameters relevant at each 

stage of a product’s generic production to consumption system…” (Ruebens, 2016) 

 

                                                   

 

 

 

 
99https://sustainabledevelopment.un.org/content/documents/21252030%20Agenda%20for%20Sustainable%20De

velopment%20web.pdf 
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*For example, it can be argued that designers are able to contribute to SDG 1 ‘no poverty’ by means of 

developing design concepts that create (more) jobs (than the current situation, e.g. by proposing an 

option to hand in the product for repair). The question of whether or not this notion is sustainably 

sound came to the fore during the ID4175 Advanced Embodiment Design Sustainable Design 

Engineering course for masters’ students, at the Faculty of Industrial Design Engineering this year 

(2016). The design students were pointing out that more jobs cost more money, so company 

management might not appreciate this sustainable solution. This is true (of course), unless the 

students can figure out a way to earn more money with the newly developed product or service 

system concept (or find other ways to satisfy the company management, e.g. convince the board that 

the extra costs will pay off in customer loyalty, etc.). 

Alternatively, designers might be in a less advantageous position to contribute to, for example, SDG 16 

‘peace and justice and strong institutions’, because this is beyond the reach of their influence. But it 

could as well be, since designers are generally known for their creativity, that case studies and design 

interventions will prove differently and that designers are capable of finding solutions to fulfil this (and 

the other) goal(s). 

It is the author’s suggestion that, by this means, all SDGs could be analysed to obtain an overview and 

to finally construct the sustainable development design method. 
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LIFE CYCLE IMPACTASSESSMENT (LCIA)

LCA benchmarking study on textiles made of cotton,
polyester, nylon, acryl, or elastane

Natascha M. van der Velden & Martin K. Patel &
Joost G. Vogtländer

Received: 23 October 2012 /Accepted: 5 July 2013 /Published online: 4 September 2013
# Springer-Verlag Berlin Heidelberg 2013

Abstract
Purpose The purpose of this paper is to provide an improved
(up-to-date) insight into the environmental burden of textiles
made of the base materials cotton, polyester (PET), nylon,
acryl, and elastane. The research question is: Which base
material and which life cycle stage (cradle-to-gate as well as
cradle-to-grave) have the biggest impact on the environment?
Methods Life cycle inventory (LCI) data are collected from
the literature, life cycle assessment (LCA) databases, and
emission registration database of the Dutch government, as
well as communications with both manufacturing companies
of production equipment and textile companies. The output
of the calculations is presented in four single indicators: Eco-
costs 2012 (a prevention-based indicator), CO2 equivalent
(carbon footprint), cumulative energy demand (CED), and
ReCiPe (a damage-based indicator).
Results and discussion From an analysis of the data, it be-
comes clear that the environmental burden is not only a
function of the base materials (cotton, PET, nylon, acryl,
and elastane) but also of the thickness of the yarn (for this
research, the range of 50–500 dtex is examined). The authors
propose that the environmental burden of spinning, weaving,
and knitting is a function of 1/yarn size. The cradle-to-grave
analysis from raw material extraction to discarded textile
demonstrates that textiles made out of acryl and PET have
the least impact on the environment, followed by elastane,

nylon, and cotton. The use phase has less relative impact
than it is suggested in the classical literature.
Conclusions The impact of spinning and weaving is rela-
tively high (for yarn thicknesses of less than 100 dtex), and
from the environmental point of view, knitting is better than
weaving. LCA on textiles can only be accurate when the yarn
thickness is specified. In case the functional unit also indi-
cates the fabric per square meter, the density must be known.
LCA results of textile products over the whole value chain
are case dependent, especially when dyeing and finishing
processes and the use phase and end-of-life are included in
the analysis. Further LCI data studies on textiles and gar-
ments are urgently needed to lower the uncertainties in
contemporary LCA of textile materials and products.

Keywords Carbon dioxide (CO2) . Clothing . Eco-costs .

Fibers . Spinning . Textile . Use phase .Weaving

1 Introduction

In recent years, life cycle assessment (LCA) has been in-
creasingly adopted by textile and apparel companies. Many
actors in the textile and clothing chain such as fiber manufac-
turers (e.g., Lenzing, Advansa, Dupont), producers of flooring
material (e.g., InterfaceFlor, Desso, Heugaveld), fashion brands
(united in the Sustainable Apparel Coalition), and even um-
brella organizations (European Commission and the Dutch
branch organization Modint) use LCA to assess the environ-
mental impacts of textile-related products. In addition, educa-
tional textile and fashion institutes (e.g., the Amsterdam
Fashion Institute) have moved towards life cycle thinking,
picking up the signals from companies and other organizations.

In many cases, LCA studies and the development of LCA
tools on textile products are carried out by consultancy
companies or independent research institutes which interpret
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LCA and the International Standard Organization (ISO)
specifications in their own way. Results are presented in
reports or online and reach the public via marketing depart-
ments or via the media. Despite of this growth in LCAwork,
not many (recent) LCA studies on textile products can be
found in scientific literature. Consequently, there are gaps in
the scientific framework for the interpretation of the previ-
ously mentioned market efforts. There is not enough litera-
ture available and there are no (open source) life cycle
inventory (LCI) databases to build further scientific research
upon. Nondisclosure of databases and company-related in-
formation might be due to the fact that confidentiality plays
an important role. This article aims to open up the scientific
discussion on LCA in textiles.

1.1 Existing LCA studies on textiles

A literature survey and some investigations among experts in
the field of LCA studies on textiles showed that most of the
publicly available LCA data and process data are outdated,
not transparent (especially regarding system boundaries),
and sometimes clearly out of range (outliers). It was quickly
concluded that original data reflecting today’s situation is
urgently needed.

A summary of the results of the literature survey is given in
the succeeding paragraphs and sections. Collins and Aumônier
(2002) compiled the LCI data upon references dating from
1978 to 1999. Another research executed by Kalliala and
Talvenmaa (1999) reports, for example, spinning energy which
is derived from a study out of 1997. In-depth investigation on
weaving led to the research of Koç and Çinçik (2010), but an
analysis of the references revealed that only 5 out of 16
references were in English, which makes it very difficult to
verify the results. In the recent thesis of Shen (2011),
nonrenewable energy use for the production processes of dif-
ferent fabrics is given, based upon a report from 1997 (Laursen
et al. 1997). Another recently published LCA study of Walser
et al. (2011) uses inventory data for polyester (PET) textile
production, partly built upon information dating from 1997 as
well. The authors also noticed that the data in the Ecoinvent
database (Ecoinvent 2010) on cotton and bast fibers do not
specify the yarn size, which has an important influence on
energy use. This aspect is further discussed in Section 3.

In general, it appeared to be very difficult to check the
underlying datasets because researchers built up their own
dataset by combining information from different and some-
times very old or confidential sources.

Tobler-Rohr (2011) gives an excellent overview of textile
production but does not provide enough LCI data to base
further LCA calculations on.

Steinberger et al. (2009) present a comprehensive LCA
study on clothing which is focused on the use phase of textiles

(i.e., washing clothes by the user); however, this lacks accu-
rate data on the production phase.

1.2 Data collection

Most of the previously mentioned sources were considered
to be not very valuable for our LCA on textiles conducted in
2011–2012 because, in the preceding period, companies may
have made significant improvements on energy consump-
tion, mainly driven by high energy costs. Firm underpinning
numerical data for this change was not transparent, but
percentages of 2 to 3 per year are quoted. A report of the
united German textile machinery manufacturers (VDMA
2009) claims energy efficiency improvements of 15 % over
the last 10 years. This figure was also quoted during a
communication with Mr. Bernard Defraye of CIRFS, the
European Man-Made Fibres Association.

An important observation is that the majority of the re-
searchers do not take into account important technical spec-
ifications (e.g., the thickness of the yarn) which have a major
impact on processing energy, as will be shown in Section 3.

The approach chosen in this study was, therefore, to
collect all available data from the public domain (scientific
literature and company information), from (LCA) databases,
from the emission registration database of the Dutch govern-
ment, and by contacting companies and experts.

We contacted (among others) the following companies/
associations:

– Oerlikon Barmag,
– CIRFS, the European Man-Made Fibres Association,
– International Textile Manufacturers Federation (ITMF),
– Kuempers.

2 Goal and scope

2.1 Goal

The goal of the study is to develop an improved (up-to-date)
insight into the environmental burden of the life cycle of
textiles, for various types of materials (cotton, PET, nylon,
acryl, and elastane), and as a function of the thickness of the
yarn in the range of 50–500 dtex (decitex=the mass in grams
per 10,000 m). The main focus is on the production of
textiles (cradle-to-gate); some data on the use phase (wash-
ing by the user) and the end-of-life phase are also provided.

Since the goal of the study is to provide designers with
environmental information, the output of the calculations is
not presented in the form of a set of midpoints, but in the form
of single indicators. A single indicator in LCI analysis is one
single score to express the result of the cumulative inventory
list in one indicator, either at the midpoint or endpoint level.
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To provide the reader with information on the effect of the choice
of a single indicator, data on four single indicators are given:

– Eco-costs 2012 (a prevention-based indicator),
– CO2 equivalent (a single indicator at midpoint level),
– Cumulative energy demand (CED),
– ReCiPe (a damage-based indicator).

Eco-costs is a measure to express the amount of environ-
mental burden of a product on the basis of prevention of that
burden and has also been introduced in this journal before
(Vogtländer and Bijma 2000, 2001). They are the costs
which should be made to reduce the environmental pollution
and materials depletion in our world to a level which is in
line with the carrying capacity of our earth. The eco-costs
system has been updated in 2007 and in 2012. The charac-
terization (“midpoint”) tables which are applied in the Eco-
costs 2012 system are (see Fig. 1 and Vogtländer 2013):

– IPPC 2007, 100 years, for greenhouse gasses;
– USETOX, for carcinogens and ecotoxicity;
– ReCiPe, for acidification, eutrophication, and summer

smog (photochemical oxidant formation);
– IMPACT 2002+, for fine dust.

Eco-costs is part of the bigger model of the eco-costs value
ratio (EVR) and the method of eco-efficient value creation
(Wever and Vogtlander 2012; Mestre and Vogtlander 2013).

The advantage of the single-issue indicators (CO2 equiva-
lent and CED) is that they are simple to understand. The
disadvantage, however, is that toxicity and materials depletion
is not taken into account. That is the reason why data on eco-
costs and ReCiPe are given as well: they both incorporate
human toxicity, ecotoxicity, materials depletion, and land use.

ReCiPe is a damage-based indicator. It is the successor of the
famous Eco-indicator 99, introduced in this journal (Goedkoop
et al. 1998). We present the data for the Europe H/Aweighting
set for human toxicity, ecotoxicity, and materials depletion (H/A
refers to the default ReCiPe endpoint method, H=hierarchist and
A=average weighting set).

2.2 Scope, system boundaries, and declared unit

The scope of this study is cradle-to-grave. It includes the
cradle-to-gate processes of the production chain from raw
material extraction to manufactured greige1 fabric for cot-
ton, PET, nylon, acryl, and elastane, as well as the gate-
to-grave processes for textile products made out of these
materials.

The LCAs for greige textile manufacturing phases are full
analyses. For dyeing and finishing processes, ranges and an
example of LCA based on best practices are given. A cutoff
criterion of 1 % is applied to decide on the exclusion of
(sub)processes, inputs, and outputs, in compliance with ISO
14044 Section 4.2.3.3. For the use phase and the end-of-life
phase, ranges are given based on specific cases. The scope
excludes the following phases related to the textile product:
manufacturing (sewing and assembling), distribution, market-
ing, and sales of the textile.

The choice of the declared unit (functional unit) is “1 kg
of (greige) textile.” This paper shows that a unit in kilograms
is a logical choice from the point of view of production, since
the eco-burden of the base materials, spinning, and weaving
of all materials is a function of kilograms and yarn size
(decitex). However, from the point of view of textile appli-
cations (cloth, carpets, etc.), it seems logical to have a de-
clared unit in 1 m2, so Section 8 provides some information
per square meter.

Table 1 summarizes the scope of this study and simulta-
neously explains the outline of this article. The full cradle-to-
gate analyses on the production of materials in phase A and
phase 1 are based on Ecoinvent LCIs (Ecoinvent 2007a, b).
These LCIs include transport and the required production
infrastructure (the so-called third-order LCIs).

Fig. 1 Calculation structure of
the Eco-costs 2012

1 The term “greige” is industry jargon for “untreated woven or knitted
fabric” and refers to the fabric before the final phases of dyeing and
finishing. In this context, “greige” is defined as “unbleached and
undyed or untreated.”
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To determine whether the impact of the emissions from the
following production process steps stays below the 1 % cutoff
criterion, the emission registration database of the Dutch gov-
ernment (http://www.emissieregistratie.nl/erpubliek/bumper.nl.
aspx, accessed on 20 January 2013) is used. This database
shows that emissions from the production sites of process phases
B to D and 2 to 5 are less than 1 % of the emissions from the
production of electricity and heat, so these emissions are below
the 1 % cutoff criterion and are not taken into account.

The results of the analyses of the previously mentioned
processes for greige fabric are included in Sections 4.1 and 4.2.

The Dutch emission database shows that emissions from
production facilities for dyeing and finishing are above the
1 % cutoff criterion, so these emissions coming from phases
E, F, 6, and 7 are included in the analyses. Note that the
emissions of these process phases are highly dependent on
the fact whether or not modern best practices of green pro-
duction are used and on the specific colors and finishing
processes. Only data on best practices in the Netherlands
have been analyzed, since data from production facilities in
other areas (for instance, India and China where the situation
is without doubt expected to be much worse) are not avail-
able. Results of the analyses of the gate-to-gate processes E,
F, 6, and 7 are included in Section 5.2.

The use phase (G and 8) and the end-of-life phase (H and 9)
are strongly case dependent. For these phases, a few scenarios
are provided in Section 6 to show the reader how important
these phases are compared to the production phases.

In conclusion, Section 7 gives an overview of the break-
down of the environmental burden over the complete textile
life cycle. Transportation in the first step of material produc-
tion (polymers and cotton) is included; however, we
disregarded transportation in the subsequent production
chain for the following reasons:

– The extent of transportation services is very case specif-
ic and it, therefore, does not seem possible to develop
generic estimates; moreover, a fair part of the environ-
mental impacts caused by transportation cancels out
across the options studied (the principle of “streamlined
LCA”; Todd and Curran 1999).

– The pollution caused by the transportation of fabric is
generally small compared to the pollution of other pro-
cesses in the production chain, in particular material
production. (Shipping textile products from China
causes the following extra scores per kilogram: eco-
costs, €0.078; carbon footprint, 0.16 kg CO2 equivalent;
CED, 2.6 MJ; ReCiPe, 0.02 Pt).

For electricity from the grid, the data of the UCTE (aver-
age electricity production in the European Union [EU]) has
been applied. The reason for this choice is that the situation is
quite dependent on the specific area. For instance, there are
areas in China with old power plants which are extremely
polluting, but more and more areas with modern power
plants with pollution standards similar to the standards in
Europe arise (Ecoinvent 2007c).

Table 1 Scope of research and outline of article

Process/life cycle phase Specifications of analysis Discussed in Results in
Cotton Synthetics (polyester, nylon,

acryl, and elastane)

(A) Fiber production
(cultivation and
cotton treatment)

1. Polymer production
(covering all process
steps from the extraction
of resources)

LCA based on Ecoinvent
data

Section 3.2 Section 4.1 for
processes (A) to
(D) for greige
cotton textile

Figs. 2, 3, 4, 5,
6, 7, 8, 9, 10,
11, and 12
for processes
(A) to (D)
and 1 to 5(B) Spinning to yarn 2. Spinning of filament LCA as function of yarn

thickness
Section 3.3

3. Texturing Section 3.4 Section 4.2 for
processes 1 to
5 for greige
cotton textile

(C) Weaving or knitting 4. Weaving or knitting Sections 3.5
and 3.6

(D) Pretreatment 5. Heat setting of fabric
including washing

LCA based on energy Section 3.7

(E) Dyeing of fabric 6. Dyeing of fabric Ranges and example
of LCA based on
best practice given

Section 5.1 Section 5.2 Processes (E) to
(H) and 6 to
9 are case
dependent

(F) Final finishing
including drying

7. Final finishing including
drying

Section 5.1 Section 5.2

(G) Use phase 8. Use phase Data given Section 6.1 Section 6.1

(H) End-of-life 9. End-of-life Data given Section 6.2 Section 6.2

An overview over the complete life cycle is discussed in Section 7 and depicted in Figs. 13 and 14
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All auxiliaries in phases A and 1 are included, since the
Ecoinvent data have been applied here. Auxiliaries for the
manufacturing of textile (according to IPPC 2003, among
others, dyestuffs, dye carriers, lubricants, detergents, and
complexing agents) are not included, since the impact on
the calculations is less than the cutoff criterion of 1 % (e.g.,
the input of dyestuffs based on a high liquor ratio according
to the IPPC 2003 “fair practice” causes the following extra
scores per kilogram: eco-costs, €0.015; carbon footprint,
0.08 kg CO2 equivalent; CED, 2.7 MJ; ReCiPe, 0.011 Pt).

3 LCI data—cradle-to-gate for greige textile

3.1 Base materials

The LCI data for cotton fiber and polymer pellets are from
Ecoinvent v2.2:

– Cotton, “cotton fibers, ginned, at farm/CN” (CN=China);
– Acryl, “acetonitrile, at plant/RER” (RER=Region Europe);
– Nylon, 50 % “nylon 6, at plant/RER” and 50 % “nylon

66, at plant/RER”;
– PET, “polyethylene terephthalate, granulate, amorphous,

at plant/RER S”;
– Elastane (Spandex, Lycra), “polyurethane, flexible foam,

at plant/RER.”

3.2 The textile manufacturing process steps in general

All data for the manufacturing process steps of yarn and
fabric are obtained by publicly available sources or directly
from industry references, as well as information from confi-
dential sources. This data is presented in Tables 2, 3, 4, 5, and
6. From these tables, we selected the LCI data in Section 3
for our calculations in Sections 4 and 5.

Most of the chosen datasets for the calculations come from
sources of European origin (except for data on the production
of cotton fiber and the data derived from the ITMF 2010).

Important selection criteria for the chosen data were the
reliability and traceability of the underlying reference. We
rejected LCA data from studies of which the references for
the data used for the calculations are not traceable at all or are
explained in an unclear manner.

Important references we selected are:

– Report of the ITMF (2010). ITMF is an international asso-
ciation for the world’s textile industries based in Zürich,
Switzerland. ITMF’s (2010) International Production Cost
Comparison, which is based on data coming from individ-
ual companies, consultants, and textile trade associations,
provides—among other cost components—overviews of
power costs per kilogram of product and of the cost ofT
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electric power per country. Using this information, it is
possible to calculate back the power use.

– An anonymous company (named “Processor, 2011
phase X” in Tables 2, 3, and 4), which is a producer of
(among other textile fabrics) shirt material and has pro-
duction plants in Belgium and France.

– The company Oerlikon Barmag (referred to as “Barmag,
2011” in Table 5), which is a mechanical engineering
company offering innovative spinning lines and textur-
ing machines for man-made fibers.

– The EDIPTEX study by Laursen et al. (2007), which was
set up in close cooperation with more than 15 Danish textile
enterprises which contributed with comments on product
models and processes or were directly involved in the
collection of data and contributed with data on, e.g.,
chemicals being used, energy consumption, and waste. A
lot of (recent) LCA studies, e.g., the Mission Linen report
(Cartwright et al. 2011), refer to data contained in this report.

All collected data (and not only the chosen ones) for the gate-
to-gate production processes are included in Tables 2, 3, 4, 5, and
6 to inform the reader about all results from the data-collecting
activities. The chosen data are justified in the following sections
(3.3 to 3.7 and 5.2) and rendered in italics in the Tables 2, 3, 4, 5,
and 6.

Note that the textile industry is using several systems to
express the thickness of yarn which must not be confused. Two
important units are “tex” (mostly expressed in dtex=decitex=0.1
tex) and “denier.” While 1 dtex is equal to 1 g/10 km, 1 den is
equal to 1 g/9 km. If a specification of yarn thickness is known,
values in both units are presented in the tables.

3.3 Spinning of cotton and polymer filament

For the spinning process of cotton, only electrical power is
important for the LCA calculation (the maintenance of the
machine can be neglected, as well as the making of it). The
results from the data collection are summarized in Table 2.

It was concluded from the physical characteristics of the
spinning process that a thinner yarn (lower decitex) is related
to a higher energy demand per kilogram, which can be seen in
Table 2. Data, without specification of the yarn size, is, there-
fore, useless (approximately 50% of the data in Table 2). Data
from Ecoinvent is also useless for the same reason.

Figure 2 shows the data of Table 2 with a specified yarn
size and which meet the following the criteria:
1. Is most recent.
2. Is for the specific energy consumption (SEC) spinning

process of 100 % cotton.
3. The yarn thickness is within scope.

From Fig. 2, it can be concluded that the energy consump-
tion per kilogram yarn is inversely proportional to the yarn
thickness in decitex.T
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Figure 2 shows that data from Kaplan and Koç (2010) and
Demir and Behery (1997) (along the lower striped line) show
a considerable lower energy demand (approximately 40 %)
than data from the anonymous Belgium/French factory
“Processor, 2011 phase 1” (along the upper continuous line).
The EDIPTEX scores of ITMF (2010) and Laursen et al.
(2007) were even lower than Kaplan and Koç (2010).

For the calculations in Section 4, it was decided to take the
average of the two lines in Fig. 2. For extruding and spinning
of polymer filament, less data are available, and it seems to
be scattered, see Table 5 (under “Spinning filament”). The
energy required for filament extrusion is governing the pro-
cess. PET, nylon, and elastane have the same extrusion
energy (CES 2012) of 6.2 MJ/kg or 1.7 kWh/kg. Note that
extruding is not a function of decitex, but a function of the
extrusion energy of the polymer.

3.4 Texturing of synthetic yarns

Texturing is a processing step that is applied to synthetic
filaments in order to produce yarns that are more flexible, are
softer, have a more natural feel, and have improved yarn
recovery power. This is achieved in many ways, such as
thermal and mechanical deformation of the individual fila-
ments and their spatial arrangement in the yarn bundle.

For texturing, various technologies are being used which
differ substantially in energy use. During the actual process,
the feeding material (named “partially oriented yarn” [POY])
is processed into either drawn textured yarn (abbreviation is
“DTY”) or air textured yarn (abbreviation is “ATY”). The
old ATY machine with heated “godets” (spouts), collective
drives, and water jet texturing (water and electric) was more
expensive per kilogram yarn, compared to the current DTY
technology (personal communication with a regional sales
director from Barmag, 2011).

The energy use value for texturing (on high-end modern
equipment), comes from the ITMF (2010) data and refers to a
new Oerlikon Barmag machine (named “10 Barmag eFK,
240 positions”) which is based on the process of false twist
texturing with manual doffing system. During the texturing
process, the filament yarn is simultaneously drawn, heated,
and twisted. In our calculation, we take 1 kWh/kg for tex-
turing, being the average of the ITMF and Barmag data on
texturing in Table 5, since the energy required in these
machines is mainly heat to bring the material to the necessary
temperature: that is, primarily a function of kilograms.
Cotton yarn does not require texturing due to the natural
twist of cotton.

3.5 Weaving

The energy of weaving is obviously a function of decitex;
however, most of the literature does not report any informationT

ab
le
4

(c
on

tin
ue
d)

P
ro
ce
ss

st
ep
/s
ou

rc
e

Q
ua
nt
ity

S
pe
ci
fi
ca
tio

n
of

pr
oc
es
s
an
d/
or

ex
tr
a
re
m
ar
ks

S
pe
ci
fi
ca
tio

n
of

pr
od

uc
t

(C
O
=
co
tto

n)
Y
ar
n

co
un

t
(d
en
)

Y
ar
n

co
un

t
(d
te
x)

E
le
ct
ri
ci
ty

(k
W
h)

S
te
am

(M
J)

N
at
ur
al

ga
s

(M
J)

L
iq
ue
fi
ed

pe
tr
ol
eu
m

ga
s
(M

J)

D
ie
se
l

(M
J)

L
ig
ht

fu
el
oi
l

(M
J)

H
ea
vy

fu
el
oi
l

(M
J)

H
ar
d

co
al

(M
J)

W
at
er

(L
)

L
au
rs
en

et
al
.(
20

07
)

E
D
IP
T
E
X

1
kg

F
ro
m

F
ig
.3

.3
,4

.8
M
J
pe
r
1

ja
ck
et
of

77
0
g
(f
ab
ri
c
86

8
g)

S
of
te
ni
ng

;d
ry
in
g;

fi
na
l

fi
xi
ng

65
%
C
O
+
35

%
P
E
S

1.
54

C
ar
tw
ri
gh
te
ta
l.
(2
01
1)
,

L
au
rs
en

et
al
.(
20

07
)

E
D
IP
T
E
X

1
kg

F
ro
m

Ta
bl
e
2,

on
e
sh
ir
t(
65

%
P
E
T
/3
5
%

C
O
)
w
ei
gh

s
22

7
g

0.
88

P
ro
ce
ss
or
,2

01
1
ph

as
e
6

1
kg

F
in
is
hi
ng

40
P
E
T
/6
0
C
O
+
P
E
S

st
ap
le
fi
be
rs

18
0

20
0

0.
60

28
.8

P
ro
ce
ss
or
,2

01
1
ph

as
e
6

1
kg

F
in
is
hi
ng

40
P
E
T
/6
0
C
O
+
P
E
S

st
ap
le
fi
be
rs

90
10

0
0.
75

33
.7
5

IF
T
H
2
(n
.a
.)

1
kg

To
ta
l

C
O
ya
rn

2.
10

14
.2
6

27
.0
0

IF
T
H
2
(n
.a
.)
re
fe
rs

to
an

un
pu

bl
is
he
d
re
po

rt
na
m
ed
:
E
xt
ra
it
de

“a
id
e
à
la

pr
is
e
en

co
m
pt
e
de

l’
en
vi
ro
nn

em
en
t
da
ns

la
co
nc
ep
tio

n
d’
ar
tic
le
s
te
xt
ile
s”

pa
r
l’
IF
T
H
.
In
st
itu

t
F
ra
nc
ai
s
du

te
xt
ile

et
de

l'h
ab
ill
em

en
t

n.
a.

no
ta
va
ila
bl
e,
L
R
liq

uo
r
ra
tio

Int J Life Cycle Assess (2014) 19:331–356 343

113



T
ab

le
5

M
an
uf
ac
tu
ri
ng

of
sy
nt
he
tic

ya
rn
:
da
ta
fr
om

lit
er
at
ur
e
an
d
pr
iv
at
e
co
m
m
un

ic
at
io
ns

P
ro
ce
ss

st
ep
/s
ou

rc
e

Q
ua
nt
ity

S
pe
ci
fi
ca
tio

n
of

pr
oc
es
s
an
d/

or
ex
tr
a
re
m
ar
ks

S
pe
ci
fi
ca
tio

n
of

pr
od
uc
t

(P
E
T
=
po

ly
es
te
r)

Y
ar
n

co
un
t

(d
en
)

Y
ar
n

co
un
t

(d
te
x)

E
le
ct
ri
ci
ty

(k
W
h)

S
te
am

(M
J)

N
at
ur
al

ga
s

(M
J)

L
iq
ue
fi
ed

pe
tr
ol
eu
m

ga
s
(M

J)

D
ie
se
l

(M
J)

L
ig
ht

fu
el
oi
l

(M
J)

H
ea
vy

fu
el
oi
l

(M
J)

H
ar
d

co
al

(M
J)

W
at
er
(L
)

F
ib
er
+
ya
rn

m
an
uf
ac
tu
ri
ng

P
el
le
ts
/f
la
ke
s
pr
od
uc
tio

n
P
el
le
ts

C
um

ul
at
iv
e
en
er
gy

de
m
an
d,

co
nf
id
en
tia
l
st
ud

y
20

08
1
kg

G
at
e
to

ga
te

0.
20

0.
53

0.
02

0.
01

0.
00

P
E
T
pr
od
uc
tio

n.
ca
lc
ul
at
io
n

20
11
,p

er
so
na
l

co
m
m
un
ic
at
io
n
D
ef
ra
ye

1
kg

N
on

re
ne
w
ab
le
en
er
gy

us
e
is

68
.6

M
J
an
d
2.
00

kg
C
O
2

B
ot
tle

gr
ad
e

S
ee

sp
ec
s

P
E
T
pr
od
uc
tio

n.
ca
lc
ul
at
io
n

20
05
,p

er
so
na
l

co
m
m
un
ic
at
io
n
D
ef
ra
ye

1
kg

N
on

re
ne
w
ab
le
en
er
gy

us
e
is

80
.5

M
J
an
d
3.
30

kg
C
O
2

A
m
or
ph

ou
s
P
E
T

S
ee

sp
ec
s

S
pi
nn

in
g
st
ap
le
fi
be
rs

F
ib
er

C
on

fi
de
nt
ia
ls
ou

rc
e
no

.1
1
kg

R
ec
yc
le
d
P
E
T
pe
lle
ts
to

st
ap
le

fi
be
r
(o
r
P
O
Y
?)

0.
89

0.
48

C
on

fi
de
nt
ia
ls
ou

rc
e
no

.2
1
kg

R
ec
yc
le
d
P
E
T
fl
ak
es

to
st
ap
le
fi
be
r

0.
52

2.
21

0.
02

C
on

fi
de
nt
ia
ls
ou

rc
e
no

.3
1
kg

R
ec
yc
le
d
P
E
T
pe
lle
ts
to

st
ap
le
fi
be
r

0.
31

10
.5
7

C
on

fi
de
nt
ia
ls
ou

rc
e
no

.4
1
kg

P
E
T
fl
ak
es

to
st
ap
le
fi
be
r

0.
69

4.
75

D
ef
ra
ye
,2

01
1,

pe
rs
on
al

co
m
m
un
ic
at
io
n

1
kg

N
on

re
ne
w
ab
le
en
er
gy

us
e
is

9.
4–
10

.5
M
J,
un

cl
ea
r
w
he
th
er

st
ap
le
fi
be
r,
fi
la
m
en
to

r
m
ix

S
ee

sp
ec
s

IF
T
H
1
(n
.a
.)

1
kg

P
TA

(p
ur
if
ie
d
te
re
ph
th
al
ic
ac
id
)

an
d
M
E
G
(e
th
yl
en
e
gl
yc
ol
)
to

st
ap
le
fi
be
rs

4.
22

0.
00

53
.7
6

14
.7
9

L
au
rs
en

et
al
.(
20

07
)E

D
IP
T
E
X

1
kg

R
in
g
ya
rn

ac
co
rd
in
g
to

fo
rm

ul
a

10
0
%

sy
nt
he
tic

11
7

13
0

3.
70

2,
20
0.
00

L
au
rs
en

et
al
.(
20

07
)E

D
IP
T
E
X

1
kg

A
cc
or
di
ng

to
F
ig
.4

.3
,f
ib
er
/y
ar
n?

m
an
uf
ac
tu
ri
ng

of
70

%
V
I,
25

%
PA

,5
%

E
L

50
.6
2

S
pi
nn
in
g
fi
la
m
en
t

Y
ar
n

B
ar
m
ag
,2

01
1

1
kg

P
TA

an
d
M
E
G
to

fi
la
m
en
t(
“d
ir
ec
t

sp
in
ni
ng

lin
e”
)

P
O
Y

16
8

18
7

0.
30

B
ar
m
ag
,2

01
1

1
kg

P
E
T
pe
lle
ts
to

fi
la
m
en
t(
“e
xt
ru
de
r

sp
in
ni
ng

lin
e”
)

P
O
Y

16
8

18
7

0.
50

B
ar
m
ag
,2

01
1
P
E
T

ex
tr
ud

er
sp
in
ni
ng

1
kg

P
E
T
pe
lle
ts
to

fi
la
m
en
t(
“e
xt
ru
de
r

sp
in
ni
ng

lin
e”
)

F
D
Y

75
83

1.
00

B
ar
m
ag
,2

01
1

1
kg

P
TA

an
d
M
E
G
to

fi
la
m
en
t(
“d
ir
ec
t

sp
in
ni
ng

lin
e”
)

F
D
Y

75
83

0.
80

B
ro
w
n
et
al
.(
19

85
)

1
kg

P
E
T
pe
lle
ts
to

fi
la
m
en
t(
“e
xt
ru
de
r

sp
in
ni
ng

lin
e”
)

0.
64

5.
00

C
on
fi
de
nt
ia
ls
ou
rc
e
no
.3

1
kg

P
E
T
pe
lle
ts
to

fi
la
m
en
t(
“e
xt
ru
de
r

sp
in
ni
ng

lin
e”
)

P
O
Y

1.
19

0.
48

D
ef
ra
ye
,2

01
1,

pe
rs
on
al

co
m
m
un
ic
at
io
n

1
kg

N
on

re
ne
w
ab
le
en
er
gy

us
e
9.
4
M
J,

un
cl
ea
r
w
he
th
er

st
ap
le
fi
be
r,

fi
la
m
en
to
rm

ix
;e
st
im

at
ed

en
.e
ff
.

im
pr
ov

em
en
tt
ak
en

in
to

ac
co
un
t

S
ee

sp
ec
s

344 Int J Life Cycle Assess (2014) 19:331–356

114



T
ab

le
5

(c
on

tin
ue
d)

P
ro
ce
ss

st
ep
/s
ou

rc
e

Q
ua
nt
ity

S
pe
ci
fi
ca
tio

n
of

pr
oc
es
s
an
d/

or
ex
tr
a
re
m
ar
ks

S
pe
ci
fi
ca
tio

n
of

pr
od
uc
t

(P
E
T
=
po

ly
es
te
r)

Y
ar
n

co
un
t

(d
en
)

Y
ar
n

co
un
t

(d
te
x)

E
le
ct
ri
ci
ty

(k
W
h)

S
te
am

(M
J)

N
at
ur
al

ga
s

(M
J)

L
iq
ue
fi
ed

pe
tr
ol
eu
m

ga
s
(M

J)

D
ie
se
l

(M
J)

L
ig
ht

fu
el
oi
l

(M
J)

H
ea
vy

fu
el
oi
l

(M
J)

H
ar
d

co
al

(M
J)

W
at
er
(L
)

C
on
fi
de
nt
ia
ls
ou
rc
e
no
.5

1
kg

P
E
T
pe
lle
ts
to

fi
la
m
en
t(
“e
xt
ru
de
r

sp
in
ni
ng

lin
e”
)

P
O
Y

45
2

50
0

1.
50

2.
20

C
on
fi
de
nt
ia
ls
ou
rc
e
no
.5

1
kg

P
E
T
pe
lle
ts
to

fi
la
m
en
t(
“e
xt
ru
de
r

sp
in
ni
ng

lin
e”
)

F
D
Y

45
2

50
0

1.
70

2.
20

Te
xt
ur
in
g

Y
ar
n

IT
M
F
(2
01

0)
1
kg

P
O
Y
to

D
T
Y
,m

ea
n
fo
r
10

m
ac
hi
ne
s
eF
K
w
ith

m
an
ua
l

do
ff
in
g
sy
st
em

P
O
Y
of

12
5
de
n
dr
aw

n
an
d
fa
ls
e
tw
is
te
d
in
to
a

75
de
n
ya
rn

of
72

fi
la
m
en
ts

75
83

1.
21

IT
M
F
(2
01

0)
an
d

B
ar
m
ag
,2

01
1

1
kg

A
ve
ra
ge

of
te
xt
ur
in
g
va
lu
es

fr
om

IT
M
F
an
d
B
ar
m
ag

1.
00

B
ar
m
ag
,2

01
1

1
kg

F
ila
m
en
tt
o
te
xt
ur
ed

fi
la
m
en
t

D
T
Y
(7
5/
1.
6
>
47

de
n)

Te
xt
ur
ed

fi
la
m
en
t

47
52

0.
7–
0.
9

B
ar
m
ag
,2

01
1

1
kg

F
ila
m
en
tt
o
te
xt
ur
ed

fi
la
m
en
t

D
T
Y
(1
50

/1
.6
>
94

de
n)

Te
xt
ur
ed

fi
la
m
en
t

94
10
4

0.
5–
0.
6

C
on
fi
de
nt
ia
ls
ou
rc
e
no
.7

1
kg

F
ila
m
en
tt
o
te
xt
ur
ed

fi
la
m
en
t,

in
cl
ud
es

“g
en
er
al
el
ec
tr
ic
ity

fo
r
dy

ei
ng
”

F
ab
ri
c
fo
r
so
fa

3.
75

C
on

fi
de
nt
ia
ls
ou

rc
e
no

.3
1
kg

P
O
Y
to

D
T
Y

D
T
Y

2.
18

D
em

ir
an
d
B
eh
er
y
(1
99

7)
1
kg

P
O
Y
to

A
T
Y

P
O
Y

15
0

16
7

3.
10

D
em

ir
an
d
B
eh
er
y
(1
99

7)
1
kg

P
O
Y
to

A
T
Y

Tw
of
ol
d
16

7
dt
ex

P
O
Y

ya
rn

30
0

33
4

1.
80

C
on
fi
de
nt
ia
ls
ou
rc
e
no
.5

1
kg

P
O
Y
to

fa
ls
e
tw
is
te
d
fi
la
m
en
t

(i
nc
lu
di
ng

or
ex
cl
ud
in
g

th
er
m
of
ix
in
g?
)

F
T
F

1.
66

C
on
fi
de
nt
ia
ls
ou
rc
e
no
.5

1
kg

P
O
Y
to

ai
r
te
xt
ur
ed

fi
la
m
en
t

(i
nc
lu
di
ng

or
ex
cl
ud
in
g

th
er
m
of
ix
in
g?
)

A
ir
te
xt
ur
ed

fi
la
m
en
t

(A
T
Y
?)

3.
33

C
on

fi
de
nt
ia
ls
ou

rc
e
no

.5
1
kg

P
O
Y
to

D
T
Y
?

D
T
Y
?
(v
er
y
un

ce
rt
ai
n)

2.
22

IF
T
H
1
(n
.a
.)
re
fe
rs
to

an
un

pu
bl
is
he
d
re
po

rt
na
m
ed
:
E
xt
ra
it
de

“l
’A

na
ly
se

de
C
yc
le
de

vi
e
py

ja
m
a
B
éb
é”

pa
r
l’
IF
T
H
.I
ns
tit
ut

F
ra
nc
ai
s
du

te
xt
ile

et
de

l'h
ab
ill
em

en
t

P
O
Y
pa
rt
ia
lly

or
ie
nt
ed

ya
rn
,F

D
Y
fu
lly

dr
aw

n
ya
rn
,D

T
Y
dr
aw

n
te
xt
ur
ed

ya
rn
,A

T
Y
ai
r
te
xt
ur
ed

ya
rn
,F

T
F
fa
ls
e
tw
is
te
d
fi
la
m
en
t,
n.
a.

no
ta
va
ila
bl
e

Int J Life Cycle Assess (2014) 19:331–356 345

115



T
ab

le
6

F
ab
ri
c
m
an
uf
ac
tu
ri
ng

fr
om

sy
nt
he
tic

ya
rn
:
da
ta
fr
om

lit
er
at
ur
e
an
d
pr
iv
at
e
co
m
m
un

ic
at
io
ns

P
ro
ce
ss

st
ep
/s
ou

rc
e

Q
ua
nt
ity

S
pe
ci
fi
ca
tio

n
of

pr
oc
es
s
an
d/
or

ex
tr
a
re
m
ar
ks

S
pe
ci
fi
ca
tio

n
of

pr
od

uc
t

(P
E
T
=
P
E
S
=
po

ly
es
te
r;

C
O
=
co
tto

n;
PA

=
po

ly
am

id
e;

V
I=

vi
sc
os
e;
E
L
=
el
as
ta
n)

Y
ar
n

co
un
t

(d
en
)

Y
ar
n

co
un
t

(d
te
x)

E
le
ct
ri
ci
ty

(k
W
h)

S
te
am

(M
J)

N
at
ur
al

ga
s

(M
J)

L
iq
ue
fi
ed

pe
tr
ol
eu
m

ga
s
(M

J)

D
ie
se
l

(M
J)

L
ig
ht

fu
el
oi
l

(M
J)

H
ea
vy

fu
el
oi
l

(M
J)

H
ar
d

co
al

(M
J)

W
at
er

(L
)

F
ab
ri
c
m
an
uf
ac
tu
ri
ng

IT
M
F
(2
01

0)
1
kg

M
ea
n
of

60
S
ul
te
x
ra
pi
er

w
ea
vi
ng

m
ac
hi
ne
s
S
19
0
N
4
S
P
12

/2
0,

ai
r

co
nd
iti
on
in
g,

w
ea
vi
ng

pr
ep
ar
at
io
n,

cl
ot
h
in
sp
ec
tio

n,
tr
an
sp
or
ta
tio

n
un

its
,w

ar
p
be
am

di
am

et
er

1,
00
0
m
m
,c
lo
th

be
am

di
am

et
er

60
0
m
m

F
ab
ri
c,
38

.0
/3
1.
0
th
re
ad
s/

cm
—
gr
ay

w
id
th

17
7
cm

—
gr
ay

w
ei
gh
t1

06
g/
m

75
83

10
.8
8

C
on
fi
de
nt
ia
ls
ou
rc
e
no
.7

1
kg

P
E
S
fa
br
ic
fo
r
so
fa

2.
65

1.
66

1.
53

L
au
rs
en

et
al
.(
20

07
)

E
D
IP
T
E
X

1
kg

F
ig
ur
e
2.
3

PA
fo
r
jo
gg

in
g
su
it

6.
73

K
ni
tti
ng

F
ab
ri
c

IT
M
F
(2
01

0)
1
kg

M
ea
n
of

8
M
ay
er
&
C
ie
O
V
3.
2
Q
C

ci
rc
ul
ar

kn
itt
in
g
m
ac
hi
ne
s,
30
-i
n.

di
am

et
er
,2

8
gg

,w
ith

si
de

cr
ee
l

F
ab
ri
c
in
te
rl
oc
k—

un
fi
ni
sh
ed

w
id
th

(o
pe
n)

19
0
cm

—
un

fi
ni
sh
ed

w
ei
gh
t2

09
g/
m

75
83

0.
35

0.
19

IF
T
H
1
(n
.a
.)

1
kg

Y
ar
n
to

kn
itt
ed

fa
br
ic
,c
ir
cu
la
r

kn
itt
in
g

80
%

C
O
/2
0
%

P
E
T,

29
0–
30

0
g/
m

2
1.
22

0.
19

L
au
rs
en

et
al
.(
20

07
)

E
D
IP
T
E
X

1
kg

A
cc
or
di
ng

to
F
ig
.4

.3
,c
ir
cu
la
r

kn
itt
in
g
of

70
%

V
I,
25

%
PA

,
5
%

E
L
(0
.2
22

kg
)

5.
01

0.
19

W
as
hi
ng

of
fa
br
ic

F
ab
ri
c

C
on
fi
de
nt
ia
ls
ou
rc
e
no
.7

1
kg

U
nc
le
ar

w
he
th
er

in
cl
ud
in
g
dr
yi
ng
;

w
ith

ou
tN

R
E
U
fo
r
su
rf
ac
ta
nt
s

F
ab
ri
c
fo
r
so
fa

0.
82

D
ry
in
g
of

fa
br
ic

F
ab
ri
c

C
on
fi
de
nt
ia
ls
ou
rc
e
no
.6

1
kg

W
ha
t
ty
pe

of
fa
br
ic
?
P
E
S
?

0.
16

5.
15

P
re
tr
ea
tm

en
t

F
ab
ri
c

L
au
rs
en

et
al
.(
20

07
)

E
D
IP
T
E
X

1
kg

To
t.
ca
lc
.f
or

w
ov

en
PA

(0
.4
02

kg
)

an
d
kn

itt
ed

C
O
(0
.5
83

kg
)
fo
r

jo
gg

in
g
su
it;

C
O
is
do

m
in
an
t

7.
1

L
au
rs
en

et
al
.(
20

07
)

E
D
IP
T
E
X

1
kg

A
cc
or
di
ng

to
F
ig
.4

.3
,p

re
tr
ea
tm

en
t

of
sy
nt
h.

kn
itt
ed

70
%

V
I,
25

%
PA

,5
%

E
L
(0
.2
22

kg
)

2.
19

7.
9

D
ye
in
g

F
ab
ri
c

L
au
rs
en

et
al
.(
20

07
)

E
D
IP
T
E
X

1
kg

A
cc
or
di
ng

to
F
ig
.2

.3
,a
ci
d
dy
e

N
yl
on
/P
A

2.
56

L
au
rs
en

et
al
.(
20

07
)

E
D
IP
T
E
X

1
kg

A
cc
or
di
ng

to
F
ig
.4

.3
,d

ye
in
g
of

70
%

V
I
(r
ea
ct
iv
e)
,2

5
%

PA
(a
ci
d)
,5

%
E
L
(a
ci
d)

(0
.2
22

kg
)

5.
63

T
he
rm

of
ix
in
g
(h
ea
ts
et
tin

g)
F
ab
ri
c

C
on
fi
de
nt
ia
ls
ou
rc
e
no
.7

1
kg

F
ab
ri
c
fo
r
so
fa

7.
95

346 Int J Life Cycle Assess (2014) 19:331–356

116



on yarn size (see Table 3). Figure 3 shows the required electricity
as a function of 1/tex for cotton. Forweaving, there is rather a big
uncertainty: the anonymous factory (“Processor, 2011 phase 3)
reports a doubling in energy consumption, compared to machine
manufacturing data.

It is not expected that data on weaving polymers will
deviate much from the data on weaving cotton. The ITMF
(2010) reference (under “Weaving”) in Table 6 fits the lower
line of Fig. 3, which is 11 kWh/kg for 83 dtex (=0.12×1/tex).
For the calculations in Section 4, it was decided to take the
average of the two lines in Fig. 3.

3.6 Knitting

The energy required for knitting is considerably lower (ap-
proximately a factor of 20) than for weaving (compare, e.g.,
the values of ITMF 2010 in Tables 3 and 4). Knitting is,
therefore, a better solution in terms of environmental burden.
Elaborating on the data analysis for weaving, it is assumed
that the energy consumption for knitting is proportional to
1/dtex as well, as illustrated by the line in Fig. 4.

3.7 Pretreatment of cotton fabric and thermofixing
of polymers

Pretreatment of cotton comprises several wet operation steps
(singeing, desizing, scouring, mercerizing, and bleaching) in
order to prepare the fabric for dyeing. The decision to apply one
or the other depends on the required grade of the end product.
Scouring and bleaching are typically required for men’s shirts
since they are mostly of a lighter color. Scouring (also known as
boiling-off or kier boiling) is aimed at the extraction of impu-
rities present on the raw fiber or picked up at a later stage (IPPC
2003). Bleaching removes all natural color. Both processes are
included in the values for the pretreatment of cotton shown in
Table 4. The data come from Laursen et al. (2007), Cartwright
et al. (2011), and the Belgian processor of shirt material
(“Processor, 2011 phase 4” in the table).

For the calculation in Section 4, the average (0.5 kWh
electricity and 16 MJ steam) of the data of “Processor, 2011
phase 4” in Table 4 has been applied. Typical pretreatment
operations before coloring of synthetic fabrics are washing
and thermofixing (heat setting). Heat setting of fabric in-
creases the density of the fabric, avoids crimp later on (pro-
duction and use), and enables dye fixation. This heat setting
process on fabric must not be confused with the thermofixation
of the fiber during texturing (which is normally processed at a
lower temperature).

The IPPC (2003) report mentions heat setting temperatures
ranging from 150 to 205 °C at different mills. In the calcula-
tions of Section 4, we apply 7.9 MJ heat/kg, according to the
EDIPTEX score of Laursen et al. (2007), second line under
“Pretreatment” in Table 6.T
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4 Results cradle-to-gate for greige textile

4.1 Cotton greige textile cradle-to-gate of the factory

Calculations have been made for cradle-to-gate (of the fabric
dyeing factory) for 70, 100, 150, 200, and 300 dtex (1 dtex=0.84
den) wovenmaterial, for the process steps defined in Section 2.2,
excluding dyeing and final finishing (see Figs. 5, 6, 7, and 8).

Figure 5 shows the eco-costs (in Euros per kilogram textile)
for the fiber manufacturing, spinning, weaving, and pretreat-
ment of cotton textiles. Figures 6 and 7, respectively, present
the CO2 equivalent values (in kilograms per kilogram) and the
CED (in megajoules per kilogram) scores for the same pro-
cesses. Finally, Fig. 8 shows the ReCiPe scores (in points) for
greige cotton fabric. All indicators show that the thinner the
yarn, the higher the environmental pollution per kilogram.
The underlying datasets for the calculations leading to these
figures are presented in Table 7. The Idemat database which is
mentioned in Table 7 is based on Ecoinvent data and is open

access for Ecoinvent license holders. Midpoint and endpoint
calculations are open access (Idemat 2012).

A remarkable conclusion for yarn sizes less than 150 dtex is
that the spinning and weaving energy seem to play a major role
in the eco-burden of the woven material, rather than the produc-
tion of cotton fiber. Another conclusion is that, in the eco-costs
and the ReCiPe indicator, cotton production plays a relatively
more important role than in the CED and CO2 indicators, being a
result of the fact that ecotoxicity and human toxicity are included
in the first and the last indicators, see Section 2.1.

4.2 Synthetic greige textile cradle-to-gate of the factory

Calculations have been made for cradle-to-gate (of the fabric
dyeing factory) for acryl, nylon, PET, and elastane (70 dtex=58
den) wovenmaterial, for the process steps defined in Section 2.2,
excluding dyeing and finishing (see Figs. 9, 10, 11, and 12). The
underlying datasets for the calculations leading to these figures
are presented in Table 7.

Fig. 2 Spinning of cotton:
electricity demand as a function
of 1/dtex

Fig. 3 Weaving of cotton and
polymer fibers: electricity
demand as a function of 1/dtex
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Figure 9 shows the eco-costs (in Euros per kilogram textile)
for polymer pellet production, extruder spinning, texturing,
weaving, and heat setting of synthetic textiles. Figures 10 and
11, respectively, present the CO2 equivalent values (in kilo-
grams per kilogram) and the CED (in megajoules per kilo-
gram) scores for the same processes. Finally, Fig. 12 shows
the ReCiPe scores (in points) for greige synthetic fabric. All
figures show that, for woven fabric of 70 dtex yarn, acryl and
PET textile have the best environmental scores and nylon
textile is the most polluting.

5 Dyeing and finishing of fabric

5.1 LCI data—gate-to-gate for dyeing and finishing

The data for dyeing are highly case dependent:

1. Consumption and emission levels for dyeing are strongly
related to the type of fiber, the makeup, the dyestuff, the
dyeing technique, and the machinery employed (IPPC
2003).

2. Processing and formulas for dyeing are related to the
quality requirements.

3. Process parameters are reaction type, availability of
chemicals, time, temperature, and pH (Tobler-Rohr 2011).

All previously mentioned variables lead to an enormously
wide range of processes and consequently also of energy use.
There are some general rules regarding the type of dyestuff
used per type of fiber (Tobler-Rohr 2011): PET is dyed with
disperse dyestuffs (if acid and alkaline are used for PET, this
results in a lower grade). Cotton is dyed with reactive dye-
stuffs (and vat, direct, or sulfur dyestuffs are also applied).
Nylon can be dyed with disperse, metal complex, and acid
dyestuffs. The usage of dye carriers for dyeing PET has been
the subject of research and discussion for a long time. Yeh and
Smith (1983) reported about the toxicity and volatility of this
group of chemicals when used for dyeing processes. Several
other references, e.g., the BATBREF report (IPPC 2003) and
Yang and Li (1999) point out the dangers of dye carriers as
well. No data could be found on how widespread these
chemicals are applied today, but dye carriers are still used in
many dyeing houses around the world. The IPPC (2003)
report mentions that one of the best available technologies

Fig. 4 Knitting: electricity
demand as a function of 1/dtex

Fig. 5 The eco-costs of cotton textiles Fig. 6 The carbon footprint of cotton textiles
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for dyeing of PET and cotton is the airflow jet machine and
reports electricity input values for dyeing PET and cotton,
with the range for the liquor ratio depending on the type of
material (1:2–1:3 for PET and 1:4.5 for cotton).

After dyeing, a range of process steps are executed, de-
pending on the desired fabric properties. Final finishing
processes can, for example, consist of special treatments
with flame retardants, softeners, easy care finishing, etc.
Every extra step is likely to require the usage of chemicals
and auxiliaries. Different bath temperatures, liquor ratios,
and/or extra washing cycles are required. A thermofixation
step could be part of final finishing as well.

References on final finishing processes report datasets
which consist of very different process steps (if specified at
all), and in addition, large ranges are found for comparable
process steps. The toxic emissions of dyeing and final finishing
have been analyzed for a best practice production facility in the
Netherlands, based on the Dutch emission database. This pro-
duction facility is Global Organic Textile Standard-certified
and Oeko-tex-certified (an independent testing and certification
system for textile rawmaterials, intermediate, and end products
at all stages of production), the effluents are processed in water

treatment plants, and emissions to air are minimized. Results
are shown in Section 5.2. Although many West European
facilities reach similar high standards, the reader must keep in
mind that such standards are not common in other textile-
producing countries outside of Europe, like, for example,
India and China.

5.2 Results gate-to-gate for dyed and finished fabric

This section gives value ranges for the final processing steps
(dyeing and finishing) for woven or knitted material, gate-to-
gate. The first gate refers to the exit of the greige fabric from
the material processing factory and the second gate refers to
the entry of the textile to the product manufacturing factory.

The ranges of the single indicators were calculated based on
the data in Tables 4 (for cotton) and 6 (for synthetics). Since the
dyeing and final finishing processes often take place at one
production site, the separate values per process step in
Tables 4, 5, and 6 are added up and presented in the succeeding
paragraphs. The lowest total score is found for Cartwright et al.
(2011), and the highest total score is found for Processor, 2011
phases 5 and 6. The EDIPTEX scores of Laursen et al. (2007)
are found in between. For the other data sources, wemiss either
data on dyeing or on finishing.

The value ranges of the single indicators for the energy
required for dyeing and finishing of 1 kg cotton textile are:

– Eco-costs, €0.26–0.95;
– CO2 equivalent, 1.39–6.08 kg CO2 equivalent;
– CED, 30–108 MJ;
– ReCiPe, 0.12–0.54 Pt.

Note that some values are for dyeing of cotton blends
(mixtures with other materials, e.g., PET), but cotton is
always dominant. Fiber blends need to be dyed sequentially,
for instance, separately for cotton dyeing and then PET
dyeing. Therefore, values of dyeing of blends are larger than
values of dyeing of pure cotton (and can reach twice the
value).

The ranges of the single indicators for the energy required
for dyeing and finishing of 1 kg synthetic textile are:

– Eco-costs, €0.43–0.77;
– CO2 equivalent, 2.31–4.14 kg CO2 equivalent;
– CED, 50–89 MJ;
– ReCiPe, 0.20–0.35 Pt.

The single indicators of the toxic emissions of the produc-
tion facilities must be added. These toxic emissions are pub-
licly available at the Dutch emission database for production
facilities in the Netherlands. The toxic emissions of the best
practice manufacturer mentioned in Section 5.1 are given in
Table 8. This table shows the emission of a chemical sub-
stance (in kilograms per year), the eco-costs of that substance
(in Euros per kilogram), the eco-costs of the emission (in

Fig. 7 The CED of cotton textiles

Fig. 8 The ReCiPe score (“Europe H/A”) of cotton textiles
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Euros per year), and the eco-costs of 1 kg of fabric (in Euros
per kilogram). The total eco-cost of the toxic emissions of this
best practice manufacturer is round €0.029/kg.

The best practice of Table 8 is not unique in the Netherlands:
there are more manufacturers who reach similar green produc-
tion standards. The situation in other countries like India and
China is not known, however, since the environmental law is
less stringent (or even absent) and the emissions are, therefore,
not measured. The level of pollution can easily be a factor of 10
higher in these countries.

6 The use phase and end-of-life

6.1 Use phase

The main environmental impacts in the use phase are caused by
the washing, drying, and ironing of the garments. Several studies
and reports (e.g., Collins and Aumônier 2002; Steinberger et al.
2009; BSR2009), which include the use phase in the assessment,
identify this phase as the most important in terms of energy use
and carbon dioxide emissions. When interpreting the results, it

Table 7 LCA data used in Figs. 5, 6, 7, 8, 9, 10, 11, and 12

Ecoinvent LCI name or Idemat 2012 LCI name Eco-costs CO2 CED ReCiPe

Acetonitrile, at plant/RER 0.753 3.040 86.7 0.362

Cotton fibers, ginned, at farm/CN 1.481 3.474 50.4 0.628

Polyurethane, flexible foam, at plant/RER 1.324 4.836 103.1 0.517

Nylon: nylon 6, at plant/RER 50 %+nylon 66, at plant/RER 50 % 2.069 8.638 129.7 0.780

Polyethylene terephthalate, granulate, amorphous, at plant/RER 1.057 2.698 78.4 0.346

Dyeing, excluding pigments and carriers (Section 3.6) 0.422 2.245 48.2 0.199

Heat setting and washing synthetic fabrics (Section 3.5) 0.171 0.908 19.5 0.081

Knitting 83 dtex (electricity 0.51 kWh/kg, see Fig. 3) 0.048 0.257 5.5 0.021

Knitting 200 dtex (electricity 0.21 kWh/kg, see Fig. 3) 0.020 0.106 2.3 0.009

Knitting 300 dtex (electricity 0.14 kWh/kg, see Fig. 3) 0.013 0.071 1.5 0.006

Pretreatment of cotton (Section 3.5) 0.237 1.261 27.1 0.105

Spinning cotton 45 dtex (electricity 22.4 kWh/kg, see Fig. 1) 2.127 11.322 243.2 0.942

Spinning cotton 70 dtex (electricity 14.4 kWh/kg, see Fig. 1) 1.368 7.281 156.4 0.605

Spinning cotton 150 dtex (electricity 6.73 kWh/kg, see Fig. 1) 0.638 3.396 72.9 0.282

Spinning cotton 300 dtex (electricity 3.37 kWh/kg, see Fig. 1) 0.319 1.700 36.5 0.141

Spinning extruder polymer filaments (80–500 dtex) (Section 3.2) 0.168 0.896 19.2 0.074

Spinning viscose fibers (80–500 dtex) (Section 3.2) 0.042 0.223 4.8 0.019

Texturing polymer fibers (Section 3.3) 0.095 0.505 10.8 0.042

Weaving 45 dtex (electricity 32.9 kWh/kg, see Fig. 2) 3.118 16.595 356.4 1.380

Weaving 70 dtex (electricity 21.1 kWh/kg, see Fig. 2) 2.004 10.667 229.1 0.887

Weaving 150 dtex (electricity 9.87 kWh/kg, see Fig. 2) 0.936 4.980 106.9 0.414

Weaving 300 dtex (electricity 4.93 kWh/kg, see Fig. 2) 0.467 2.488 53.4 0.207

Fig. 9 The eco-costs of synthetic textiles, 70 dtex Fig. 10 The carbon footprint of synthetic textiles, 70 dtex
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should, however, be considered that the outcome may vary
substantially depending on the concrete circumstances. It is
extremely difficult to determine the way the consumer wears
and takes care of different clothing products. No literature data or
empirical studies on wearing and laundry behavior of garments
could be found. Literature data on the use phase are presented in
Table 9.

It appears that user behavior has changed considerably in
the last decennium:

– Ever more users tend to wash at lower temperature, i.e.,
40 °C, rather than an average temperature of 60 °C as
assumed in older studies.

– Most users in the EU buy “label A” washing machines and
dryers.

According to Steinberger et al. (2009)), the reduction of
washing temperature from 60 to 40 °C saves approximately
40% electricity. According to the European energy consumption

labeling scheme (EU Directive 92/75/EC), the energy consump-
tion of an “energy label A” washing machine is (less than)
0.19 kWh for 6 kg laundry at 60 °C, so 0.11 kWh/6 kg laundry
at 40 °C.

The single indicators for 50 times washing, 1 kg laundry,
40 °C, 0.917 kWh (3.3 MJ) electric energy, low voltage are:

– Eco-costs, €0.096;
– CO2 equivalent, 0.52 kg CO2 equivalent;
– CED, 11.2 MJ;
– ReCiPe, 0.043 Pt.

The energy consumption of dryers is considerably more
than washing machines. An “energy label A” drying machine
has an electricity consumption of (less than) 0.55 kWh/6 kg,
which is 4.6 kWh (16.5 MJ)/kg for 50 drying cycles.

The single indicators for 50 times drying, 1 kg laundry,
16.5 MJ electric energy, low voltage are:

– Eco-costs, €0.48;
– CO2 equivalent, 2.6 kg CO2 equivalent;
– CED, 56 MJ;
– ReCiPe, 0.21 Pt.

6.2 The end-of-life

At their end-of-life phase, garments in Western Europe are
either burned in a municipal waste incinerator or collected via
the recycling bin. In the Netherlands (year 2000), 67 % ends up
in a municipal waste incinerator and 33 % ends up in a recycle
bin (in the Netherlands, there is virtually no textile in landfills).
Of the recycled material, 20 % is wearable and exported to
developing countries and 13 % is not wearable. This 13 % is
downcycled in several low-value materials (Verhulst 2010). A
new development is the mechanical or chemical recovery of the
fibers from the fabric material, from which new high-quality
textile can be woven. Accurate data for these upcycling pro-
cesses of the materials under study are not yet available.

Cotton has a credit when it is incinerated with heat recovery,
since the carbon is bio-based. The credit is based on “system
expansion” in LCA and the fact that biogenic CO2 emissions
are not counted in LCA. It is related to the avoidance of fossil
fuels and depends on the efficiency of the system. For a modern
municipal waste incinerator, with an electric production effi-
ciency of 25 %, the credit is estimated at eco-costs, −€0.11/kg;
carbon footprint, −0.60 kg CO2 equivalent/kg; CED, −15 MJ;
ReCiPe, −0.051 Pt/kg. Note that these scores are negative since
it is a credit (related to the delivery of electricity). Note also that
such a rather high credit does not exist for fossil-based poly-
mers, since the eco-burden of the emitted fossil CO2 is of the
same magnitude as the credit of the delivered electricity. Data

Fig. 11 The CED of synthetic textiles, 70 dtex

Fig. 12 The ReCiPe score (“Europe H/A”) of synthetic textiles, 70 dtex
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for combustion with heat recovery of cotton and polymers can
be found in Idemat (2012).

7 Overview over the textile life cycle

Figures 13 and 14 give a final overview of the breakdown of
the environmental burden over the textile life cycle. These
diagrams show the total eco-costs for a woven textile product
made out of cotton, PET, nylon, acryl, or elastane with yarn
thicknesses of 70 dtex (Fig. 13) and 300 dtex (Fig. 14).

Figure 13 makes clear that the environmental performance
of woven cotton textile products (70 dtex) is the worst, follow-
ed by (in order of magnitude) nylon, elastane, and PET. Acryl
textile products represent the least eco-costs, and it can be
concluded from this analysis that acryl textiles have the best
environmental profile for the given specifications.

Note that the environmental burden is reduced at a higher
yarn size due to the decrease in energy use for the spinning and
weaving processes of thicker yarns (as described in
Sections 3.3 and 3.5 and likewise in Section 3.6 for knitting).
For example, as shown in Fig. 14, the total eco-cost for yarn of
300 dtex reduces by 24% (for nylon) to 38% (for cotton). As a
consequence, cotton and nylon change places (a nylon textile
product made out of 300 dtex yarn has higher eco-costs than
one made out of cotton) and the ranking of the other materials
stays the same (acryl is best, followed by PET and elastane).

In contrast with the outcomes of several other studies (e.g.,
BSR 2009; Collins and Aumônier 2002; Cotton 2011), Figs. 13
and 14 do not indicate the use phase as a primary “hot spot” for
environmental burden. For thicker yarns, the share of the use

phase in the total eco-costs will increase for obvious reasons,
but will not become too important (for acryl textile of 70 dtex,
the use phase represents 11 % of the total eco-costs and, for
300 dtex, this becomes 16%). This analysis rejects the classical
conclusion which identifies washing and drying during the use
phase as the most significant life cycle stage for textile products
and shifts the emphasis on the manufacturing processes.

8 Discussion and conclusions

8.1 Discussion

While the textile and fashion industry seem to concentrate
their environmental decisions on the choice of the base
material, this paper points out that much can be improved
by selecting the right fabric specifications. Note that the right
choice should always take into account the intended design
and quality in terms of haptics (“touch”), insulation proper-
ties (warmth), and durability of the product.

The best choice from an environmental point of view is to
use a knitted fabric (compare Figs. 3 and 4). Based on
Figs. 2, 3, and 4, it could be easily concluded that it is better
to use a thicker yarn, but this conclusion provokes the dis-
cussion whether to analyze the pollution of textiles per
kilogram fabric or per square meter of fabric. Table 10 gives
an overview. A heavier textile is more polluting per square
meter, but has different physical properties than a lighter
material. An example is the technical life span of woven
textile, which is proportional to the thickness of the fiber
(Manich et al. 2001). In applications where the textile is used

Table 8 Emissions of a best practice production plant for dyeing and finishing in the Netherlands, 150,000 kg/year

Emissions (kg/year) Eco-costs emissions
(€/kg)

Eco-costs emissions
(€/year)

Eco-costs
textile (€/kg)

Substance

Benzene 4.31 2.11 9.10 0.0001

Ethene 43.08 9.70 417.87 0.0028

Particulates, <10 μm 3.20 15.88 50.83 0.0003

Particulates, <2.5 μm 3.20 29.65 94.88 0.0006

Fluoranthene 0.01 0.93 0.01 0.0000

Carbon monoxide, fossil 95.80 0.26 25.07 0.0002

Methane 258.50 3.38 872.44 0.0058

Non-methane VOC* 172.30 5.74 989.00 0.0066

Nitrogen oxides 400.60 4.62 1,850.77 0.0123

Toluene 8.62 6.20 53.41 0.0004

Sulfur oxides 4.83 8.25 39.85 0.0003

Total eco-costs 4,403.22 0.0294

*VOC volatile organic compounds
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until it is worn out, the functional unit should include the
aspect of the maximum life span and should be per square
meters per year. The best choice then is to take a heavier
textile because a thick fabric lasts longer.

From a life cycle perspective, much more research is re-
quired on the use phase, especially with regard to consumer
behavior. For shirts, the assumption of 50 washes (as given in
the literature) seems to be reasonable. However, trousers seem

to be washed less often, say 15 to 20 washes, but no data are
available. For party dresses, one to three washes seem to be a
reasonable choice. The consumer behavior with regard to the
use of drying machines also needs further research, since it
seems that not all washes are dried in a machine.

The data presented in this report is subject to large uncer-
tainties. This is partly a consequence of purely conducting the
analysis on the basis of openly available data and voluntary

Table 9 Share of environmental impacts across the value chain

Product studied Use phase Share of total primary energy use

Manufacturing Washing Drying Ironing Other Total

Steinberger et al. (2009) Cotton T-shirt 50 washes 27 % 26 % 47 % 0 % 0 % 100 %

Collins and Aumônier (2002)1) Polyester trousers (0.4 kg) 92 washes 20 % 32.5 % 17 % 12 % 18.5 % 100 %

Collins and Aumônier (2002)1) Men’s cotton briefs (0.216 kg) 104 washes 16 % 40 % 38.5 % 0 % 5.5 % 100 %

Cotton Incorporated (2011) Knit cotton golf shirt (1.0 kg)2) Average3) 16 % (approx.
190 MJ/kg)

84 % (approx. 1,000 MJ/kg) 100 %

Cotton Incorporated (2011) Knit cotton golf shirt (1.0 kg)2) Best3) 49 % (approx.
190 MJ/kg)

51 % (approx. 200 MJ/kg) 100 %

Cotton Incorporated (2011) Knit cotton golf shirt (1.0 kg)2) Worst3) 7 % (approx.
190 MJ/kg)

93 % (approx. 2,500 MJ/kg) 100 %

Smith and Barker (1995) Polyester blouse (0.054 kg) 40 washes/94
°F+drying

18 % (approx.
305 MJ)4a)

55 % 27 % 0 % 0 % 100 %

Smith and Barker (1995) Polyester blouse (0.054 kg) 40 washes/cold
no drying

98 % (approx.
305 MJ)4b)

2 % 0 % 0 % 0 % 100 %

BSR (2009)5) All clothing types Aggregated 61 % 13 % 9 % 17 % 100 %

BSR (2009)6) n.a. Warm wash n.a. 30 % 52 % 18 % 100 %

BSR (2009)6) n.a. Cold wash n.a. 6 % 70 % 24 % 100 %

BSR (2009)7) Denim jeans 104 washes 43 % 57 % 100 %

GHG greenhouse gas, n.a. not available
1) Prepared by Environmental Resources Management (2002) for Marks & Spencer
2) Very similar results for a pair of woven cotton trousers
3) Average, 54 % cold wash/46 % heated wash; load size, medium; washer efficiency, 70 % conventional/30 % Energy Star; water heater type, 50 %
elec./50 % nat. gas. Drying, 84 % dryer/16 % air dry; dryer efficiency, 70 % conventional/30 % Energy Star. Best, 100 % cold wash; load size, extra
large; washer efficiency, 100 % Energy Star; water heater type, 100 % nat. gas; drying, 100 % air dry; dryer efficiency, n/a. Worst, 100 % heated
wash; load size, small; washer efficiency, 100 % conventional; water heater type, 100 % elec.; drying, 100 % electric dryer; dryer efficiency, 100 %
conventional
4a) According to Fig. 2, the total energy requirements=1,607.4 million Btu=1,607×0.00154 MJ=1,694 MJ. This means 100 % is 1,694 MJ and
subsequently 18 % represents 305 MJ
4b) Baseline washing temperature is 94 °F>when washing cold and no drying according to Fig. 11 the total energy for one laundry (=1.08 kg fabric) is
4,000 Btu∼5.7 MJ∼2 % of 305 MJ
5) Chart 3: use phase care options: comparative GHG emissions per event; several sources
6) Chart 1: aggregate clothing life cycle GHG emissions
7) Chart 6: source: Levi's Strauss
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contributions of companies. A further reason for the large
uncertainties is the nature of (parts of) the textile sector which
is characterized by very diverse products and practices. Dyeing
and final finishing processes are strongly case dependent, as
well as the scenarios on the use phase and end-of-life. On top
of this, there is a lack of data on wearing and laundry behaviors
of consumers. The authors expect that the results presented in
this article will hopefully be subject to further discussion,
where the size of the yarn will be taken into account.

8.2 Conclusions

From the data tables, it can be concluded that the energy
consumption per kilogram yarn is inversely proportional to the
yarn size in decitex (i.e., the energy consumption per kilogram is
proportional to the length). The energy of weaving and knitting
is obviously a function of decitex as well, but most of the
references do not specify the yarn count when they present
energy data for these processes. LCA research on textiles can
only be accurate when yarn thickness (e.g., in decitex or denier)

is specified. In case the functional unit indicates the fabric per
square meter, the density (in grams per square meter) must also
be known.

The cradle-to-gate analysis of the production chain from raw
material extraction to manufactured textile demonstrates that
acryl and PET have the least impact on the environment (follow-
ed by elastane and nylon). Cotton represents the highest envi-
ronmental burden in all four single indicators (CO2 equivalent,
CED, Eco-costs 2012, and ReCiPe). For cotton fabric less than
150 dtex, weaving and spinning have the highest cradle-to-gate
impact. For polymer fibers, the impact of spinning is compara-
tively low; however, weaving has the highest impact in less than
70 dtex textile production. Knitting has a factor of 20 lower
impact than weaving for all fibers, so knitting is a better solution
than weaving from an environmental point of view.

Dyeing and final finishing processes are case dependent, but
calculations suggest ranges that do not exceed one third of the
total of the preceding cradle-to-gate processes. The cradle-to-
grave analysis in eco-costs for a woven textile, made out of
70 dtex yarn, shows that a cotton product has the worst envi-
ronmental profile and a product made out of acryl the best. For
the given specifications, weaving is the most significant life
cycle stage followed by the manufacturing of the base material
(and spinning for cotton). The total environmental burden over
the complete life cycle is reduced at a higher yarn size due to the
decrease in energy use (per kilogram textile) for the spinning
and weaving processes of thicker yarns. As a consequence, the
impact of weaving (and likewise of knitting) becomes less
important and cotton and nylon change places in the ranking
(breakeven point is around 100 dtex). In the use phase, the
washing and drying of laundry has less relative impact than it is
suggested in the classical literature (e.g., Laitala and Boks 2012;
Collins and Aumônier 2002; BSR 2009), even when thicker
yarns are used to manufacture the textile product, provided that
“energy label A” machines are used.

LCA results of textile products over the whole value chain
are highly case dependent, especially when the dyeing and
finishing processes and the use phase and end-of-life are
included in the analysis. Further LCI data studies on textiles
and garments are urgently needed to lower the current un-
certainties in LCA of textile materials and products.

Table 10 Eco-costs of woven greige synthetic textile as a function of
yarn thickness

Yarn thickness
(dtex)

Eco-costs
(€/kg)

Density
(kg/m2)

Eco-costs
(€/m2)

70 4.508 84 0.379

150 3.439 180 0.619

300 2.971 361 1.072

Fig. 13 The eco-costs over the life cycle for a woven textile product,
70 dtex

Fig. 14 The eco-costs over the life cycle for a woven textile product,
300 dtex
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Abstract
Purpose There are many recent proposals in life cycle as-
sessment (LCA) to calculate temporary storage of carbon in
bio-based products. However, there is still no consensus on
how to deal with the issue. The main questions are: how do
these proposals relate to each other, to what extent are they in
line with the classical LCA method (as defined in ISO
14044) and the global mass balances as proposed by the
IPCC, and is there really a need to introduce a discounting
system for delayed CO2 emissions?
Methods This paper starts with an analysis of the widely
applied specification of PAS 2050 and the ILCD Handbook,
both specifying the credit for carbon sequestration as ‘optional’
in LCA. From this analysis, it is concluded that these optional
calculations give rather different results compared to the base-
line LCA method. Since these optional calculations are not
fully in line with the global carbon mass balances, a new
calculation method is proposed. To validate the new method,
two cases (one on wood and one bamboo products) are given.
These cases show the practical application and the conse-
quences of the new approach. Finally, the main issue is evalu-
ated and discussed: is it a realistic approach to allocate less
damage to the same emission, when it is released later in time?
Results and discussion This paper proposes a new approach
based on the global carbon cycle and land-use change, trans-
lated to the level of individual products in LCA. It is argued
that only a global growth of forest area and a global growth
of application of wood in the building industry contribute to
extra carbon sequestration, which might be allocated as a
credit to the total market of wood products in LCA. This

approach is different from approaches where temporary stor-
age of carbon in trees is directly allocated to a product itself.
Conclusions In the proposed approach, there seems to be no
need for a discounting system of delayed CO2 emissions.
The advantage of wood and wood-based products can be
described in terms of land-use change on a global scale in
combination with a credit for heat recovery at the end-of-life
(if applicable).

Keywords Bamboo . Carbon sequestration . Carbon
storage . LCA .Wood

1 Introduction

In the period 2006–2009, after a long debate on how to
calculate biogenic CO2 in life cycle assessment (LCA), it
was decided by the majority of scientists and practitioners
that the best approach in LCA is not to calculate biogenic
CO2. The basic idea was, and still is, that biogenic CO2, once
captured and stored by trees and other plants, will re-enter
the atmosphere sooner or later after the use phase of the
product. Hence, in computer programs like Simapro which
use the Ecoinvent database (Hischier et al. 2010), biogenic
CO2 was removed from the lists of emissions of the
Intergovernmental Panel on Climate Change (IPCC) Global
Warming Potential (GWP) midpoint indicators, and conse-
quently from other leading indicator systems like CML-2
and ReCiPe (CO2 emissions due to land transformation,
however, are still counted in these systems). The new ISO
14067 on carbon footprint calculations based on the same
logic (Section 6.3.9.2 of the standard, Note 1).

In the last few years, however, there is a feeling in the
wood industry and in the industry of other bio-based prod-
ucts, that a credit should be given to bio-based renewable
products, which is related to the temporary storage of carbon
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in these products (Brandao and Levasseur 2011; Brandao
et al. 2013).

Two important parties reacted on the political will to
incorporate carbon sequestration in LCA as an option: the
team of the International Reference Life Cycle Data System
(ILCD) Handbook (EC-JRC 2010) and the team of the
Publicly Available Specification (PAS) 2050:2011 (BSI
2011). In both systems, it is possible to give a credit to
temporary CO2 storage by discounting delayed emissions.
Both systems define the credit as optional1 by the following
statements:

& PAS 2050, Section 5.5.1: ‘Note 5. The use of a weighting
factor to assess delayed emissions is no longer a require-
ment of this PAS. However, for entities wishing to under-
take such assessment, provision is made in 6.4.9.3.2 and
Annex E’.

& ILCD Handbook, Section 7.4.3.7.3: ‘..i.e., per default,
temporary carbon storage and the equivalent delayed
emissions and delayed reuse/recycling/recovery within
the first 100 years from the time of the study shall not
be considered quantitatively’.

Both systems restrict the calculations on CO2 sequestra-
tion to the 100-year period after the manufacturing of the
product (i.e., the 100-year assessment period). In the ILCD
Handbook, the 100-year limit is argued to be in line with the
decision of LCA scientists and practitioners to keep short-
and long-term emissions (from leaching) separate in the
LCA calculations (Hischier et al. 2010). The discussion on
short- and long-term emissions has many issues (Hischier
et al. 2010), but the main argument is summarised in (EC-
JRC 2010), regarding the delayed emissions from landfills:
‘…will the inventory of landfills—if the emissions are
modelled for e.g., 100,000 years—easily dominate the entire
LCA results. This is important to know, but needs a separate
interpretation. At the same time, does this issue illustrate one
weakness of LCA: LCIA methods usually do not account for
thresholds, but aggregate all emissions over time. Hence,
even if the concentrations in the waste deposit leachate after
1,000 years might be below any eco-toxic effect, the total
amount of these emissions over tenths of thousands of years
will be summed up and be considered the same way as the
same amount emitted at much higher concentrations over a
few years’. However, this argument for leaching does not
hold for CO2; CO2 has no toxicity threshold, and the 100-
year assessment maximum for carbon sequestration is not
only applied to ‘slow’ low level emissions but as well as to
pulse (peak) emissions.

Another argument to use the 100-year cut-off period is the
fact that the GWP midpoint weighting system of IPCC
applies a time horizon as well. The 100-year time horizon
is the most used in practice, since it was chosen as a basis for
the Kyoto protocol. It should be realised that this was a
political decision to balance the short term effect of CH4

and the long-term effect of chlorofluorocarbons. The 100-
year time horizon is a rather arbitrary choice (Kendall 2012).

However, there is no scientific reason to confuse the two
sequential steps of the baseline LCA calculation, being the
life cycle inventory (LCI), and the system to arrive at a single
indicator in life cycle impact assessment (LCIA). The clas-
sical LCI is a relative straightforward calculation of mass and
energy flows: the timing of emissions is not considered, and
flows in the LCI are not discounted. Single indicator systems
in LCIA, however, are complex and per definition, subjec-
tive, and have many time-related issues, sometimes with a
long-time horizon, sometimes with a short one.

This paper will deal with the following issues:

& How do the optional calculations of PAS 2050 and the
ILCD handbook relate to each other, and how do they
relate to the global carbon mass balance as proposed by
IPCC? (Section 2)

& To what extent is carbon sequestration dealt with in the
baseline LCA method (as defined in ISO 14044)?
(Section 3)

& What is the relevance of the global carbon mass balances
from the IPCC for LCA?What is the new in the proposed
system of this paper? (Section 4)

The consequences of the proposed calculation method are
shown in a case on wood products (Section 5) and a case on
bamboo products (Section 6). The conclusions and discus-
sion can be found in Section 7 and 8. In these two last
sections, the issue of the need for a discounting system for
delayed CO2 emissions is dealt with.

2 The credit for carbon sequestration in relation
with the ‘delayed CO2 pulse’

This section gives a summary of the background of the IPCC
calculations on global warming (‘radiative forcing’ caused
by CO2), which is a rather complex issue, however, neces-
sary to understand the idea of the delayed CO2 pulse. This
delayed CO2 pulse is the basis for the ‘optional’ calculation
on carbon sequestration as given in PAS 2050 and the ILCD
handbook. Readers who want more information on the issue
of radiative forcing are referred to the literature references
given in the text.

The 100-year cut-off (‘time horizon’), as mentioned in the
previous section, has a fundamental impact on the calcula-
tion of the credit for carbon sequestration. This is depicted in

1 The new ISO 14067 specifies that the calculation has to be done
‘without the effect of timing’; however, the effect of timing may be
included in a separate report (section 6.3.8)
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Fig. 1. In this figure the so called Lashof calculation
(Fearnside et al. 2000; Clift and Brandão 2008) is given for
the decay of a CO2 pulse in the atmosphere, where the IPCC
2007 formula on the decay of CO2 has been applied
(Solomon et al. 2007) as follows:

Decay ¼ 0:217þ 0:259� EXP −T
.
172:9

� �
þ 0:338

� EXP −T
.
18:51

� �
þ 0:186

� EXP −T
.
1:186

� �

where T = time in years after the pulse

Figure 1 shows the effect of applying a time horizon in the
calculation. When the CO2 emission pulse is delayed with
the carbon storage time (in the example 50 years), the shaded
area will shift out of the time horizon of 100 years; this is the
calculation credit which results from the time shift of the
emission. The reality, however, is that the CO2 is still there,
so ‘omission’ would be a better word than ‘credit’.

The credit of a delayed-pulse emission as a function of
time is given in Fig. 2. It is the result of the Lashof calcula-
tion in combination with the 100-year time horizon. The
ILCD handbook and PAS 2050:2011 propose a linear ap-
proximation (where PAS follows the Lashof calculation for
the first 25 years).

The result for both systems (for delay periods more than
25 years) is the same as a linear discounting system would
have with a 1 % per year discount rate.

There is, however, no consensus at all on the credit system
of Fig. 2, so there is need for further development (Brandao
and Levasseur 2011; Brandao et al. 2013).

The Dynamic Life Cycle Assessment approach (Levasseur
et al. 2010; Levasseur et al. 2013) seems to be one of the

scientific answers on the aforementioned arbitrary credit prob-
lem: it has no specific time horizon. This system is based on an
integrated radiative forcing calculation of a series of emissions
over time. The disadvantage of this calculation system is,
however, that the result of the calculation depends heavily
on the sequence of pulse emissions in the given scenario. An
example on the LCA of a wooden chair shows that there is a
remarkable difference (300 %) between two scenarios:

(1) The tree for the wood is planted 70 years before the
chair is made

(2) A new tree is planted at the moment (after) a tree is cut
for the wood of the chair

The difference of the two scenarios is the period of carbon
sequestration by the tree: in year minus 70 until year 0, or in
year 1 until year 71.

The interesting aspect of the sequence issue of the
Dynamic Life Cycle Assessment approach is that the dilem-
ma of the sequence vanishes when the calculation is made for
a manufacturer of wooden chairs: when the manufacturer
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makes several chairs per year over several decades, the
problem can be modelled as a steady-state mass flow calcu-
lation. The forest is than regarded as steady state as well:
continuously, a small part of the trees is cut and replanted, the
major part consists of growing trees, and a small part is ready
to be cut. The same steady state applies then to the end-of-
life: the combustion of chairs (with or without heat recovery)
or the landfill of chairs is regarded as a continuous flow.With
this reasoning, we are back to the original way of calculation
in LCI. The remaining issue then is how to cope with the
aspect of land-use change (afforestation, reforestration, bet-
ter forest management and deforestation) when the steady-
state flow increases or decreases. This will be dealt with in
Sections 5 and 6.

A remarkable issue in the approach of the ILCD
Handbook and PAS 2050:2011 is that the credit of delaying
emissions is to be applied to bio-based products as well as
fossil-based products like polymers (‘the atmosphere does
not differentiate between the two types of CO2’). Since many
polymers have a higher ratio of ‘kg carbon’/‘kg product’,
many polymers seem to benefit more from the credit for
delayed emissions. Neither the industry nor the politicians
seem to be aware of this issue (Brandao and Levasseur 2011;
Brandao et al. 2013).

The advantage of carbon sequestration in wood and other
bio-based products (over oil based polymers) in the baseline
LCA, however, is not related to the delayed emissions, but is
related to the end-of-life scenario, as explained in Section 3.

3 The relevance of carbon sequestration at product level
in LCI

Although the biogenic CO2 is not counted in LCIA, it is
required to keep track of the biogenic CO2 in LCI (EC-JRC
2010), see Fig. 3.

Biogenic CO2 is first taken out of the air in the forest
(plantation), and then released back to the atmosphere at the
end-of-life. So, biogenic CO2 is recycled, sooner or later in
time. When a wood product or a bamboo product, however,
is burnt with energy recovery at end-of life (e.g., in an
electrical power plant), the total system of Fig. 3 generates
an output flow (e.g., electricity). This heat or electricity
replaces energy production from other sources, including

fossil fuels. In other words: the use of fossil fuels and the
related emissions is avoided, which results in a reduction of
the potential global warming effect. In LCI calculations, this
can be modelled as a system credit: the production of heat or
electricity from wood waste has a negative carbon footprint.
This is the so called substitution approach in consequential
modelling, see Section 14.5 of the ILCD Handbook (EC-
JRC 2010).

The conclusion of this section is that there is no system
credit for the biogenic CO2 cycle, unless the wood (or any
other bio-product) is burnt for electricity and/or heat, and
unless the trees are replanted. A better efficiency of the
production of electricity results in a higher credit.

4 A general description of carbon sequestration at global
level

The effects of carbon sequestration can be understood when
studying it at a global system level (Vogtländer 2010). On a
global scale, CO2 is stored in forests (and other vegetation),
in the ocean, and in products (e.g., buildings and furniture).
The details of carbon mass balances are very complex;
however, an understanding of the basics of the proposed
LCA method in this paper requires a system approach which
starts from the highest possible aggregation level (the so
called “Tier 1” and “Tier 2” approach of the IPCC). In this
approach, we look at vast forest areas (e.g., Scandinavia, the
Baltic countries, European Russia, Siberia, Canada, New
Zealand). At this aggregation level, there is a continuous
rotation of the forests. The local time-dependent carbon
sequestration effects caused by harvesting are levelled out
within the region since only a small proportion of the trees
are harvested each year. Figure 4 is a simplified schematic
overview of the highest aggregation level of the global
carbon cycle.

The issue is that the anthropogenic CO2 emissions on a
global scale can be characterised by three main flows:

& Carbon emissions per year caused by burning of fossil
fuels: 6.4 Gt/year (Solomon et al. 2007)

& Carbon emissions per year caused by deforestation in
tropical and sub-tropical areas (Africa, Central
America, South America, South and Southeast Asia):
1.93 Gt/year (FAO 2010)

Fig. 3 The life cycle of
biogenic CO2
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& Carbon sequestration per year by re-growth of forests on
the Northern Hemisphere (Europe, North America,
China): 0.85 Gt/year (FAO 2010)

It can be concluded that the global carbon cycle can
significantly be improved in the short term by the following
changes (1) burn less fossil fuels, (2) stop deforestation, (3)
intensify the use of forest on the Northern Hemisphere by
better management and wood production in plantations, (4)
afforestation (plant trees on soils that have not supported
forests in the recent past), (5) increase application of wood
in durable (construction) products, such as buildings.

However, it is far too simple to claim that application of
wood in design and construction will lead to carbon seques-
tration and therefore it will counteract global warming. It
depends on the origin of wood and the growth of the wood
markets. One should realise that, if there is no change in the
area of forests and no change in the volume of wood in
buildings there is no change in sequestered carbon on a
global level and hence no effect on carbon emissions. This
means that only when more carbon is being stored in forests
(either by area expansion with an increase of net carbon
storage on that land, or by increased productivity in existing
forests by improved management), and when the total vol-
ume of wood in buildings is increasing, there will be extra
carbon sequestration.

In boreal and temperate regions such as in Europe and
North America, the forest area is increasing steadily for
several decades due to afforestation and reforestation (see
Fig. 5), which results to increased carbon storage over the
last decennia (see Fig. 6).

Figure 6 shows that carbon storage in tropical areas is
decreasing. The demand for tropical hardwood is higher than
the supply from plantations (only 35–40% of Forest
Stewardship Council (FSC)-wood is from plantations).
This leads to deforestation, resulting in carbon emissions
caused by less carbon sequestration. This mechanism is
depicted in Fig. 7.

The conclusion in regard to the production side of wood
is:

& Extra demand of boreal and temperate softwood from
Europe and North America leads to a better forest man-
agement and an increase in forest area therefore more
sequestered carbon (Fig. 5)

& (Extra) demand of tropical hardwood leads to a decrease
in forest area, therefore less sequestered carbon (Fig. 7)

Extra demand of bamboo in China has an effect on carbon
sequestration which is similar to that of European and North
American wood: it leads to a better forest management and
an increase in bamboo forest area (Lou Y et al. 2010).

The carbon sequestration in wood in houses and offices is
slowly rising on a global scale (because of increasing popu-
lation), which is as such positive in terms of extra carbon
sequestration. This volume of carbon sequestration, howev-
er, is low in comparison with the volume of standing trees in
the forests: less than 30 % of the carbon above the ground (=
less than 24 % of the carbon above plus under the ground)
ends up in housing, which is explained in Section 5, steps 1
and 4.

The conclusion is that carbon sequestration is enhanced
when more boreal or temperate softwood from Europe and
North America and/or bamboo is applied in housing, since
more carbon is sequestered in the forests as well as in the
houses. On the contrary, the application of tropical hardwood
is damaging carbon sequestration, since the decrease of
carbon in the tropical forests is more than the increase of
carbon in the wood products.

Another key issue of the global mass balance is that
carbon sequestration is not increasing per house which is
built, but per extra house that is built above the number of
houses that are required to replace discarded, old, houses.
This is an important consequence of the global mass balance,

Fig. 4 Global anthropogenic
fluxes of CO2 (Gt/year) over the
period 2000–2010

Fig. 5 Higher demand of boreal and temperate softwood from Europe
and North America leads to more carbon sequestration because of
afforestration (extra forests) and reforestration (converting naturally
regenerated forests to plantations and better forest management)
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which is often overlooked by LCA practitioners when they
study carbon sequestration at product level in the LCI phase
of the assessment.

In LCA, the aforementioned global aspect of carbon se-
questration in forests is defined in terms of land-use change.
The remaining question then is: how to allocate the positive
or negative effect of carbon sequestration in forests on global
scale to the wood or bamboo at product level?

In this paper, we propose an allocation of the extra global
carbon sequestration in forests to the total global production
of wood products. Such an allocation method is applied since
it is not realistic to assign the extra trees to specific wooden
products. This allocation method is different from the way
the optional calculations are specified in PAS 2050 and the
ILCD manual.

The way the proposed allocation method of this paper is
done in practice is explained in Step 3 of the examples in
Sections 5 and 6.

5 Example 1: calculation of carbon sequestration caused
by land-use change for European softwood

The aim of the calculation in this section is to illustrate how
the proposed method is done in practice, and to validate the

method as such (by checking the impact on the output of
each calculation step).

The scope of the calculation is the carbon sequestration in
boreal softwood from cradle-to-grave, excluding emissions
from forest management equipment, product manufacturing,
transport, and end-of-life operations (a so called “stream-
lined” LCA approach). The geographical system boundary
is Europe, as defined in (FAO 2010)

The calculation of carbon sequestration caused by land-
use change for wood is done in five steps:

(1) The calculation of the relationship (ratio) of carbon
stored in forests and carbon stored in end-products
(planed timber); this first step is in compliance with
baseline LCA

(2) The calculation of a land-use change correction factor
(to cope with the fact that there was another type of
biomass before the area was changed to forests); this
step is in compliance with the IPCC standards

(3) The calculation of the extra stored carbon in forests (see
Fig. 5), because of growth of wood production, and its
allocation to the end-products (i.e., planed timber); this
step, and the way of allocation, is proposed in this paper
by the authors

(4) The calculation of the extra stored carbon in houses and
offices, because of growth of the volume; this step is in
compliance with PAS 2050 and the ILCD handbook
optional credit

(5) The final calculation of the total result of carbon se-
questration: the multiplication of the results of steps 1,
2, 3, plus the result of step 4.

Step 1 Calculation of the carbon ratio
It is important to realise that 1 kg of a wooden

end-product relates to many kilograms of wood in
the forests, which has been calculated according to
the baseline LCA procedure, applying Ecoinvent
data:

– 1-kg biomass, dry matter (d.m.) in standing trees, is
equivalent to 0.65 kg of logs (Werner et al. 2007)

– 0.65-kg d.m. of logs, is equivalent to
0.65×0.585=0.38 kg of sawn timber (Werner et al.
2007)

– 0.38-kg d.m. sawn timber is equivalent to
0.38×0.87=0.33 kg of planed timber (Werner
et al. 2007)

– 1-kg d.m. biomass in standing trees is equivalent to
1.25-kg d.m total biomass, since the root/shoot ratio
is 0.25 (Aalde 2006)

– 1-kg d.m. of planed timber originates from
1.25/0.33=3.79-kg d.m. biomass in the forests

– The carbon content is 0.5-kg C per 1-kg wood
(Aalde et al. 2006; Verchot et al. 2006)
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– Therefore, 1-kg d.m. planed timber, is equivalent to
the storage of 3.79×0.5=1.9-kg carbon in the forest

The result of step 1 is that 1-kg d.m. planed
timber is related to 1.9×3.67=6.97 kg CO2 storage
in the forest.

Step 2 Calculation of the land-use change correction factor
The next step in the calculation is related with the

land-use change: before the afforestation, the land
had also stored biomass. So the ‘Tier 2 Gain–Loss
Method’ (Verchot et al. 2006) of the IPCC has to be
applied (it must be mentioned that this method is not
described in the ILCD Handbook, Annex B (EC-
JRC 2010); however, it is fully in line with the
requirement of section 7.4.4.1 page 234). The es-
sence of this gain–loss method is a comparison of
the steady state before and after the of land-use
change. For European boreal softwood, we assume
that there was grass before the afforestation since
the boreal areas are hardly used for agriculture (ag-
riculture is concentrated in warmer areas).

The ‘total above-ground and below-ground non-
woody biomass’ for grass is 7.5-t d.m./ha (it ranges
from 6.5 to 8.5), with a carbon content of 47 %
(Verchot et al.2006).

The biomass of softwood forests, is assumed at
120-t d.m./ha (Aalde et al. 2006) for the above-
ground biomass, with a root/shoot ratio of 0.25
and a carbon content of 50 %.

The land-use change correction factor for affor-
estation is therefore:

120� 1:25� 0:50ð Þ– 7:5� 0:47ð Þf g.
120� 1:25� 0:50ð Þ ¼ 0:953

For reforestation, the situation is different when
the land-use change is from ‘naturally generated’
forests to plantations. Data on biomass in the
Global Forest Resources Assessment 2010 of the
Food and Agriculture Organisation of the United
Nations (FAO 2010) and Aalde et al. (2006) suggest
that the biomass in plantations might be about twice
the biomass in naturally generated forests. The land-
use change correction factor is 0.5 for such cases,
based on the total wood production, and 1.0 based
on the extra wood production.

Step 3 Calculation of extra stored carbon in forests and its
allocation

In Section 4, it was explained that only the extra
biomass in forests makes a differences in terms of
less CO2 in the atmosphere. The total biomass in the
European forests was 88,516 million tonnes in 2005

and 90,602 million tonnes in 2010 (FAO 2010). So
there was a growth in biomass of 2,086 tonnes, or
2.36 % in 5 years. This is about 0.47 % per year.

For the calculation in step 5, the authors propose
to base the yearly growth of the total biomass in
forests on the expected average growth of European
timber production of 2.3 % (UNECE 2005). There
are two arguments to take the market growth of
European timber production: (1) The growth of
biomass may not always be in balance with the
timber production, since the stock of biomass is
very high (the turnover of stock is very low). (2)
The measurement of biomass in forests is quite
problematic, and therefore less accurate than the
market growth of timber production (FAO 2010).

The related growth of yearly extra carbon storage
in the forests is to be allocated to the total yearly
production of wooden products.

Step 4 Calculation of the extra stored carbon in houses and
offices

The extra carbon sequestration in houses and
offices is related to the planed timber minus ‘appli-
cation losses’, which we estimate at 10 %. This
results in 0.9×0.5×3.67=1.65 kg CO2 storage in
the houses per 1-kg d.m. planed wood. The extra
storage is related to the market growth given in step
3. This extra carbon sequestration is:

1.65×0.023=0.038 kg CO2 per kilogram dry
matter planed timber

Step 5 Calculation of the total result
The effect on carbon sequestration caused by

land-use change can be calculated now as follows:

carbon sequestration ¼ 6:97� 0:953� 0:023þ 0:038
¼ 0:19 kg CO2 per kilogram diameter planed timber

6 Example 2: calculation of carbon sequestration caused
by land-use change for Chinese bamboo (Phyllostachys
pubescens)

The aim of the calculation in this section is to illustrate how
the proposed method is applied in practice in the case of
bamboo products, and to validate the method as such (by
checking the differences compared to European softwood in
each calculation step).

The scope of the calculation is the calculation on carbon
sequestration in Chinese bamboo from cradle-to-grave, ex-
cluding emissions from forest management, product
manufacturing, transport, and end-of-life operations (a so
called ‘streamlined’ LCA approach). The geographical sys-
tem boundary is China, as defined in (FAO 2010)
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The calculation is made for Phyllostachys pubescens
(density 700 kg/m3, length up to 15 m, diameter on the
ground 10–12 cm, wall thickness 9 mm), also called Moso,
from the Anji region, the province of Zhejiang, China. It is
processed to planed bamboo products like plywood and
strand woven bamboo (SWB) in Huangzhou, the province
of Zhejiang. SWB is a relative new industrial bamboo prod-
uct with a high Janka hardness (12,500 N) and density
(1,080 kg/m3), made from compressed bamboo strips plus
resin. For LCI data of the production processes, see
(Vogtländer et al. 2010; Van der Lugt 2009).

The calculation for Chinese bamboo is done via the same
steps as given in Section 5.

Step 1 Calculation of the carbon ratio.
One kilogram of a bamboo end-product relates to

many kilograms of wood in the bamboo plantation:

– 1-kg biomass, d.m. above the ground in the bamboo
plantation, is equivalent to 0.42 kg of bamboo in the
end-product (Van der Lugt et al. 2009)

– 0.42-kg d.m. of bamboo, is used in 0.44-kg d.m.
plywood (the resin content is 5 % of the weight of
plywood) and in 0.546-kg d.m. SWB (the resin
content is 23 % of the weight of SWB) (Van der
Lugt et al. 2009)

– 1-kg d.m. biomass above the ground in the bamboo
plantation is equivalent to 3.1-kg d.m. biomass
above + below the ground, since bamboo has a vast
root system2

– 1-kg d.m. of bamboo plywood originates from
3.1/0.44=7.05-kg d.m. biomass in the bamboo
plantation, and 1-kg d.m. of SWB originates from
3.1/0.546=5.7-kg d.m. biomass in the bamboo
plantation

– The carbon content is 0.5 kg C per 1-kg bamboo
(Aalde et al.2006; Verchot et al. 2006)

– Therefore, 1-kg d.m. bamboo plywood is equivalent
to the storage of 7.05×0.5=3.5 kg carbon in the
plantation, and 1-kg d.m. SWB is equivalent to the
storage of 5.7×0.50=2.85 kg carbon in the planta-
tion

The result of step 1:

– 1-kg d.m. bamboo plywood is related to 3.5×
3.67=12.85 kg CO2 storage in the plantation

– 1-kg d.m. SWB is related to 2.85×3.67=10.5 kg
CO2 storage in the plantation

Step 2 Calculation of the land-use change correction factor
It is assumed that the additional permanent planta-

tions are established on grassland and do not come at
the expense of natural tree forests. This is a plausible
assumption as a large portion of the Moso bamboo
resources comes from the industrialised provinces
around Shanghai (Zhejiang, Anhui, Jiangxi).
Furthermore, this assumption fits well in the current
policy for afforestation and natural forest protection of
the Chinese Government controlled by the Chinese
State Forestry. More information on this issue can be
found at (CSF 2013).

Similar to the calculation of this step in Section 5, the
Tier 2 Gain–Loss Method (Verchot et al. 2006) of the
IPCC has to be applied. The ‘Total above-ground and
below-ground non-woody biomass’ is 7.5-t d.m./ha (it
ranges from 6.5 to 8.5) with a carbon content of 47 %
(Verchot et al. 2006).

The biomass of bamboo plantations is 35.8×
3.1=111 t d.m./ha for biomass above + below the
ground (Van der Lugt 2009; Zhou and Jiang 2004),
and a carbon content of 50 %.

The land-use change correction factor for afforesta-
tion is therefore:

111� 0:50ð Þ– 7:5� 0:47ð Þf g
.

111� 0:50ð Þ ¼ 0:936

Much of the extra Chinese bamboo production in the
past comes from better management (LouYet al. 2010)
of existing bamboo forests. In such a case the land-use
change correction factor is 1 for the extra bamboo
production.

Step 3 Calculation of extra stored carbon in forests and its
allocation

The Seventh Chinese National Forestry Inventory
provides data on the growth of bamboo plantations in
China. In the period 2004–2008, bamboo plantations
have grown from 4.84 to 5.38 million hectares, or
11.2 % in 5 years or 2.24 % per year. The growth of
tree forest area in China is at a similar level (11.7 %).

It does make sense, however, to base the future
yearly growth of the total biomass in bamboo forests
on the average growth of Chinese timber production,3

which is expected to be as least 5 % for the coming
decades, given the high GDP of the Chinese economy.
The related growth of yearly extra carbon storage in the

2 Besides the trunks, branches, and shrub, there is CO2 stored below
ground in the soil and roots of a plantation. Zhou and Jiang (2004)
found that, for a medium intensity managed Moso bamboo plantation in
Lin'an, Zhejiang province, the distribution of biomass above ground
versus below ground is 32.2 and 68.8 %, respectively.

3 Here is a similar argumentation as in footnote 2 for European wood. It
must be mentioned here that this growth does not require extra agricul-
tural land. Much of the bamboo production in the past comes from
better forest management (Lou et al. 2010). Moreover, bamboo is
planted in areas where farming is not feasible, e.g., at slopes for erosion
prevention, and for rehabilitating land (Kuehl Y et al. 2011)
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plantation is to be allocated to the total yearly produc-
tion of bamboo products.

Step 4 Calculation of the extra stored carbon in houses and
offices

The extra carbon sequestration in houses and
offices is related to the bamboo products minus
application losses, which we estimate at 10 %.
Taking into account the resin content in the end-
product (5 % for plywood and 23 % for SWB), this
results in:

– 0.95×0.9×0.5×3.67=1.57 kg biogenic CO2 stor-
age in the houses per 1-kg d.m. bamboo plywood.
The extra storage, related to the market growth in
step 3, results in the extra carbon sequestration of
1.57×0.05=0.0785 kg CO2 per kilogram dry matter
bamboo plywood.

– 0.77×0.9×0.5×3.67=1.27 kg biogenic CO2 stor-
age in the houses per 1-kg d.m. SWB. The extra
storage, related to the market growth in step 3,
results in the extra carbon sequestration of
1.27×0.05=0.0635 kg CO2 per kilogram dry matter
SWB.

Step 5 Calculation of the total result
The effect on carbon sequestration caused by

land-use change can be calculated now as follows:

– Carbon sequestration=12.85×0.936×0.05+0.0785=
0.68 kgCO2 perkilogramdrymatterbambooplywood

– Carbon sequestration=10.50×0.936×0.05+0.0635=
0.55 kg CO2 per kilogram dry matter SWB

7 Discussion

The discussion on how to deal with the carbon sequestration
in LCA reveals that some important issues in the LCA
methodology are still not resolved (Finkbeiner 2009). This
paper shows that methodological choices highly influence
the outcome of the LCA calculations.

Table 1 shows the data on the baseline LCA method of
Section 3 (the first four columns), compared to the land-use

change approach of Section 4 (the last column). Ecoinvent
LCIs are used for softwood, and the Idemat 2012 LCI is used
for bamboo plywood (Vogtländer et al. 2010; Van der Lugt
et al. 2009). Idemat is a database which is used at the Delft
University of Technology, additional to Ecoinvent.

From Table 1, it can be concluded that the credit for the
carbon sequestration caused by the land-use change, as
presented in this paper, is relevant in comparison to the
emissions caused by the production. The calculation for
production is made for the default method of the ILCD
handbook: biogenic CO2 has not been taken into account,
so the production data in the Table is for fossil CO2 only. The
credit for combustion with heat recovery has been calculated
for two different levels of efficiency: an efficiency of a
modern coal fired electrical power plant of 45 % (IEA
2007), and an efficiency of a modern municipal waste incin-
erator of 24.75 %. The ‘avoided fossil fuels’ are calculated
for the grid average energy mix of the Ecoinvent ‘electricity,
medium voltage, production Union for the Coordination of
the Transmission of Electricity (UCTE), at grid/UCTE S’
LCI.

Table 2 provides some additional data with regard to the
issue of linear discounting of a delayed CO2 pulse in
100 years (a 100-year time horizon). The issue here is
whether or not discounting brings additional information
which cannot be missed.

The discounting of a delayed CO2 pulse results in a credit
in LCA (column 1 of Table 2), but reduces the credits for
combustion with heat recovery (column 2 and 3 of Table 2
compared to column 3 and 4 of Table 1), so the overall effect
of discounting is limited. Note also that the effect of
discounting in Table 2 is an overestimation of the benefit in
reality since there is still a considerable amount of CO2 in the
atmosphere after the 100-year cut-off criterion of in the
Lashof calculation (see Fig. 1, Section 2).

Given the fact that the result of the discounting is limited,
and that it gives an overestimation of the resulting credit, the
discounting system of the delayed CO2 pulse does not make
sense in LCA, since it does not fulfil the precautionary
principle (which should be applied in LCA).

Furthermore, the traditional LCA accounting system has
the advantage that the approach on the level of one product is

Table 1 Traditional LCA data on European softwood and Chinese bamboo

All data in kg CO2 equivalent, IPCC 2007 GWP 100a Combustion Municipal Land-use
change

Production Production Power plant Waste incin this paper
kg CO2e/m

3 kg CO2e/kg kg CO2e/kg kg CO2e/kg kg CO2e/kg

Sawn timber, softwood, planed, air dried, at plant/RER S (d.m. 80 %) 85 0.21 −1.08 −0.59 −0.15

Sawn timber, softwood, planed, kiln dried, at plant/RER S (d.m. 90 %) 104 0.26 −1.21 −0.67 −0.17

Idemat2012 Plywood Bamboo (including transport to Europe, d.m. 90 %) 811 1.16 −1.13 −0.62 −0.61
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in line with the approach of a continuous flow of products (of
the same type), which makes it robust for a wide range of
scenarios (from a local to a global level). The traditional
LCA is also less vulnerable for different assumptions on
the decay of wood in landfill: in wet regions the decay is
fast, in dry regions slow, which has a big impact in calcula-
tions with a time horizon.

An important issue is how to implement the proposed
method of this paper in practice. What are the implications
for LCA practitioners and to what level of detail land-use
change should be addressed?

A practical aspect is the availability of data. For the12
global regions in (FAO 2010) enough data are available to
make a Tier 2 calculation on the average forests in that
region. At the level of specific types of timber in the global
trade (e.g., spruce, scots pine, radiata pine, etc.), however,
data are not readily available. The most practical approach to
resolve that problemmight be that FAO includes the required
information in their FAOSTAT database (at the level of the
233 countries), an initiative that should be done in close
cooperation with the developers of ILCD, USLCI and
Ecoinvent.

The accuracy of the Tier 2 calculations on specific types
of timber in the global trade cannot be high since wood is a
natural product with a rather high variation of the main
growth characteristics of the trees. It is important, however,
that data become available: data with low accuracy is better
than no data at all.

With regard to the accuracy of calculations on carbon
sequestration, it is important to realise that the carbon foot-
print is only one of the environmental indicators related to
land-use change. Two other important issues with regard to
land-use change are:

– The albedo effect of deforestation and reforestation in
boreal areas. The change in albedo (surface reflection) in
areas with snow has an effect on global warming which
is of the same magnitude as the effect of carbon seques-
tration in forests (Cherubini et al. 2012).

– The reduction of biodiversity caused by deforestation of
tropical rain forests. Reduction of biodiversity of natural
forests is one of the main issues in the debate on tropical

hardwood, making a difference between illegal logging,
reduced impact logging, FSC-certified logging and log-
ging from plantations. This is one of the main arguments
to use an indicator system that takes this important
aspect into account (as a midpoint), like the ReCiPe
system or the system of the eco-costs (Vogtländer et al.
2001; Vogtländer et al. 2004).

8 Conclusions

The conclusions with regard to the issue of carbon seques-
tration are as follows:

& The afforestation and reforestation related to a growing
application of boreal softwood, wood from temperate
regions, and bamboo products have a significant contri-
bution to carbon sequestration on a global level

& An even bigger contribution is the reduction of fossil
CO2 emissions by combustion with heat recovery (pro-
duction of electricity) of the wood and bamboo products
at the end-of-life

The conclusions with regard to the LCA methodology are as
follows:

& Proper modelling of the end-of-life stage results in a
considerable credit for wooden products in the case of
combustion with heat recovery. There is no reason to
deviate from this ‘default’ method in the ILCD
Handbook and PAS 2050:2011.

& The ‘optional’ method in the ILCD manual and PAS
2050:2011 (i.e., discounting of the delayed CO2 emis-
sions) results in an overestimation of the benefits of
temporary fixation of biogenic CO2. This optional meth-
od does not fulfil the precautionary principle, and should
therefore be avoided in LCA

& It is advised to reconsider the calculation procedure to
deal with carbon sequestration in wood (and other bio-
based products), as described in the ILCD Handbook
Section 7.4.3.7.3, 7.4.4.1, and Section 13, and bring it
in line with Section 4 and the examples in Section 5 of
this paper

Table 2 The effect of a discounted CO2 pulse at the end-of-life (after 50 years, linear discounting 1 % per year) on LCA data of European softwood
and Chinese bamboo

All data in kg CO2 equivalent, IPCC 2007 GWP 100a Optional Heat recovery Heat recovery
Carbon sequestration In power plant In munic waste incin
ILCD 50 years ILCD after 50 years ILCD after 50 years
kg CO2e/kg kgCO2e/kg kgCO2e/kg

Sawn timber, softwood, planed, air dried, at plant/RER S (d.m. 80 %) −0.734 −0.540 −0.295

Sawn timber, softwood, planed, kiln dried, at plant/RER S (d.m. 90 %) −0.826 −0.605 −0.335

Idemat2012 Plywood Bamboo (d.m. 90, 5 % resin) −0.785 −0.565 −0.310
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& Land transformation data of general LCI databases
should be applied with great care, since they cannot
simply be applied to single products (as explained in
Section 4).

The way that carbon sequestration in wood products is
dealt with in LCA, needs further refinement. In the proposed
approach there seems to be no need for a discounting system
of delayed CO2 emissions. The advantage of wood and wood-
based products can be described in terms of land-use change
on a global scale in combination with a credit for heat recov-
ery at the end-of-life (if applicable). However, the availability
of data on transformation of land is limited (on the level of
specific types of timber), so systematic collection of reliable
data is required.

References

Aalde H, Gonzalez P, Gytarsky M, Krug T, Kurz WA, Ogle S, Raison J,
Schoene D, Ravindranath NH, Elhassan NG, Heath LS, Higuchi N,
Kainja S, Matsumoto M, Sánchez MJS, Somogyi Z (2006) IPCC
Guidelines for National Greenhouse Gas Inventories. Volume 4,
Chapter 4 Forest Land. Available at www.ipcc.ch.Accessed 6 Feb 2013

Brandao M, Levasseur A (2011) Assessing temporary carbon storage in
life cycle assessment and carbon foot printing: outcomes of an
expert workshop JRC 63225. Publications Office of the European
Union, Luxembourg

Brandao M, Levasseur A, Kirschbaum MUF, Weidema BP, Cowie AL,
Vedel Jørgensen S, Hauschild MZ, Pennington DW, Chomkhamsri
K (2013) Key issues and options in accounting for carbon seques-
tration and temporary storage in life cycle assessment and carbon
footprinting. Int J Life Cycle Assess 18(1):230–240

BSI, British Standards Institution (2011) PAS 2050: 2011 Specification
for the assessment of the life cycle greenhouse gas emissions of
goods and services. BSI, London

Cherubini F, Bright RM, Strømman AH (2012) Site-specific global
warming potentials of biogenic CO2 for bioenergy: contributions
from carbon fluxes and albedo dynamics. Environ Res Lett
7:045902. doi:10.1088/1748-9326/7/4/045902

Clift R, Brandão M (2008) Carbon storage and timing of emissions.
University of Surrey. Centre for Environmental Strategy Working.
Paper Number 02/08. ISSN: 1464–8083, Guildford

CSF (2013) website Chinese State Forestry, http://english.forestry.gov.
cn/web/index.do. Accessed 6 Feb 2013

European Commission–Joint Research Centre and Institute for Environment
and Sustainability (2010) International reference life cycle data system
(ILCD) handbook—general guide for life cycle assessment—detailed
guidance. Publications Office of the European Union, Luxembourg

FAO (2010) Global forests resources assessment, Forestry Paper 163.
Food and Agriculture Organisation of the United Nations, FAO.
Available at www.fao.org/forestry. Accessed 6 Feb 2013

Fearnside PM, Lashof DA, Moura-Costa P (2000) Accounting for time
in mitigating global warming through land-use change and forest-
ry. Mitig Adapt Strateg Glob Chang 5:239–270

Finkbeiner M (2009) Carbon footprinting—opportunities and threats.
Int J Life Cycle Assess 14(2):91–94

Hischier R, Weidema B, Althaus H-J, Bauer C, Doka G, Dones R,
Frischknecht R, Hellweg S, Humbert S, Jungbluth N, Köllner T,
Loerincik Y, Margni M, Nemecek T (2010) Implementation of life
cycle impact assessment methods. Ecoinvent report No. 3, v2.2.
Swiss Centre for Life Cycle Inventories, Dübendorf

IEA (2007) Biomass for Power Generation and CHP. Available at
https://www.iea.org/techno/essentials3.pdf. Accessed 6 Feb 2013

Kendall A (2012) Time-adjusted global warming potentials for LCA
and carbon footprints. Int J Life Cycle Assess 17:1042–1049

Kuehl Y, Henley G, Lou Y (2011) The climate change challenge and
bamboo: mitigation and adaptation. IMBAR, Beijing. Available at
http://www.inbar.int/publications/?category=1&sortby=
title&dlpage=4. Accessed 6 Feb 2013

Levasseur A, Lesage P, Margni M, Deschenes L, Samson R (2010)
Considering time in LCA: Dynamic LCA and its application to
global warming impact assessments. Environ Sci Technol
44(8):3169–3174

Levasseur A, Lesage P, Margni M, Samson R (2013) Biogenic carbon
and temporary storage addressed with dynamic life cycle assess-
ment. J Ind Ecol 17(1):117–128

Lou Y, Li Y, Buckingham K, Henley G, Zhou G (2010) Bamboo and
Climate Change Mitigation. IMBAR, Beijing. Available at http://
www.inbar.int/publications/?category=2. Accessed 6 Feb 2013

Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB,
Tignor M, Miller HL (2007) IPCC Fourth Assessment Report:
Climate Change (AR4), The Physical Science Basis,
Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change,
Cambridge University Press, Cambridge. Available at www.ipcc.
ch. Accessed 6 Feb 2013

UNECE, United Nation Economic Commission for Europe (2005)
European Forest Sector Outlook Study 1960-2000-2020, Geneva
Timber and Forest Study Paper 20. Available at http://www.unece.
org/forests-welcome/publications.html. Accessed 6 Feb 2013

Van der Lugt P, Vogtländer J, Brezet J (2009) Bamboo a sustainable
solution for Western Europe. VSSD, Delft

Verchot L, Krug T, Lasco RD, Ogle S, Raison J, Yue Li, Martino DL,
McConkey BG, Smith P (2006) IPCC guidelines for national
greenhouse gas inventories. Volume 4, Chapter 6 Grass Land.
Available at www.ipcc.ch. Accessed 6 Feb 2013.

Vogtländer J, Brezet J, Hendriks CF (2001) The Virtual Eco-costs '99, a
single LCA-based indicator for sustainability and the Eco-costs/
Value Ratio (EVR) model for economic allocation. Int J Life Cycle
Assess 6(3):157–166

Vogtländer JG, Lindeijer E, Witte J-PM, Hendriks C (2004)
Chacterizing the change of land-use based on Flora: application
for EIA and LCA. J Clean Prod 12:47–57

Vogtländer J, Van der Lugt P, Brezet J (2010) The sustainability of
bamboo products for local and Western European applications
LCAs and land-use. J Clean Prod 18:1260–1269

Vogtländer J (2010) A practical guide to LCA for students, designers
and business managers, cradle-to-grave and cradle-to-cradle.
VSSD, Delft

Werner F, Althaus H-J, Künninger T, Richter K, Jungbluth N (2007)
Life cycle inventories of wood as fuel and construction material.
Ecoinvent Report No. 9. Swiss Centre for Life Cycle Inventories,
Dübendorf

Zhou GM, Jiang PK (2004) Density, storage and spatial distribution of
carbon in Phyllostachys pubescens forest. Sci Silvae Sin 6:20–24
(in Chinese with English summary)

Int J Life Cycle Assess (2014) 19:13–23 23

138

http://www.ipcc.ch/
http://dx.doi.org/10.1088/1748-9326/7/4/045902
http://english.forestry.gov.cn/web/index.do
http://english.forestry.gov.cn/web/index.do
http://www.fao.org/forestry
https://www.iea.org/techno/essentials3.pdf
http://www.inbar.int/publications/?category=1&sortby=title&dlpage=4
http://www.inbar.int/publications/?category=1&sortby=title&dlpage=4
http://www.inbar.int/publications/?category=2
http://www.inbar.int/publications/?category=2
http://www.ipcc.ch/
http://www.ipcc.ch/
http://www.unece.org/forests-welcome/publications.html
http://www.unece.org/forests-welcome/publications.html
http://www.ipcc.ch/


   

139 

 

Publication 3: Monetisation of external socio-economic costs 

 

Van der Velden, N.M. & Vogtländer, J. G. (2016). Monetisation of external socio-economic costs of 

industrial production: A Social-LCA-based case of clothing production. Journal of Cleaner Production 

(under review)  

 

 P.3 



 

Monetisation of external socio-economic costs of 

industrial production: A Social-LCA-based case of 

clothing production 

 

Natascha M. van der Velden 

Faculty of Industrial Design Engineering, Department Design for Sustainability, Technical 

University Delft, Landbergstraat 15, 2628 CE Delft, The Netherlands, telephone +31 (0)15 27 

82738 

n.m.vandervelden@tudelft.nl 

 

Joost G. Vogtländer 

Faculty of Industrial Design Engineering, Department Design for Sustainability, Technical 

University Delft, Landbergstraat 15, 2628 CE Delft, The Netherlands 

j.g.vogtlander@tudelft.nl 

 

 

Abstract  

 

Purpose 

The purpose of this study is to benchmark production processes and production chains of clothing products, by 

means of S-LCA. In this paper we present the s-eco-costs method for monetisation of external socio-economic 

burden for workers. The method is applied to six cases of standard textile production chains: the supply chains of 

a cotton T-shirt and a pair of jeans, produced in either the USA-Europe or China/India-Bangladesh. 

 

Methods  

The s-eco-costs are the marginal prevention costs to reach a sustainable level (Performance Reference Point, 

PRP) and comprise the monetary compensation beyond the PRP to account for unacceptable exploitation of 

workers. 

At this moment the s-eco-costs include five sub-indicators, proposed as a base-line for the social issue in S-LCA: 

- Fair Wage Deficit (based on migration statistics and data on minimum wages; the subcategory-indicator 

as well as the end-score are expressed in euro) 
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- Child Labour (forced labour, not able to attend school; subcategory-indicator: DALY; end-score: euro) 

- Extreme Poverty (based on World Bank absolute poverty line and FAO price index; subcategory-

indicator: DALY; end-score: euro) 

- Excessive Working Hours (forced labour, involuntary; subcategory-indicator: DALY; end-score: euro)   

- Occupational Safety and Health (based on statistics of ILO; subcategory-indicator: DALY; end-score: 

euro) 

 

Results and discussion 

The s-eco-costs have been calculated for cotton T-shirts and pairs of jeans for three garment production chains: 

USA-Europe (Western ’W’); India-Bangladesh (Asian ‘A’); China/India-Bangladesh (Asian Best Practice 

‘ABP’), revealing the hotspots in these chains, and enabling benchmarking. The total results for the s-eco-costs 

of T-shirts are: W = € 0.05; A = € 1.46 and ABP = € 0.33 euro. The results for the jeans are: W = € 0.38; A = € 

12.56 and ABP = € 2.67 euro. The most important hotspots are in the cotton fields in India and the garment 

production phase in Bangladesh. 

 

Conclusions 

The s-eco-costs system provides a lot of transparency in the complex issue of social sustainability in production 

chains in general, and in the garment production case under study. Hotspots can be determined and alternative 

production routes can be benchmarked. 

The authors hope that the proposed system will inspire others in the field of S-LCA to proceed with the 

development of quantitative indicator systems.  

 

Keywords:  

s-eco-costs · textiles · extreme poverty · child labour · fair wage · China - India - Bangladesh     

 

Highlights: 

 S-eco-costs is proposed as a S-LCA-method for benchmarking textile supply chains. 

 The study presents 6 cases of standard textile production chains (T-shirts; jeans). 

 The hotspots are the Indian cotton fields and the Bangladesh garment factories. 
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1. Introduction  
 
 

The textile and apparel industry is associated with several sustainability problems. Anticipating on a prospective 

growth of this sector (according to Lenzing (2015) and Choudhury (2014) the world fibre production is rising by 

about 3% per annum), it is important to determine the environmental and social impacts of clothing products. 

Well-founded analyses can inform decision makers to outline the transition towards a more sustainable fashion 

industry. Stakeholders in this perspective comprise fashion designers and companies, manufacturers of textiles 

and clothing products, non-governmental organisations (NGOs), consumers and authorities. In this paper we 

specifically address the producers and the consumers of textile and apparel, but other, even non-textile related 

readers, can also find valuable information concerning method development of Life Cycle Sustainability 

Assessment (LCSA; Kloepffer, 2008). 

 

Life Cycle Assessment (LCA; ISO 2006a; ISO 2006b) is a systematic scientific method for a quantified 

benchmark at different levels, depending on the defined system (product - or process level, cradle-to-gate; - 

grave or - cradle). This method allows for a comparison between, among others, different materials or product 

alternatives, as well as for comparing complete production chains or industries. In a previous publication (Van 

der Velden et al., 2014) we describe an environmental LCA of textiles produced according to the Best Practice in 

Europe, including a comparison of textiles made out of different fibre materials. Likewise, LCA has often been 

used to determine the best available technique (BAT) for a specific process, for example by Nieminen et al. 

(2007) and Terinte et al. (2014) on textile wet processing and by Shen et al. (2010) on the production of man-

made cellulose fibres. The latest study includes as well a geographical comparison between production locations 

(of the fibre materials), which is also addressed by Steinberger (2009) for specific garments (T-shirt and jacket). 

All aforementioned references and more (Roos et al. 2015a; Yuan et al. 2013; Zhang et al. 2015) describe the 

environmental aspects of life cycle assessment (E-LCA), but do not include any social issues. 

 

According to the UNEP/SETAC (2009, p.49), social life cycle assessment (S-LCA) can be used to assess – 

among other categories - the stakeholder category ‘worker’ and the unacceptable exploitation of workers in the 

textile chain. In this manuscript we present a qualitative method to do so; which is in line with the 

UNEP/SETAC guidelines for LSCA (UNEP/SETAC, 2011). Without doubt the holistic S-LCA approach, as 

described by for example the OECD (2010) and Helliwell et al. (2013), reaches wider than assessment of the un-
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sustainability of the production systems only, and therefore the authors confirm that the proposed method in this 

paper addresses by no means the actual well-being of people in general.  

 

The published papers on S-LCA are still rather limited (compared to E-LCA), and they all show that there still 

are many problems in conducting S-LCA. The development of S-LCA is still in its infancy (Mattioda et al., 

2015) and consensus of opinion on which indicators (Lehmann et al., 2013; Bocoum et al., 2015) and LCI data 

(Benoît Norris, 2014) should be used, has not been reached yet. 

There are some good examples of hotspot analyses on roses (Franze and Ciroth, 2011), on laptops (Ekener-

Petersen and Finnveden, 2012), on palm oil (Manik et al, 2013), and on fertilizer (Martinez-Blanco et al, 2014) 

which used the data of the Social Hotspot DataBase (Benoît Norris, 2014). The key problem in all these 

examples is that data should be available for at least the most relevant specific manufacturing locations in the 

production chain, and that these specific data are hard to get (Jorgenson, 2013). Benoît Norris (2014) even 

argues that comparison (LCA benchmarking) is not possible because of the sensitivity of these specific data. One 

recent paper on building materials proposes a well-structured panel weighting system for a single score in S-

LCA (Hosseinijou et al, 2013), however, it is rather complex for a quick assessment in practice, and a full 

integration with E-LCA in LCSA (UNEP/SETAC, 2011) to one single score, as required in engineering and 

design practice, seems still not possible.   

 

S-LCA benchmarking is required to take the right decisions in the purchasing processes in the apparel industry. 

It is as well an indispensable tool to boost continuous improvement at the production sites of the suppliers, 

which should be pursued by at least all members of the Sustainable Apparel Coalition (SAC, 2015). For 

sustainable consumer behaviour it is essential that “you know what you buy”. So S-LCA should be made 

understandable and doable for these purposes. That motivated us to develop the method of Section 2. 

 

The purpose of this paper is to introduce the s-eco-costs method and to give an example of the application of this 

method by means of mapping out the textile supply chain. The method has been developed at first instance for 

the stakeholder category “worker” as an extension of the eco-costs method (a method of impact assessment 

originally developed for E-LCA, Vogtländer et al., 2001). 

 
The purpose of the s-eco-costs method in S-LCA is to benchmark production processes and production chains. 

An analysis of the s-eco-costs (S-LCA) should be accompanied by an analysis of the eco-costs (E-LCA, see Fig. 
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1 in Section 2.2) to enable a well-balanced decision process with regard to improvement of the total production 

chain. 

 
As a validation of the method, we demonstrate how the s-eco-costs can be applied to enable a comparison 

between different specific textile production chains, where we focus on the social aspects related to the workers 

in that sector. In developing countries social issues of the textile supply chain arise during cotton production and 

the subsequent processing steps; and in the final garment production. Many references (Mariani, 2013; ILO, 

2014; Kelly, 2014) indicate these garment life cycle phases as the social hotspots, where the unacceptable 

exploitation of workers takes place. All other negative social effects in the subsequent phases and in background 

systems are expected to be of less importance. 

We present six cases of standard textile production chains, namely the cases of a cotton T-shirt and a pair of 

jeans, produced in USA-Europe, India-Bangladesh, or China-India-Bangladesh. See Section 3.2. 

 

The s-eco-costs method is designed to be applied for hotspot analyses in order to diminish antisocial situations in 

the production chain. In combination with the method of the eco-costs it also may be used to support the decision 

making process of choosing and/or improving the most sustainable option (route) during the life cycle of a 

product, where social issues of workers play a role next to environmental issues. 

 

In the following sections of this paper we will describe the method of the s-eco-costs: first the introduction and 

the goal and scope of the method (section 2.1 and 2.2), then the calculation structure of the subcategory-

indicators (section 2.3), and finally the calculation of the end-scores (section 2.4).  

In Section 3 we apply the method to 11 textile producing countries (section 3.1), and 2 different products (a T-

shirt and a jeans) from 3 different production chains (section 3.2). 

The Discussion (section 4) deals with four issues: a. to what extent is it allowed to apply s-eco-costs; b. the issue 

whether or not the multipliers are too high or too low; c. how the eco-costs of garment production relate to the s-

eco-costs of garment production; d. how the s-eco-costs garment production relate to the actual market price of 

garments.  

The Conclusions (section 5) summarize the results of the analysis of the textile chains, and includes suggestions 

for further development of quantitative S-LCA studies.   
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2. An indicator system for S-LCA: the s-eco-costs 

 

2.1 Introduction to the s-eco-costs 
 

The s-eco-costs method is in line with the Guidelines for S-LCA of Products (UNEP/SETAC, 2009) and follows 

the methodological framework as presented in the UNEP/SETAC Life Cycle Initiative document Towards a Life 

Cycle Sustainability Assessment (UNEP/SETAC, 2011). It comprises the subcategories of Fair Wage Deficit, 

Child Labour, Extreme Poverty, Excessive Working Hours, and Occupational Safety and Health..  

The s-eco-costs of the Fair Wage Deficit are the marginal prevention costs to reach a sustainable level, which is 

the Performance Reference Point (PRP) (UNEP/SETAC, 2009; Parent et al., 2010; UNEP/SETAC, 2011; Benoît 

Norris, 2014). The distance to the PRP for the other subcategories can be considered as costs of compensation to 

account for unacceptable exploitation of workers. 

2.2 Goal and scope of the s-eco-costs method 
 
The goal of the s-eco-costs method is: 

1. to focus on the unsustainable and appalling working conditions in the supply chain (suitable for cradle-

to-cradle analyses as well) 

2. to quantify product related social topics (child labour, extreme low wages, unsafe work places, et 

cetera) 

3. to quantify results of S-LCA in a way that the unsustainability of a product can be communicated to 

designers, business managers, and the public 

4. to provide transparency in the calculations, based on general statistical data (World Bank, ILO, 

Eurostat, etc.) and specific data which can easily be measured at the production sites  

5. to be complementary to (i.e. can be combined with) the eco-costs system for (E)-LCA, i.e. having 

monetized indicators  

 
A consequence of point 1 is that the method is not meant for internal assessment of highly developed  companies 

in the Western World, where issues as ‘permanent education’, ‘work-life balance’ and ‘job satisfaction’ are 

significant issues (Round Table for Product Social Metrics, 2014). We think that the appalling situations (mostly 

further upstream and located in the Middle and Far East and in Africa, but sometimes in illegal production 
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facilities in the Western World as well) in the supply chain should be handled with priority. Business managers 

have a responsibility here to improve their supply chains, and buyers have the responsibility to pay perhaps a bit 

higher price when the product is made in a more sustainable way. They both need metrics to be informed 

properly, and to base their decisions on.  

Another consequence of point 1 is that s-eco-costs only deal with the stakeholder group of ‘workers’ as far as 

working conditions are unacceptable. S-eco-costs are external costs, not integrated in the price of the product, 

and are based on the distance to the sustainable target (the Performance Reference Point, PRP) of an impact 

category. 

 

Fig. 1 presents the overview of the structure of the eco-costs and the s-eco-costs. The background of the eco-

costs method was introduced in this journal by Vogtländer et al. (2002) and the s-eco-costs are explained in the 

following Sections 2.3 and 2.4.  

 

 

 

Fig. 1 Structure of the eco-costs and the s-eco-costs  

 

2.3 The subcategory-indicators 

2.3.1 General approach 

 

In line with the five issues of the goal of the method, there are five requirements for subcategory-indicators: 

a. the issue must be specific, relevant and easy to understand 
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b. data must be available at the level of countries (to be able to benchmark between countries, and to have 

an average practice to compare with within a country) 

c. data must be relatively easy to measure at the level of specific manufacturing plants  

d. it must be applicable to products (the S-LCA has to be made on the level of a product, since its results 

must be communicated to designers, business managers and consumers) 

e. it must be possible to translate a ‘subcategory-indicator’ (a specific indicator for a specific 

‘subcategory’) to an ‘end-score’ (a single indicator for the stakeholder category ‘worker’). 

 

All eight subcategories for the category ‘worker’ - Freedom of Association and Collective Bargaining, Child 

Labour, Fair Salary, Working Hours, Forced Labour, Equal opportunities/Discrimination, Health and Safety, 

Social Benefits/Social Security (UNEP/SETAC, 2009) - have been analysed with regard to the five 

aforementioned requirements. This results in the five subcategories of s-eco-costs: 

 

1. Fair Wage Deficit 

2. Child Labour 

3. Extreme Poverty (caused by wages which are too low to feed the family) 

4. Excessive Working Hours, involuntary (forced labour in excess of 48 hours per week)  

5. Occupational Safety and Health (OSH) 

 

The following subcategories cannot be applied in the s-eco-costs: 

- Equal Opportunities/Discrimination (since it is hard to measure) 

- Freedom of Association and Collective Bargaining (since it is a complex issue in many developing 

countries, and hard to establish) 

- Social Benefits/Social Security (since it is hardly implemented in developing countries; when it is 

present at a specific factory, it should be counted as part of the salary as far as that it can be monetized) 

 

Some scientists emphasise the importance of a restricted level of inequality of salaries in a company, e.g. less 

than a factor 23.8 (Croes and Vermeulen, 2016a). Although the issue is important, it cannot be measured in most 

of the companies in the developing world (the income of the boss, often the owner, is generally not known). The 

same applies to the issue of corruption (UNEP/SETAC, 2011): such an issue is hard to measure and quantify. 
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The s-eco-costs of a product are based on the salaries per working hour of shop floor employees, and the 

required time to make a product. Both data must be measured at the factory and based on the actual situation.  

To benchmark unsustainable situations on the level of a country, statistical data have to be used.  

In this paper we apply the following general conversion factors to define the metrics of the s-eco-costs on a 

country level: 

- Calculations on the fair wage deficit are done on the basis of Purchasing Power Parity (because the 

normal exchange rates of currencies would give the wrong picture). For data see the website of the 

OECD (OECD, 2015). The conversion factor in the s-eco-costs metrics is: 1 Int $ PPP =  0.83 euro. 

- To calculate the salaries per working hour in a country outside the European Union, the general norm of 

the ILO, 49 weeks of 48 hours, is applied, minus 14 public holidays. This results in 2240 hours per 

year, 280 days of 8 hours per year, 6 days of 8 hours per week, for 46.7 weeks (note that work in 

overtime is calculated separately). 

- To calculate the salaries per working hour within the European Union, the following norms have been 

used: 1840 hours per year, 230 days of 8 hours per day, 5 days of 8 hours per week for 46 weeks (see 

Table 6 in Annex A for an overview of the norms for working hours). 

 

In the following Sections 3.2.2 through 3.2.6, the five subcategory-indicators are defined for each subcategory. 

Per subcategory of the s-eco-costs, the choices which have been made are described step by step: 

- first, the issue of the subcategory (i.e. a description of the unsustainable problem) 

- then, the PRP (the minimum target level) is proposed for the subcategory, to enable the distance-to-

target calculation 

- finally, the characterisation function (equivalent to the characterisation factors in E-LCA) is 

determined, which is the key to the distance-to-target subcategory-indicator score (Int $ PPP / hour, or 

DALY / year) for the specific working condition in a production facility  

 

The factors which are required to create the end-score (euro / hour) are proposed in Section 3.3. 
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2.3.2 Fair Wage Deficit subcategory-indicator 

 

The issue. The difference of wages between the rich countries and in the developing countries is not only unfair, 

but is unsustainable as well. It is causing an increasing pressure of migration of shop floor workers to the rich 

countries, as confirmed by Dustmann et al. (2003). There is no other solution for this problem than to bring all 

wages to a fair level. 

The PRP. The performance reference point in the s-eco-costs system is the point where the issue is solved (this is 

similar to the approach of marginal prevention costs in the eco-costs system). To find the PRP, we analysed the 

migration within Europe, which has been studied extensively (e.g. by OECD, 2012; Dustmann et al., 2003 and 

Holland et al., 2011). Dustmann et al. suggest that there is virtually no migration when the income per capita in 

the poor country is higher than 2/3 of that of the rich country, and that migration starts below 1/2. This 

assumption is more or less confirmed by the data of Holland et al. (2011). Since the s-eco-costs system requires a 

PRP on shop floor wages, we calculated the relationship between migration and the ratio of the minimum wages 

in the poor and the rich countries (the ‘relative minimum wage’) within the European Union. See Fig. 2. This 

figure shows that migration increases with low wages, and that migration stops at a ratio of approximately 50%. 

The dotted curve in Fig.2 is a curve-fit (y = 0.1 x-0.396 , R2 = 0.7593), which crosses the 50% line at 0.037% 

emigration per year, which might be regarded as a sustainable migration flow. The data in Fig.2 are after the 

accession of the countries, so migration between countries without physical and legal boundaries. 

 

It is obvious that Fig. 2 cannot be applied to predict the size of migration in general, since migration in general is 

affected by many other factors as well, such as well-being (with the many aspects as described in (OECD, 2011; 

Helliwell et al., 2013) and in the Inequality-adjusted Human Development Index); barriers for migration 

(physical and legal); cultural differences and extreme local conditions (e.g. wars, starvation), but the size of 

migration is not the subject of this paper. The subject of this paper is what is being described as ‘economic 

migration’ in relation with the role of production companies in this respect.  

 

The minimum wage in the rich countries of the EU member states is around 1775 Int $ PPP per month, plus or 

minus 15%, year 2014 (Wageindicator Foundation 2015; OECD 2015), so the PRP for Fair Wage is 0.50 x 1775 

= 888 Int $ PPP per month (888 x 12 / 1840 = 5.79 Int $ PPP per hour). 
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The characterisation function. The characterisation function of the Fair Wage Deficit is determined by the 

distance to the target (the PRP), see Fig. 2. In formula: 

 

(1)            IFWD = PRPFWD – Shour  if PRPFWD > Shour 

(2)            IFWD = 0    if PRPFWD ≤ Shour 

where:   

IFWD           = Fair Wage Deficit indicator (Int $ PPP/hr) 

PRPFWD      = 5.79 (Int $ PPP/hr) 

Shour           = actual salary per hour  (Int $ PPP/hr) 

Example: when a worker has an actual salary of 2.50 Int $ PPP/hr, the Fair Wage Deficit indicator is 5.79-

2.50 = 3.29 Int $ PPP/hr   

When the actual production site is not yet known, the minimum wage for countries might be taken, 

which can be found at (Trading Economics, 2015), and (Wageindicator Foundation, 2015). 

 

 

 

Fig. 2 Percentage of population migrated after the accession in the EU as a function of relative minimum wage 
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2.3.3 Child Labour subcategory-indicator 

 

The issue. The definition of child labour is rather complex, but it is related to the fact that children are deprived 

of the opportunity to attend school (ILO, 2015). The age is not part of the definition, since it depends on culture 

and situation. The ILO convention on child labour takes 15 years as a basis. Worldwide, 58.6% of the child 

labour is in agriculture, 7.2% in industry, 25.4% in services (e.g. hotels, restaurants, retail, social personal 

services), and 6.9% domestic work (ILO, 2013). Child labour is in a way related to the issue of extreme poverty 

(the parents are forced to ask their children to work), but it should be eradicated anyway where it obstructs 

education, since education is the way out of poverty. 

The PRP. The performance reference point (the target) in the s-eco-costs system for the industry is set to zero 

hours/year, as a consequence of the fact that it should be eradicated. The fact that these children cannot attend 

school, and appalling circumstances of their lives, makes that 1 year of Child Labour is set equal to 1 ‘lost life 

year’. To quantify such a lost life year we have chosen to apply the DALY (disability-adjusted life year), which 

has been developed by the WHO to classify the burden of a disease from mortality and morbidity (WHO, 2004). 

It is also used in the ReCiPe indicator system for E-LCA. In the s-eco-costs system 2240 hours/year of child 

labour equals to 1 DALY as a default value.   

It is obvious that there are many forms of child labour, from severe forms of slavery related to hazardous work to 

less severe forms of helping parents at home. It is also obvious that the age of the child plays a role as well. 

However, we could not find any quantified classification system, since it is still to be developed (ILO, 2015). 

The consequence for S-LCA is that the default value of 1 year child labour is 1 DALY cannot be differentiated 

yet: the S-LCA practitioner has to decide whether or not to set this default value higher (when children are 

traumatised) or lower than 1 (in case of no injuries and no mental traumas). WHO (2004) may give some 

guidance.  The reason that we propose 1 DALY as default is that child labour should be eradicated anyway, so 

any default value is better than skipping the subject “because there is no scientific measure to differentiate”.   

The PRP for agriculture, services and domestic work is a bit more complicated, since many cultures stimulate 

children to do some work after school. Therefore the PRP for these sectors is set to 2 hours per day (2240/8 x 2 = 

560 hours per year) as an absolute maximum. Above this 2 hours education is likely to suffer, which we regard 

as not acceptable (see Table 6 in Annex A for an overview of the norms for working hours). 

The characterisation function. The characterisation function of child labour is: 

 

(3)             ICLindustry =  HCL/CCL  
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(4)             ICLagriculture = (HCL – 560)/CCL  for HCL ˃ 560 hours per year 

(5)             ICLagriculture =  0    for HCL ≤ 560 hours per year 

where:  

ICLindustry    = Child Labour indicator in industry (DALY/year) 

ICLagriculture = Child Labour indicator in agriculture, services and domestic (DALY/year) 

HCL            = working hours per child per year (hr/year) 

CCL            = DALY conversion factor = 2240 (hr/DALY) 

Example: when a child works 1000 hr/year in a factory, the Child Labour indicator is 1000/2240 = 0.45 

DALY/year 

 

2.3.4 Extreme Poverty and slavery subcategory-indicator 

 

The issue. Extreme poverty in the s-eco-costs system is defined by the fact that the wage is not enough to buy 

enough food in the family, under the assumption that a standard family is man, wife plus 2 children, and that 

either the man or the wife is employed for 2240 hours per year. Croes and Vermeulen (2016b) give an excellent 

overview of all variations on this assumption in literature.  

Extreme poverty leads to a form of ‘modern slavery’, which can be considered as extreme exploitation of 

workers: when the wage is near to zero, the worker is caught in a poverty trap (not able to escape the terrible 

situation, and forced to ask his/her children to work for their own food). When the wage is zero, it is slavery.  

The PRP. For a wage of zero (slavery) the indicator is proposed as 1 DALY/year. The reason for this default 

value, and the deliberations why, is similar to that of child labour (see Section 2.3.3). The PRP, however, is the 

level where this specific problem is over: the point where there is enough wage for food and other essential 

things for living. The calculation of the PRP is based on the assumptions of the World Bank: the 1.25 Int $ PPP 

(2005) absolute poverty line (the absolute minimum needs for living per person per day), and the assumption that 

aforementioned standard family is 2.7 people equivalent (the man is 1, the woman is 0.7, and a child is 0.5 

person equivalent). Applying the food price index of the FAO for the period 2005 – 2014 (food became factor 

1.7 more expensive), we assume 1 worker per family (2240 hours, 280 days per year), which results in the PRP 

of the Extreme Poverty: 

1.25 x 2.7 x 1.7 x 365/280 = 7,48 Int $ PPP per day, 2094 Int $ PPP per year, 0,935 Int $ PPP per hour. 
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This PRP is the target in the s-eco-costs system for the Extreme Poverty indicator. 

The characterisation function. The characterisation function of Extreme Poverty is: 

 

(6)         IEP = (PRPEP – Wyear)/CEP  if PRPEP > Wyear 

(7)         IEP = 0     if PRPEP ≤ Wyear 

where:  

IEP          = Extreme Poverty indicator (DALY/year) 

PRPEP    = 2094 (Int $ PPP/year) 

Wyear      = actual wage per year (Int $ PPP/year) 

CEP = DALY conversion factor = 2094 (Int $ PPP/DALY) 

Example: when the salary of a worker is 1000 Int $ PPP/year, the Extreme Poverty indicator is (2094 –1000)/ 

2094 = 0.49 DALY/year 

Note. Double counting with the Fair Wage Deficit indicator should be avoided, as explained in Fig. 3, Section 

3.3. 

 

2.3.5 Excessive Working Hours (forced labour) subcategory-indicator 

 

The issue. This issue is related to the fact that at some production sites workers are forced to work more than 48 

hours per week, leading to exhaustion. When this is involuntary, it is to be regarded as a form of modern slavery. 

It is reported frequently in the Chinese production facilities for electronic equipment (CLW, 2012).  

To quantify the Excessive Working Hours we propose the DALY as indicator (as we did in Section 3.2.3 for 

Child Labour and in Section 3.2.4 for Extreme Poverty), proportional to the number of Excessive Working 

Hours. 

The PRP. The performance reference point (the target) in the s-eco-costs system for extreme working hours is set 

to zero (as far as the working hours are involuntary). 

The characterisation function. The characterisation function of Excessive Working Hours is: 

 

(8)             IEWH =  (HEWH – 2240)/CEWH        only for HEWH > 2240 

where:  

IEWH           = Excessive Working Hours indicator (DALY/year) 
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HEWH          = working hours per year (hr/year) 

CEWH          = DALY conversion factor = 2240 (hr/DALY) 

Note. In case of very irregular working times, it is advised to do the calculation on a weekly basis. 

Example: when a worker has to work 2500 hr/year, the Excessive Working Hours indicator is (2500-2240)/2240 

= 0.12 DALY/year 

 

2.3.6 Occupational Safety and Health (OSH) subcategory-indicator 

 

The issue. Legislation in the field of Health and Safety is different from country to country, and the way specific 

production sites adhere (or not) to the legislation is a matter of local culture, norms and values of the 

management. So although the indictor is important, the problems are the way the data can be gathered in 

manufacturing plants and non-disclosure of this data of a company. It is relatively easy to interview workers on 

their wage and working hours (via asking them when they are not at work), but data on sick leave and injuries 

they might have had in the past can only be gathered via the management (because they probably do not 

remember the exact data of sick leaves or injuries of themselves nor of their colleagues). In the textile producing 

countries it is not so easy to collect this kind of data because the (sometimes corrupt) executives in this sector are 

often not too open about these issues. To obtain the right LCI data it could help to exert pressure from the 

downstream companies via purchasing and expediting procedures. 

The PRP. The performance reference point (the target) in the s-eco-costs system for work related injuries, illness, 

and mortality is zero. 

On the level of countries, worldwide, data were gathered more than 10 years ago (ILO 2003), and there are many 

examples - as described by e.g. Berik and Rodgers (2010) and Mariani (2013) - that the situation has not been 

improved in the textile producing countries since then. The Rana Plaza garment factory collapse in April 2013 

killed more than 1100 people and this incident shocked the world and was the occasion for the formulation of the 

Bangladesh Accord on Fire and Building Safety, which have been signed now by many textile companies. For 

the OSH indicator we analysed ‘work related illness and accidents causing at least 4 days absence’ and ‘work 

related mortality’ (ILO 2003).  

The characterisation function. The characterisation function of OSH is: 

 

(9)       IOSH = (CA x PA) + (CM x PM) 
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where:  

IOSH = OSH Indicator (DALY/yr) 

PA   = number of accidents and work related illness causing over 4 days' absence per year/number of workers  

PM  = number of work related death per year/number of workers  

CA  = average lost life year per case (DALY)  

CM = average lost life year per calamity (DALY) = average life expectancy in a country - age of the worker 

Note 1. CA is rather small: estimate from US data (BLS, 2013) is less than 1/12 = 0,08 DALY 

Note 2. Characterisation factors for countries can be found at www.ecocostsvalue.com tap data 

 

 2.4 The end-scores 
 
The goal of the s-eco-costs method is to benchmark products (from cradle-to-gate, from cradle-to-grave, or from 

cradle-to-cradle). The end-scores must therefore be given ‘per hour of processing’, and must be monetized, to 

fulfil requirement number 3 of Section 3.1.  

So the last step in the s-eco-costs system is to monetize the DALY. In the medical science, the DALY is used to 

make comparisons in terms of prevention costs. It was developed by the WHO to access the costs efficacy of 

medical cure in the developing countries (where financial resources are scarce). Because of the progress in 

medical science, efficacy of medical care in the rich countries becomes an issue as well (we could give more 

medical treatment than our society can afford). For pharmaceutical products a maximum price of 40.000 to 

50.000 euro per DALY is accepted in Europe, however, higher prices are suggested for medical cure in hospitals. 

In the USA the price of kidney dialysis (“the dialysis standard”) is proposed as the maximum price for 1 DALY 

(Grosse, 2008) (King et al. 2005), being 82.000 US $ in 2009 (NIH, 2012). Although the DALY cannot be used 

as tool for medical decision making on the level of the individual patient (Cleemput et al., 2011), it is often used 

for general guidance for higher level policy decisions. RVZ (2006) proposes 80.000 euro per DALY in Europe. 

One of the basic principles for the eco-costs, as well as for the s-eco-costs, is that a life in a poor country has the 

same value as a life in a developed country, so we apply 80.000 euro per DALY.    

This results in the following conversion factors in the s-eco-costs method:  

 

- Fair Wage Deficit 1 IFWD (Int $ PPP/hr) = 0.83 (euro/hr) 

- Child Labour 1 ICL (DALY/year) = 80.000/2240 (euro/hr) 
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- Extreme Poverty 1 IEP (DALY/year) = 80.000/2240 (euro/hr) 

- Excessive Working Hours 1 IEWH (DALY/year) = 80.000/2240 (euro/hr) 

- OSH 1 IOSH (DALY/year) = 80.000/2240 (euro/hr) 

 

Fig. 3 shows the characterisation lines for extreme poverty and fair wage deficit. This figure demonstrates that - 

to avoid double counting - the fair wage deficit should not be accounted for when the wage is lower than 0.823 

Int $ PPP per hour. In that case only the s-eco-costs of extreme poverty should be taken into account (and the s-

eco-costs of fair wage must be left out). 

 

 
Fig. 3 The s-eco-costs as a function of the wage 

The total s-eco-costs can be calculated as following: 

(10)       Total s-eco-costs = 0.83 x IFWD + (ICL + IEWH + IOSH) x 80000/2240 euro for IFWD > 0.823  

(11)       Total s-eco-costs = (ICL + IEP + IEWH + IOSH) x 80000/2240 euro for IFWD < 0.823 
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3. Results 
 

3.1 S-eco-costs on a country level 
 

To show some examples of the application of the s-eco-costs method for the textiles industry on  a country level, 

Table 1 provides the s-eco-costs per hour for some key producing countries of textile products (e.g. China, 

Bangladesh and Vietnam).  

The outcomes in the table are based on the general minimum wages at a specific moment in time. The s-eco-

costs for the Bangladesh industry in general are much higher than the s-eco-cost for the Bangladesh garment 

industry, due to a higher legal minimum wage for garment workers in that country.  

For future calculations the data must be adjusted to the situation under study (minimum wages constantly 

fluctuate, especially in rapidly advancing developing countries).  

The specific LCI data for Child Labour and Extreme Working Hours  must be acquired on the level of a specific 

production chain, since ILO data on child labour and extreme working hours are not yet available for the 

garment industry as such. In our study we did not encounter these subcategories in the supply chains.  

 
country Minimum 

Wage*  
(int $ PPP/hr) 

Fair Wage 
Deficit FWD 
(euro/hr) 

Extreme 
Poverty EP 
(euro/hr) 

Occupational 
Safety & Health  
OSH (euro/hr) 

S-eco-costs 
Total 
(euro/hr) 

Bangladesh general 
industry 

0.25 in Extr. Poverty 26.17 1.61 
27.78 

Bangladesh garment 
industry 

0.90 4.06 0 1.61 
5.67 

Belgium 10.31 0 0 0.84 0.84 

China 1.99 3.15 0 0.99 4.14 

India 1.02 3.96 0 1.19 5.15 

Indonesia 1.14 3.86 0 1.14 5.00 

Myanmar 0.46 in Extr. Poverty 18.14 1.82 19.96 

Pakistan 2.04 3.11 0 1.12 4.23 

Sri Lanka 0.81 in Extr. Poverty 4.77 1.14 5.91 

Thailand 2.86 2.43 0 1.48 3.91 

Turkey 4.30 1.24 0 1.00 2.24 

Vietnam 1.52 3.54 0 1.49 5.03 

United States 7.25 0 0 0.80 0.80 

* (Trading Economics, 2015) 
The countries for the three cases in the final section are in bold 

 
Table 1 The s-eco-costs in euro per hour for some leading countries in the textile industry 
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3.2  S-LCA of two textile products for three different supply chains 
 

3.2.1 Goal and scope of the S-LCA study 

The goal of the study is to benchmark production processes and production chains for a T-shirt and a pair of 

jeans. Three supply chains are analysed: a Western (W) garment chain located with cotton production in the 

USA and fabric and garment production in Belgium in the EU; an Asian (A) chain in India/Bangladesh (with 

minimum wages for Bangladesh industry in general); and an Asian Best Practice (ABP) chain in 

China/India/Bangladesh (with minimum wages for Bangladesh garment industry). 

The scope is a cradle-to-gate analysis with a system boundary for the S-LCA, as depicted in Fig. 4. 

 

 

Fig. 4 The S-LCA system under study for a T-shirt (or, similarly, a pair of jeans) 

 

The declared unit is either one T-shirt as defined in Annex A Table 7, or one pair of jeans as defined in Table 8. 

The 3 production chains with the geographical locations of each production step are depicted in Fig. 5. 

 

 

Fig. 5 The 3 different supply chains of the system under study, each with 2 reference flows  
          (1 T-shirt and 1 pair of jeans)  
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3.2.2 The Life Cycle Inventory and the Life Cycle Impact Assessment 

The s-eco-costs for the production stages of a T-shirt are calculated from the hours required in the production 

processes (calculated from Annex A Table 9, shown in the first column of Table 2), combined with the s-eco-

costs per hour (for country level see Table 1). Table 2 gives the results of these calculations. 

In the cases we studied, the companies adhered to the local legislation, so we did not encounter Child Labour and 

Extreme Working Hours, which is the reason that these subcategories are not included in our study.  

 

Process 

T-shirts 
per hour 

Fair Wage 
Deficit 
(€/T-shirt) 

Extreme  
Poverty 
(€/T-shirt) 

OSH 
(€/Tshirt) 

Total  
(€/T-shirt) 

Cotton production standard, India 87.9 0.045 0 0.014 0.059 

Bio-cotton production, India 87.9 0.043 0 0.014 0.056 

Cotton prod. Best Practice, China 87.9 0.036 0 0.011 0.047 

Fabric production standard, Vietnam 2016 0.002 0 0.001 0.002 

Fabric production standard, Bangladesh 2016 
in Extreme 
Poverty 

0.013 0.001 0.014 

Fabric prod. Best Practice, India 2016 0.002 0 0.001 0.003 

Garment production stand., Bangladesh 20 
in Extreme 
Poverty 

1.308 0.081 1.389 

Garment prod. min. wage Myanmar 20 
in Extreme 
Poverty 

0.907 0.091 0.998 

Garment prod.Best Practice Bangladesh 20 0.203 0 0.081 0.284 

prod. = production; stand. = standard 
the numbers for the three cases in the subsequent section are in bold 
 

Table 2 The s-eco-costs scores (in €/piece) for specific production stages of a T-shirt  

 

The overall calculations for T-shirts (and jeans) are summarised in Table 3 for the production chains as specified 

in Fig.5. The difference between Case 2 (the Asian route) and Case 3 (the Best Practice Asian route) is caused by 

the fact that the workers in the cotton field are better paid in China than in India, and that we assumed that the 

work in Bangladesh in Case 2 is done by subcontractors which do not pay the minimum wage of garment 

industry, but pay the minimum wage of the general industry (which is considerably lower, see Table 1).  

The calculations which lead to the results for jeans in Table 3 are similar to the calculations of the T-shirts: the 

difference is that jeans requires more production hours. 

 

Indicator 

Case 1 (W) 
T-shirt  
(€/T-shirt) 

Case 2 (A) 
T-shirt  
(€/T-shirt) 

Case 3 (ABP) 
T-shirt  
(€/T-shirt) 

Case 1 (W) 
jeans 
(€/jeans) 

Case 2 (A) 
jeans 
(€/jeans) 

Case 3 (ABP) 
jeans 
(€/jeans) 

Fair Wage Deficit 0 0.045 0.241 0 0.135 1.918 

Extreme Poverty 0 1.321 0 0 11.668 0 

Occ. Safety&Health 0.046 0.095 0.092 0.384 0.759 0.755 

S-eco-costs total 0.046 1.461 0.333 0.384 12.561 2.674 
 

Table 3 The s-eco-costs (in €/piece) of a T-shirt and a pair of jeans for different production chains   
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4. Discussion 
 
The authors of this paper are aware of the fact that it is an arduous task to quantify S-LCA results in a single 

indicator, however, quantification cannot be avoided in LCA benchmarking and practical decision taking 

processes, where trade-off of different (sub)categories is often required. UNEP/SETAC (2009, p.72) allows for 

quantification: “a scoring system may be used to help assess the ‘meaning’ of the inventory data, based on 

performance reference points” … “the scoring and weighting system must be well defined and transparent”. The 

issue is that a transparent system of performance reference points and scoring systems is per definition subjective 

(‘value based’). The consequence is that the s-eco-costs scoring system cannot be seen as ‘the absolute truth’, but 

must be regarded as a structured calculation method, where the user might deviate from the proposed default 

multiplication factors and performance reference points, when he or she thinks that there is a need for. 

 

The most relevant issue is the question to what extent is it allowed to apply s-eco-costs.  

Jørgensen (2014) argues that an unsustainable supplier might lose its supply contract as a result of S-LCA, which 

is for Jørgensen a reason to refrain from making an S-LCA (since the positive and negative effects of it are too 

complex). Indeed the described situation in his paper is negative on micro scale for the local community; 

however, it is positive for sustainable suppliers in a country on the long run, which is what we need in the 

required transition towards a more sustainable society.  

On the level of countries, the situation is more complex. In the garment industry, there is a severe competition 

between countries to attract foreign investors. Foreign garment factory owners, however, threaten governments 

to leave the country when the minimum wages are set too high (Reuters, 2015). The only way out is the trend 

that big retailers (e.g. Hennez & Mauritz and Gap) force countries to take action for a better minimum wage and 

still purchase in that country. Therefore we plead for making S-LCAs, so that the unsocial issues in the 

production chain become transparent, provided that the use and communication of it will be done with care. 

Arviddson et al. (2015) argue that Child Labour is necessary in extreme poor families to be able to buy enough 

food, so child labour should not be incorporated in S-LCA since this issue is too complex to handle. The 

argument makes sense on the micro scale of the family and possibly in the short-term. But on a macro scale and 

in the long run the deployment and exploitation of children in supply chains may not be ignored and must be 

prevented. Likewise illegal production chains must be eradicated, which can be considered as one of the 

(corporate social) responsibilities of the retail industry in developed world. We therefore include the Child 
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Labour indicator in our metrics, to demonstrate the importance - and the external costs - of this category, and to 

provide a means to quantitatively benchmark between different supply chains.  

 

A second issue is the question whether the multipliers in s-eco-costs are too low or too high. The general policy 

in s-eco-costs is to take the high (safe) side. The PRP of the fair wage may be taken a factor two lower (see Fig. 

2) but that seems to be far from safe side. The issue of the indicator choice for child labour (1 full year of child 

labour = 1 DALY) has been dealt with in Section 2.3.3: it must be regarded as a default value, which should be 

refined when a quantitative rating system for types of child labour becomes available in science.  

The price of a DALY may be disputed, but we do not enter here in the wide discussion on it in medical science. 

The consensus in the USA as well as in Europe seems to be the 80.000 euro plus or minus approximately 20%. 

We adhere to the idea that a life in Bangladesh is of equal value as a life in Europe, and therefore we take the 

‘revealed preference’ of the European people. 

 

The third issue is how these s-eco-costs compare to the eco-costs of E-LCA (see Fig. 1). 

Data on E-LCA of garments are provided in (Van der Velden et al, 2014) for ReCiPe points, carbon footprint 

and eco-costs per kg. Estimates of data for a T-shirt and a pair of jeans are provided in Table 4.  

 

Indicator 

Case 1 (W) 
T-shirt  
(€/piece) 

Case 2 (A) 
T-shirt  
(€/piece) 

Case 3 (ABP) 
T-shirt  
(€/piece) 

Case 1 (W) 
jeans 
(€/piece) 

Case 2 (A) 
jeans 
(€/piece) 

Case 3 (ABP) 
jeans 
(€/piece) 

Human Toxicity 0.03 0.04 0.04 0.08 0.12 0.11 

Eco-toxicity 0.11 0.18 0.14 0.34 0.55 0.44 

Resource Depletion 0.18 0.21 0.21 0.54 0.64 0.64 

Carbon Footprint 0.27 0.31 0.28 0.82 0.93 0.86 

Eco-costs total 0.59 0.74 0.67 1.78 2.25 2.05 
Table 4 The eco-costs (in €/piece) of a T-shirt and a pair of jeans, cradle-to-gate  

 

It may be concluded from Table 3 and Table 4 that the social un-sustainability of the Asian production chains 

seems to be of higher importance than the environmental sustainability from the point of view of external costs, 

but that does not mean that we should pay no attention to the environmental issue. Recent LCA studies (Roos et 

al, 2015b; Van der Velden et al, 2014), show the real hotspots in modern garment chains, enable benchmarking, 

and reveal that the use phase is not anymore the main hotspot, as was claimed by Allwood (2006). The 

responsibility is widely acknowledged by the garment industry (SAC, 2015), however, until now it is hard to 

check the reliability of benchmarks (Made-by, 2015; EPL Kering, 2015) and scorecards (Nike, 2013) in the 

sector, mainly because of in-transparency, lack of underlying data presentation and scientific basis, and system 
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flaws. It would be beneficial for the garment industry when they adopt scientific LCA as a reliable and 

trustworthy method, rather than inventing their own biased metrics in which their own products seem to score 

better than in the scientific LCA indicators. 

 

The fourth issue is how the s-eco-costs compare to the price of T-shirts and jeans. The cheapest price for T-shirts 

in European discount shops is around 2 euro, the high-end brands sell for 30 – 80 euro. When the minimum fair 

wage is paid to all people in the production chain, the total extra production costs per T-shirt would be around 

0.43 euro (and 3.36 euro for a pair of jeans), excluding VAT and profit margin. This would not be any problem 

for high-end brands as such: the consumers who buy these brands are, in general, prepared to pay a few cents 

more for ‘clean’ clothes. For the discount shops, however, these extra production costs will increase their sales 

price considerably, which reveals a conflict of interest between the poor people in the developing world and the 

poor people in Europe who buy these shirts. 

 

 

Note 1. Fashion companies have been heavily criticized - mainly by NGOs, but increasingly by authorities and 

consumers after the Rana Plaza collapse on April 24 2013 - for unsocial operational management in their 

upstream supply chain. We would like to highlight here that these companies have restricted purchasing power, 

because of invisible subcontracting in the textile and garment producing countries: garments are often not made 

where you think they are made. Exactly the same issue of subcontracting is as well a thread for correct s-eco-

costs calculations. Therefore it is important to track and trace the specific garment flow and collect the right data 

(not only via the management of the suppliers, but also from the workers themselves).  

It is because of this subcontracting that we found not much evidence that the agreed minimum wage by the big 

garment companies is really getting in the hands of the shop floor workers. 

Note 2. We ascertain that in practice there are many difficulties in measuring corruption, as well as other 

unsocial circumstances like discrimination and inequality. Our attempt to develop a midpoint system for safety 

in buildings (to quantify the Rana Plaza type of risk) failed so far: a simple PRP could not be defined.  
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5. Conclusions 
 
The s-eco-costs system as presented in this paper provides a lot of transparency in the complex issue of social 

sustainability in the developing world in general, and in the garment production cases under study.   

 

The general assessment based on minimum wages in several countries with textile industry shows that the total 

s-eco-costs of Bangladesh (€ 27.78 per hour, based on the average minimum wage of 0.25 int $ PPP per hour, 

paid to workers in Bangladesh) and Myanmar (€ 19.96) substantially exceed those of the other countries (see 

Table 1). Furthermore the total s-eco-costs (ad € 5.67) of the Best Practice situation in the Bangladesh textile 

industry (when the workers are paid 0.90 int $ PPP per hour, based on the minimum wage for the garment 

industry in that country) are on the same level as Sri Lanka, India and Vietnam (€ 5.91; € 5.15 and € 5.03 per 

hour respectively). Belgium and the USA show the lowest outcomes (€ 0.84 and € 0.80 per hour) due to the s-

eco-costs of Occupational Safety and Health only. 

 

On the product-level of a T-shirt, the cradle-to-gate s-eco-costs calculations point out  the garment production 

phase (the sewers on the shop floor) in Bangladesh and Myanmar as the social hotspot (total s-eco-costs per T-

shirt are € 1.39 and € 1.00; see Table 3). 

 

The s-eco-costs over the life cycle of a pair of jeans show a similar pattern as the s-eco-costs of a T-shirt. The 

total s-eco-costs for a pair of jeans are about eight times higher than those for T-shirts (see Table 4). Even for the 

Asian Best Practice cases for T-shirts and jeans, the total s-eco-costs are relatively high compared to the 

US/Europe situation (about seven times higher). 

 

With the presentation and validation of the s-eco-costs method in this paper we aim to accelerate further 

development of the S-LCA method, for hotspot analyses and benchmarking of unsustainable production chains. 

We realize this study is limited to just one ('worker') of the five stake-holder categories  of UNEP/SETAC 

(2009), but we think that it does make sense to focus on this category at first. 

We hope the way of thinking behind this s-eco-costs method will be inspiring for accelerated method 

development for quantitative assessment of social sustainability aspects of (clothing) products. 
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Tables 
 
 

country Minimum 
Wage*  
(int $ PPP/hr) 

Fair Wage 
Deficit FWD 
(euro/hr) 

Extreme 
Poverty EP 
(euro/hr) 

Occupational 
Safety & Health  
OSH (euro/hr) 

S-eco-costs 
Total 
(euro/hr) 

Bangladesh general 
industry 

0.25 in Extr. Poverty 26.17 1.61 
27.78 

Bangladesh garment 
industry 

0.90 4.06 0 1.61 
5.67 

Belgium 10.31 0 0 0.84 0.84 

China 1.99 3.15 0 0.99 4.14 

India 1.02 3.96 0 1.19 5.15 

Indonesia 1.14 3.86 0 1.14 5.00 

Myanmar 0.46 in Extr. Poverty 18.14 1.82 19.96 

Pakistan 2.04 3.11 0 1.12 4.23 

Sri Lanka 0.81 in Extr. Poverty 4.77 1.14 5.91 

Thailand 2.86 2.43 0 1.48 3.91 

Turkey 4.30 1.24 0 1.00 2.24 

Vietnam 1.52 3.54 0 1.49 5.03 

United States 7.25 0 0 0.80 0.80 

* (Trading Economics, 2015) 
The countries for the three cases in the final section are in bold 

 
Table 1 The s-eco-costs in euro per hour for some leading countries in the textile industry 

 

 

Process 

T-shirts 
per hour 

Fair Wage 
Deficit 
(€/T-shirt) 

Extreme  
Poverty 
(€/T-shirt) 

OSH 
(€/Tshirt) 

Total  
(€/T-shirt) 

Cotton production standard, India 87.9 0.045 0 0.014 0.059 

Bio-cotton production, India 87.9 0.043 0 0.014 0.056 

Cotton prod. Best Practice, China 87.9 0.036 0 0.011 0.047 

Fabric production standard, Vietnam 2016 0.002 0 0.001 0.002 

Fabric production standard, Bangladesh 2016 
in Extreme 
Poverty 

0.013 0.001 0.014 

Fabric prod. Best Practice, India 2016 0.002 0 0.001 0.003 

Garment production stand., Bangladesh 20 
in Extreme 
Poverty 

1.308 0.081 1.389 

Garment prod. min. wage Myanmar 20 
in Extreme 
Poverty 

0.907 0.091 0.998 

Garment prod.Best Practice Bangladesh 20 0.203 0 0.081 0.284 

prod. = production; stand. = standard 
the numbers for the three cases in the subsequent section are in bold 
 
Table 2 The s-eco-costs scores (in €/piece) for specific production stages of a T-shirt  
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Indicator 

Case 1 (W) 
T-shirt  
(€/T-shirt) 

Case 2 (A) 
T-shirt  
(€/T-shirt) 

Case 3 (ABP) 
T-shirt  
(€/T-shirt) 

Case 1 (W) 
jeans 
(€/jeans) 

Case 2 (A) 
jeans 
(€/jeans) 

Case 3 (ABP) 
jeans 
(€/jeans) 

Fair Wage Deficit 0 0.045 0.241 0 0.135 1.918 

Extreme Poverty 0 1.321 0 0 11.668 0 

Occ. Safety&Health 0.046 0.095 0.092 0.384 0.759 0.755 

S-eco-costs total 0.046 1.461 0.333 0.384 12.561 2.674 
 

Table 3 The s-eco-costs (in €/piece) of a T-shirt and a pair of Jeans for different production chains 

 
 

Indicator 

Case 1 (W) 
T-shirt  
(€/piece) 

Case 2 (A) 
T-shirt  
(€/piece) 

Case 3 (ABP) 
T-shirt  
(€/piece) 

Case 1 (W) 
jeans 
(€/piece) 

Case 2 (A) 
jeans 
(€/piece) 

Case 3 (ABP) 
jeans 
(€/piece) 

Human Toxicity 0.03 0.04 0.04 0.08 0.12 0.11 

Eco-toxicity 0.11 0.18 0.14 0.34 0.55 0.44 

Resource Depletion 0.18 0.21 0.21 0.54 0.64 0.64 

Carbon Footprint 0.27 0.31 0.28 0.82 0.93 0.86 

Eco-costs total 0.59 0.74 0.67 1.78 2.25 2.05 
 

Table 4 The eco-costs (in €/piece) of a T-shirt and a pair of jeans, cradle-to-gate  
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Figure captions 
 
Fig. 1 Structure of the eco-costs and the s-eco-costs  

Fig. 2 Percentage of population migrated after the accession in the EU as a function of relative minimum wage 
 

Fig. 3 The s-eco-costs as a function of the wage 

Fig. 4 The S-LCA system under study for a T-shirt (or, similarly, a pair of jeans) 

Fig. 5 The 3 different supply chains of the system under study, each with 2 reference flows  

          (1 T-shirt and 1 pair of jeans)  

 

 
 
 
 
 
 
Figures 
 
 
 

 
 

Fig. 1 Structure of the eco-costs and the s-eco-costs  
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Fig. 2 Percentage of population migrated after the accession in the EU as a function of relative minimum wage 

 
 
 

 
 
Fig. 3 The s-eco-costs as a function of the wage 
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Fig. 4 The S-LCA system under study for a T-shirt (or, similarly, a pair of jeans) 

 

Fig. 5 The 3 different supply chains of the system under study, each with 2 reference flows  

          (1 T-shirt and 1 pair of jeans)  
 
 
 
 
 
 
 
 
 

Annex A 
 

 
 inside Europe outside Europe 

(ILO-norms) 
max hours Child Labour 
(agriculture, service and 
domestic work) 

hours per day 8 8 2 

days per week 5 6 6 

hours per week 40 48 12 

weeks per year 46 49 49 

days per year 230 280 280 

hours per year 1840 2240 560 
    

 

Table 6 Norms for working hours 
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fabric: single jersey T-shirt knit produced via circular knitting  

density fabric 0.160 kg/m2     

weight T-shirt 0.150 kg     

yarn count 200 dtex     

finished fabric needed for making up 0.158 kg 5% making up waste* 

finished fabric needed for cutting 0.165 kg 5% cutting waste* 

greige knitted fabric needed for finishing 0.174 kg 5% finishing waste* 

yarn needed 0.177 kg 2% knitting waste* 

raw cotton fibre needed 0.182 kg 2.50% spinning waste* 

seed cotton needed (machine picking) 0.309 kg 41% picking waste** 

seed cotton needed (hand picking) 0.213 kg 15% picking waste** 

  *waste percentage verified by Han Hamers via personal communication d.d. 07-09-2015 
  ** waste volumes for ginning - mainly plant residues - derived from: Ellebæk Larsen S,  Hansen J et al            
       (2007) EDIPTEX–Environmental assessment of textiles. Danish Ministry of the Environment,       
      Environmental Protection Agency, p 220 

 
Table 7 Specifications of the T-shirt 

 
   

fabric: woven fabric 

density fabric 333-500 kg/m2     

weight fabric for jeans 0.450 kg     

yarn count warp/weft 500 dtex     

finished fabric needed for making up 0.473 kg 5% making up waste* 

finished fabric needed for cutting 0.496 kg 5% cutting waste* 

greige woven fabric needed for finishing 0.521 kg 5% finishing waste* 

yarn needed 0.531 kg 2% weaving waste* 

raw cotton fibre needed 0.545 kg 2.50% spinning waste* 

seed cotton needed (machine picking) 0.926 kg 41% picking waste* 

seed cotton needed (hand picking) 0.640 kg 15% picking waste* 

    *waste percentages assumed to be equal to the T-shirt 

  
Table 8 Specifications of the pair of jeans 

 
 
 

Specification Reference + remarks 

cotton picker picks 150 kg cotton per day  (Singh, 2000; Kelly, 2014) 
http://www.cottonginmuseum.org/museum.htm, accessed at 22-
02-2016; https://www.youtube.com/watch?x-yt-
cl=84411374&feature=player_embedded&v=YUmLBm5uoIU&x-yt-
ts=1421828030, accessed at 22-01-2015  

in a wet finishing factory a worker 
produces 2000 kg of fabric per  6 hours  

personal communication with Han Hamers d.d. 07-09-2015 
= 333 kg per hour = [fabric for] 2016 T-shirts or 672 jeans per hour 

dressmaker makes 20 T-shirts per hour personal communication with Han Hamers d.d. 20-02-2015 

dressmaker makes 2.25 jeans per hour personal communication with Erik Toenhake d.d. 20-02-2015 

bio-cotton production, India Reijn G (2015) Ontwikkelingshulp werkt toch. De Volkskrant, 2 
September 2015, pp 31: Bio-cotton farmers achieve a 26% higher 
income than non-bio -; we assumed that this higher income is 
directly transferred to the workers 

 

 

Table 9 Extra data used for the calculations of Table 3 and 4 
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Designing with 3D Printed Textiles: A case study of Material Driven Design. In: iCAT 2014: Proceedings 

of the 5th International Conference on Additive Technologies, Vienna, Austria, 16-17 October 2014. 
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Designing with 3D Printed Textiles 
A case study of Material Driven Design 

 

Kirsten Lussenburg, Industrial Design Engineering, TU Delft, Delft, The Netherlands 
Natascha van der Velden, Industrial Design Engineering, TU Delft, Delft, The Netherlands 

Zjenja Doubrovski, Industrial Design Engineering, TU Delft, Delft, The Netherlands 
Jo Geraedts, Industrial Design Engineering, TU Delft, Delft, The Netherlands 

Elvin Karana, Industrial Design Engineering, TU Delft, Delft, The Netherlands 
 
 

Abstract— This paper describes the findings and results of a 
design project with the goal to design a wearable garment using 
3D Printed textiles, which not only has functional or 
environmental superiorities, but also experiential ones. The 
approach that was adopted for this project is a recently 
developed method on Material Driven Design (MDD), which 
suggests a number of steps to design meaningful products when a 
chosen material is the point of departure. As this method has not 
yet been applied on a project involving additive manufacturing, 
another goal is to explore how the MDD method can be used in a 
project where AM is the primary production method. For MDD, 
this means that the material that is usually the starting point, 
should now be a combination of material, structure and process 
(MSP), and that it is important to understand how these aspects 
influence each other. The final MSP concept can be locally varied 
to create property gradients, which results in a range of slightly 
different MSP’s. These materials have been embodied in the 
design of a corselet, which utilizes the different properties of the 
MSP. A number of recommendations has been given for the 
development of future 3D Printed MSP’s. 

Additive manufacturing,  textiles, 3D Printed textiles, Material 
Driven Design, garments 

1. INTRODUCTION  
Until recently, applications of 3D Printing or Additive 

Manufacturing (AM) in the field of fashion have been limited 
to accessories and shoes, instead of garments. This could be 
explained by the limited set of materials available for AM that 
showed potential for comfortable garments.  

Pioneering work on AM fabrication of fabric-like materials 
was presented by Evenhuis and Kyttanen (2003), whose 
method included projecting a textile pattern onto a particular 
surface, for instance a piece of clothing, and generating a 3-
dimensional computer model of the pattern [1]. The result of 
this process is a complex model of interwoven links, which 
resembles chainmail structures as used for armour in the 
Middle Ages.  

Since then, the potential for creating textiles by means of 
AM has mostly been attributed to these structures. They are 
often called multiple assemblies, since in essence they consist 
of separate parts [2]. The only limiting factors attributed to 
these structures are the limitations of existing CAD modelling 

tools, for instance the ability to “drape” the AM textile across a 
curved surface (such as the human body), which was 
extensively researched by Bingham et al [3], Crookston et al. 
[4] and Johnson et al. [5]. Proposed applications for these 
textiles were mainly functional, such as stab-resistant 
wearables [5] and high-performance or smart textiles [3].  

However, the development of flexible materials suitable for 
AM seems to have renewed interest in other possibilities for 
the production of 3D Printed textiles. Mikkonen et al. [6] have 
tested the tensile strength of one of these flexible materials to 
determine whether it would be a suitable replacement for 
fabrics.  

At the same time, the possibilities of AM have not gone 
unnoticed in the world of fashion. The form freedom that AM 
provides has been utilised to create accessories that could not 
have been created without this technology. Only a few 
designers have tried their hand at making entire garments using 
AM.  For example, Iris van Herpen, in collaboration with 
architects such as Beesley and Koerner and designer Neri 
Oxman, has designed and fabricated numerous sculptural AM 
garments [7]. These garments were 3D Printed using rigid and 
flexible materials developed especially for this purpose. The 
emphasis of such work ususally lies on finding a way to 
translate the vision of the designer and to make a statement, as 
is common for art, and not in creating objetcs for daily use. As 
a result, most of the 3D Printed garments illustrate ground-
breaking developments but do not represent comfortable, 
ready-to-wear clothing. Considering the developments of AM, 
the potential of using 3D Printed textiles in ready-to-wear 
garments becomes apparent: they can be more comfortable, 
personalized and suitable for daily use. In this paper, the 
findings and results of a design project that adresses this gap 
are presented.  

The ambition of this project was to develop a wearable 
garment that not only has functional or environmental 
superiorities (e.g. comfort, personalised, no material waste), 
but also experiential ones, i.e. how a material/product is 
perceived by people (e.g. unique tactile experiences, the feeling 
brought on by unique garments). 

The approach is grounded on a recently developed method 
by Karana et al. (in review) on Material Driven Design (MDD), 
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which suggests a number of steps to design meaningful 
products when a material is the departure point. As this method 
has not yet been applied on a project involving AM, another 
goal is to explore how the MDD method can be used in a 
project where AM is the primary production method. 

2. METHOD 
For this design project, a Material Driven Design (MDD) 

method was implemented [8]. The goal of the MDD method is 
to facilitate product design when a material is the main driver. 
The method is based on developing a thorough understanding 
of the material in order to reveal the unique qualities that can 
be emphasized in the final application.  

Karana et al. present four main steps in the MDD Method. 
The first step is centred on gaining an understanding of the 
material, by performing both a technical characterization as 
well as an experiential characterization. These can often be 
performed simultaneously, as they will complement each other. 
An important part of this step is playing or ‘tinkering’ with the 
material, to explore its limits. In the second step, a Materials 
Experience Vision is created. This vision expresses how a 
designer envisions the role of the material in product design, in 
relation to the user, product and context. The vision should be 
related to the unique functional and experiential qualities of the 
material, as well as to potential of the material for future, 
unforeseen applications. Such an abstract vision can be hard to 
relate back to formal material qualities. Therefore, in the third 
step, the designer can analyse the vision in order to obtain 
meanings (e.g. high-tech, feminine, cosy, and friendly) that can 
be translated to material properties using Meaning Driven 
Material Selection (MDMS) [9]. Finally, in the fourth step, the 
findings obtained in the previous steps are used to create 
material/product concepts.  

It is important to emphasize that the MDD method has been 
developed for material driven projects in which a particular 
material or material family (e.g. oak, cork, a smart composite, 
bio-plastics, etc.) is used as the point of departure for the 
design process. In this project, the intention is to explore how 
this method can be applied in a design project where not only 
the (type of) material is set, but where AM is defined as the 
primary production method.   

According to MDD 3D Printed textiles are classified as a 
semi-developed material [8]; a novel material of which the 
boundaries have not yet been determined. This material can be 
described as a combination of material, structure, and process 
(MSP), since these three factors influence each other and the 
properties of the 3D Printed textile. Therefore, all three are 

important to the outcome of the final material. The results of 
the MDD method can be used to determine the boundaries of 
this MSP, to find a meaningful application and to give 
feedback for further development.  

3. APPLICATION OF MDD METHOD IN DESIGNING WITH 3D 
PRINTED TEXTILES 

In this section, the application of the MDD method to a 
design project ‘Designing With 3D Printed Textiles’ is 
described.  

3.1. Understanding the material 
In accordance with the MDD method, the first step of the 

process is understanding the material and characterizing it 
technically and experientially. It is encouraged to ‘tinker’ with 
the material, to get insights as to how it behaves.  

In order to gain an understanding of the MSP, a number of 
samples of 3D Printed textiles were obtained. Some samples 
were collected from AM service providers, designers, and 
open-source design databases, while others were specifically 
designed and 3D Printed for this project. Several samples are 
shown in Fig. 1. This was an iterative process, in which 
different possible designs were created and their feasibility as a 
3D Printed textile was evaluated. It was found that different 
combinations of MSP result in different materials that can have 
different, meaningingful applications in different contexts. 

Three topics were important to understand the context of 
3D Printed textiles: the process (i.e. 3D Printing), the product 
(i.e. textiles), and the MSP itself (i.e. 3D Printed textiles). 
Since the boundaries of the material had not yet previously 
been defined, it was necessary to analyse all three domains in 
order to find its limits and opportunities. This was done by 
means of literature studies, benchmarking and explorative 
sessions using the collected and fabricated samples. The most 
important results of this analysis are summarized below.  

a) 3D Printing 
Additive Manufacturing or 3D Printing is the collective 

term for all processes that can form a 3D product by means of 
adding material, rather than by subtracting material. The 
information for these products comes from a 3-dimensional 
computer-aided-design (CAD) model, which is sliced in 
discrete layers [3]. These slices correspond directly to the 
layers that are built by the AM process, allowing the 
production of virtually any geometry. Materials that can 
currently be processed by AM include polymers, metals and 
ceramics.  

 
a.              b.      c.                d. 

Figure 1. Samples of 3D Printed textiles 
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The recent developments of AM have set high expectations 
for the future of this technology. As a result, the tone with 
which is spoken about 3D Printing in the media is one of 
excitement, anticipation and innovation, as is consistent with 
the Gartner Hype Cycle, where 3D Printing is now on its way 
to the top. Although the positive image of the AM process will 
most likely contribute to the acceptance of 3D Printed 
garments, it also means that if the product itself is perceived as 
not exciting or plain, it could clash with the expectations of the 
user, which may result in a negative attitude towards the 
product.  

b) Textiles 
Flexibility is the most important property for textiles, since 

without flexibility no wearable garment can be produced. 
However, there are more properties that are important for 
textiles, including warmth retention and absorption, softness 
and elasticity [10], [11], and that make them suitable to wear 
close to the skin. In order to understand why textiles have these 
properties, the structure and properties were analysed on four 
different levels: garment, textile, yarn and fiber. It is possible to 
distinguish a main structure for each level, which results in a 
hierarchical structure for the overall material. This hierarchical 
structure is responsible for most of the mentioned properties 
that are desirable in textiles, for instance warmth retention is 
caused by porosity in the structure [10].  

However, although the hierarchical structure is important in 
order to create the desired properties, this brings challenges to 
the production of this structure. For each structural level, a 
different production process is necessary, of which the 
limitations and waste are accumulated across the chain.  

c) 3D Printed textiles 
Classification 

The main requirement for textiles created by means of 3D 
Printing was found to be flexibility, in order for them to be 
applied in wearable garments. Therefore, a classification is 
proposed based on the main source of the flexibility, as 
depicted in Fig. 2. Structure-based refers to the fact that the 
flexibility is obtained purely by the application of an 
appropriate structure, regardless of the material used. This kind 
of flexibility is obtained by means of discrete bodies that make 
up multiple assemblies. Material-based refers to the fact that 
the flexibility is obtained mainly due to the characteristics of 
the material, by the use of flexible materials such as 
elastomers. Finally, an overlapping category can be identified 
in which flexibility is obtained by a designed single body 
structure that incorporates variable thicknesses, which is named 
thin structures.  

Experiential characterisation 
To explore the experiential properties of the material, the 

collected samples were analysed by means of an explorative 
user study. In individual sessions >10 participants were shown 
the collected 3D Printed textile samples. While the participants 
were invited to touch and interact with the samples, their 
reactions, remarks, and interactions with the material were 
evaluated. It was found that the samples elicited movement in 
order to explore the flexibility of the material, by means of 
shaking, throwing and caressing the samples. ‘Playfulness’ and 
‘surprising’ were found as pre-settled meanings, for which the 
flexibility of the material and the fact that they were 3D Printed 
contributed most. The latter also elicited a positive reaction, 
since the 3D Printing process is still perceived as new, exciting, 
and innovative.  

Although all samples were flexible, only one of the samples 
was explicitly described as a textile by the participants (Fig. 
1a). The participants expressed that the fine structure of 
multiple assemblies made it feel softer and more drapable. The 
other samples were not seen as textiles. These results indicate 
that in order for the material to resemble a textile and obtain 
properties desired for textiles, such as softness and drapability, 
the macro-structure should be as fine as possible.  

In addition to the user studies, following the MDD method, 
a material benchmark was conducted in order to find examples 
of AM applied in the area of garments. Most application areas 
were found in the categories of jewellery and accessories (bags, 
shoes and hats).  In the category of clothing, most application 
areas were dresses, underwear (corsets), swimwear (bikini) and 
more sculptural “armours”.  

3.2. Creating a materials experience vision 
After the first step, according to the MDD method it is 

expected that the designer knows and understands the material. 
In order to find new, unique applications for the material, it is 
suggested to create a materials experience vision, which 
expresses the role of the material in the envisioned user 
experience, as well as the relation it has to the context [8].  

In this design project, the vision is related to the findings 
from the analysis of the three domains mentioned earlier: 3D 
Printing, textiles, and 3D Printed textiles.  

The use of a new and innovative production process should 
be utilized to the fullest in order to be of most value. 
Personalization is one of the key aspects; garments can be 
produced to the exact measurements of people’s bodies, while 
still being economically viable. Also, the opportunities for 
including property gradients in the product to be printed 
(material or structural) are a unique benefit of the process.  

Looking at the current life cycle of garments, it becomes 
clear that it is driven by fluctuations in fashion, which often 
leads to the early disposal of garments. As a reaction to this, 
the trend of slow fashion is emerging. Slow fashion is centred 
on design for long term use and wear, with concern for the 
entire life cycle of the product [12]. It strives to achieve 
minimum impact and waste, by increasing the aesthetic, 
functional and emotional value of the garment [13]. This can 
be achieved by creating a timeless design that will withstand 
the influence of fashion. Personalization of a product can 

 
 

Figure 2. Classification of 3D Printed Textiles 
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increase its emotional value [14], and thereby prolong its 
lifespan. From a functional perspective, the product should be a 
wearable garment that is not obtrusive or hindering in daily 
activities.  

On the material level, this means that the 3D Printed textile 
should on one hand be suitable for use in garments, and thereby 
withstand a number of technical requirements, such as 
flexibility, tear resistance, breathability and water resistance. 
On the other hand, there are a number of experiential qualities 
for the material that are related to creating a textile that is 
comfortable to use. Softness, smoothness, warmth, lustre and 
coarseness are examples of these qualities.  

In this case, a more abstract vision was desired, in order to 
go beyond the initial findings. The materials experience was 
formulated as the following statement: I want people to have an 
attachment to their 3D Printed garment in order to extend its 
life span, by creating a personally engaging experience, like the 
act of blowing bubbles. ‘Blowing bubbles’ is used as a 
metaphor, illustrating a simple, engaging act that is familiar to 
everyone. Making the biggest bubbles is a challenge, and 
watching the light react on them is a pleasure; they are 
engaging to make and engaging to watch.  

3.3. Manifesting materials experience patterns 
According to the steps of the MDD method, the vision that 

was created in the previous step should be further analysed to 
obtain materials experience patterns [9]. These are obtained by 
analysing the vision and proposed interaction to distill 
‘meanings’, which in turn can be translated into material 
properties by applying the Meaning Driven Material Selection 
(MDMS) method (see [15] for the application of the method).  

The meanings were distilled by means of analysing the 
metaphor and several brainstorm sessions. The two meanings 
that were thought to best fit the intended interaction were 
intriguing and familiar. The meaning intriguing is related to 
the engaging experience, which will keep being interesting and 
surprising over time, while the meaning familiar can be 
described as ‘a friendly relationship based on frequent 
association’, comparable to a favourite jeans that has been 
worn many times.  

The meanings were translated to material properties by 
analysing them with the MDMS research. In this research, a 
number of participants was asked to find a material that fits a 
meaning, to provide an image of it (embodied in a product) and 
to rate it on a scale of a number of sensorial properties. 13 
participants responded for the meaning intriguing, and 13 for 
the meaning familiar.  

The results of the MDMS research are clustered per 
meaning in Fig. 3 and Fig. 4. Intriguing materials were found 
to be surprising and unexpected, by having a different look 
than feel for instance. They were found to be playful and raise 
curiosity, versatile in their properties and pleasurable to feel. 
Selected products in which the materials were embodied were 
practical and functional, but were enhanced by the used 
material to make them more special and not standard.  

Familiar materials were found to be as expected and 
common. They are considered reliable, and have an air of 
nostalgia. Most of the selected materials were natural, and 
recognizable as such. They were embodied in functional, 
practical products that appeared archetypical for their category.  

As seen by the descriptions, certain aspects of the materials 
are contradicting (e.g. surprising versus expected), and some 
supplement each other (e.g. warm versus comfortable). 
Therefore, in some cases it might be possible for the material to 
be both familiar and intriguing at the same time, for other 
aspects it may be necessary to choose for one of the meanings. 
It is however important to understand how the meanings can be 
used to enhance and limit each other.  

It was decided that the interaction should be intriguing at 
first; by exploring and using the material it will become 
familiar and personal. This means that the material should be 
playful, unexpected, raise curiosity and invite to interact with. 
At the same time, the feeling of the material is important; both 
for the meanings as for the product category. The feeling of the 
material should be comfortable, playful and warm, and 
preferably be recognizable as a natural material. On a 
performance level, the material should be versatile and reliable, 
while on a product level it must be practical and functional, 
with an archetypical shape. 

Figure 3. MoM of familiar materials 
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3.4. Designing material/product concepts 
In the final step, the findings from the previous steps should 

be used to create material and product concepts. With the 
material requirements and the findings from the technical and 
experiential analysis in mind, a number of different MSP 
samples were created. One MSP seemed to be most promising 
to be used as a textile-like material, shown in Fig. 5. This was 
chosen to be used in the product concept creation.  

a) MSP development 
For the concept creation, two workshops were conducted, 

one with 13 students of fashion design and one with 12 
students of industrial design. The ideas that arose from these 
workshops were analysed. It was found that the students did 
not regard the 3D Printed material as a textile; it was rather 
seen as a substitute for plastic parts that are normally rigid and 
solid (e.g. casts or braces). This led to the conclusion that for 
this MSP the structure and process were suitable, but the 
material was not: although the material (plastic) was familiar, it 
was not familiar for the context it was intended for. After all, 
although a lot of textiles are made of plastics, their structure 
prevents it from being recognized as a plastic.  

Therefore, a number of experiments were conducted with 
different materials. The material that showed the best results 
and had the best fit with the intended Materials Experience 
Vision was a mixture of cellulose fibers with a flexible acrylic, 
as shown in Fig. 6. This mixture can be printed using the AM 
technology Material Extrusion, in which the material is 
extruded through a (non-heated) syringe in the desired 
structure, after which it has to dry. The experiments were 
perfomed both by manually extruding the material through a 
syringe, as well as by mounting the syringe on a material 
extrusion printer Ultimaker Original. These initial experiments 
served as a proof of concept for the newly developed material, 
although more research is necessary in order to make it suitable 
for processing.  However, the results do give an impression of 
what the material could be like in the future.  

 

b) Product concept  
A concept was developed using this MSP. In order to do so, 

the unique properties of the MSP were analysed: its aesthetics 
are most prevalent, most notably the pattern that resembles lace 
and is somewhat prevailing. The structure can be varied with: it 
can have a square configuration or a hexagonal configuration, 
changing the appearance and openness of the material. It is also 
very suitable to make alterations in properties (i.e. making the 
pattern smaller and higher decreases the flexibility of the 
material), it makes sense to use it for applications where this 
quality could be used to the fullest. The product should fit in 
the category garments, as was part of the assignment. By 
means of several brainstorm sessions, the most valuable 
product direction was found to be brassieres. These contain a 
large number of different parts and functions, therefore they are 
extremely suitable to locally vary material properties and to 
integrate parts. The design is shown in Fig. 8. The choice was 
made to design a corselet, which is essentially a cross between 
a bra and a top, in order to demonstrate the versatility of the 
selected MSP.  

In the concept, the entire product is 3D Printed exactly to 
the size of the user and can be custom-made. This means that 
in theory the exact design can differ, depending on the needs 
and desires of the user. The design as presented here can be 
seen as a basis for further adjustments. It is printed at once, 
meaning there is no need for assembly. This also means that 
the MSP should fulfill all functions that are usually provided 
for by a number of different parts and materials.  

Two types of the pattern of the material are used: the 
hexagonal configuration for the cups, in order to accommodate 
the round shape, and the square configuration for the other 
parts. In order to provide for the supportive parts, gradients are 
applied to the material: a gradient in size and a gradient in 
thickness. Supportive, more structural parts have a smaller 
pattern size and are thicker (up to 1.5 mm), while the parts that 
do not have to provide support are thinner (~0.4 mm) and have 
a larger pattern size, which makes them softer and more pliant. 

 
Figure 4. MoM of intriguing materials 
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c) Prototype 
A prototype of the design was built to test the application of 

the MSP, as shown in Fig. 7. A dress form was made, to which 
the product was fitted. It was printed on a material extrusion 

printer Ultimaker 2 using the material polylactic acid (PLA), 
which currently produces the most reliable results on this 3D 
Printer. It was found that the property gradients in the material 
worked well, although they could have been a little more 
pronounced by increasing the z-height. The smoothness of the 
underside of the MSP increased the skin comfort, although 
some of the edges were still rather sharp.  

d) Life Cycle Analysis  
The fact that 3D Printing significantly reduces the number 

of process steps necessary to produce garments and the amount 
of waste material, means it has the potential to contribute to 
environmental sustainability. The total impact of the product 
was evaluated by means of a Life Cycle Analysis (LCA) (as 
explained in [16]), and compared to traditional manufactured 
textiles for 1 kg of textile. It was assumed that the 3D Printed 
textile was produced by the Fused Deposition Modelling 
(FDM) process of PLA. The results of the anaylsis, as shown in 
Fig. 9, were compared to those of traditional textiles, as 
analysed in [17]. It was found that the environmental impact of 
the 3D Printed textile is comparable to those of woven textiles 
with a yarn thickness of 300 dtex. The largest part of the costs 
is determined by the FDM process (51%), followed by the 
costs of the consumer transport by passenger car  (31%).  

4. DISCUSSION 
This paper has shown the application of an MDD method to 

a design process where AM is the primary production method. 
The goal of the design project was to create a menaingful 
application using 3D Printed textiles. Since the method was 
applied to not only a material, but a combination of material, 
structure and process, the process was somewhat different. For 
the first step, it was found that not only an understanding of the 
material is necessary, but an understanding of the MSP as a 
whole and of all separate aspects was necessary, including how 
they influence each other. It was also necessary to research and 
define the boundaries of the MSP, since this has not been done 
before.  

AM as a primary production process offers the opportunity 
of creating personalized products, which has influenced the 
final material concept. Rather than being one fixed material, 
the material can be locally varied to create property gradients, 
which results in a range of slightly different materials that all 
fit the intended vision.  

The MSP and product that are created as a result of this 
process, demonstrate the potential for 3D Printed textiles. Even 
though the final material does not adhere to all the properties 
that are desirable for textiles, it has shown potential to be used 
as a 3D Printed textile for garments. Two main factors that 
should be improved before it can actually be worn are its tear-
resistance and the softness of the material, which is necessary if 
it is supposed to be worn close to the skin. The latter can be 
improved by either using a more compressible material or a 
material with a softer outer surface, such as the proposed 
cellulose material.  

The material as it is designed now is bound by current 
technological limitations. With improvements of current 
technologies, some advancements for the material can also be 
made, it would for instance be interesting to test the behaviour 

 
Figure 5. Chosen MSP 

 
Figure 7. Prototype of final design 

 

 
Figure 6. Sample of cellulose fibers mixed with flexible acrylic 
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of the material if the scale of the macro-structure can be 
decreased, to make it more resemblant of traditional textiles. 
The current material options were also found to be too limiting, 
which is why a new material blend was proposed. Although 
this blend has the potential to be printed, it would be interesting 
to see different possibilities for printing natural-based materials 
in the future.  

Therefore, for future applications for 3D Printed textiles, it 
is recommended that an AM process will be developed 
specifically to create textiles, rather than keep the focus on 
material development. In essence, textiles should be seen as an 
MSP: their properties are influenced by materials, structures 

and AM processes. In order to be able to print textile-like 
materials, the materials, structures and process that are in place 
now should be thoroughly analysed and used as inspiration for 
new AM processes. 

Future work will first be focusing on testing the 
functionality of the MSP by means of the prototype. Next to 
that, the cellulose blend will need to be researched further in 
order to develop it for use in AM and for its function as a 
textile. 
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Abstract— The maker culture has created a dynamic in which 
designers are less responsible for the design and quality of the 
final product, but for the tools the consumer uses to create their 
own.  

While additive manufacturing (AM) is gaining acceptance among 
the general public, it is still seen as a prototyping tool instead of a 
high quality production technology. This limits its acceptance 
within co-design and maker culture. The research question is: 
How to create greater acceptance among the general public 
regarding the AM technology and its products?  

One way to create greater acceptance of digital design and 
manufacturing is to apply co-design principles on a local scale. 
By this means the public will be exposed and included in the 
design and production process, which will ensure the end product 
is better accepted. In time this could help spark a maker 
movement within the community. To validate these assumptions 
a test case was developed in which local design and production of 
simple wearables, small ready to wear garments like socks or 
hats, within an urban community will play a major role.  

During the research a digital design tool combined with a mobile 
digital knitting machine was developed to allow for a rapid co-
design track. Wearables would be produced by the consumer 
themselves. The final design of the garment depends on the 
consumer’s choice of material, shape and pattern.  A mobile set-
up provides the means to test the principle at different locations 
and allows the consumer to be intensively involved in the maker 
movement in their own neighbourhood. We implemented a small, 
low-cost knitting machine that was tested outdoors by park 
visitors.  

The anticipated results for this test case were: increased 
engagement in the production process, larger acceptance of 
digital design and an initial maker culture. Although the last 
result will be difficult to determine as it takes some time to 
develop. If successful, the maker culture will obtain greater 
exposure, acceptance and demand for digital design services and 
products. Even though the maker culture changes the role of the 
designer will definitely change, their importance to the design 
process will remain, not as a creator of designs but moreover as a 
guide to the making of consumer products. 

Keywords-component; Co-design, Digital manufacturing, 
Wearable’s, Maker Culture, Sustainablity, Local manufactoring 

1. GENERAL INTRODUCTION  
Even though digital design has made big leaps in the last 

years, most consumers are still very much unaware of its 
potential. This is limiting the development as more users and 

cases within the field will help mature the technology. In order 
to facilitate a greater awareness and eventually acceptance we 
need to look outside the current scope of the exposure of the 
technology. How to create greater acceptance among the 
general public regarding the AM technology and its products? 
This will be the main question addressed in this paper.    

There are several means to try and achieve greater 
acceptance among the general public however, not all are 
aimed towards this particular issue. When looking at the 
general knowledge about the production of user products most 
people are blissfully unaware. This creates a lot of 
preconceived notions about the difficulties and also 
possibilities during the production steps. In order to get a more 
realistic perception regarding AM it is therefore imperative to 
expose the general public to its difficulties  and more 
importantly its opportunities.  

Even though the freedom created by digital design and 
manufacturing is not necessarily  desired by the consumers, it 
also allows the design community to develop and define this 
design space through tools and methodology. This ensures that 
the users of AM facilitated design and production will be able 
to freely explore its possibilities without being overwhelmed.  

The chosen product group, wearables, was selected for it 
duality. While on one hand garments and other body orientated 
products are used as an expression of personal style and 
preference. Yet at the same time it also follows mass consumer 
behaviour. These two seem to be in direct conflict with each 
other.  

Another aspect in regards to wearables is product fit (Van 
Der Velden, Patel & Vogtländer, 2014). While no two people 
are exactly alike the consumers have to cope with standardized 
sizes. This in stark contrast to the fact that a correctly fitted 
product  can greatly increase the product satisfaction. As such 
it is an area well suited to the possibilities of digital design and 
production, as it allows the users to design and wear made to 
measure or even bespoke tailored garments. Which in turn 
should result in a greater product attachment which carries 
value in the field of emotional sustainability.  

To ensure that consumers are aware of the possibilities 
granted by these technologies and expose them to it in a proper 
way is a challenge. This creates possibilities for designers to 
reshape their roles within this dynamic. As designers now get 
the opportunity to create the tools with which  the everyday 
consumer could design and create their own wearables.  

  82

Proceedings of 5th International Conference  
on Additive Technologies DESIGN FOR ADDITIVE MANUFACTURING

← Back to Table of Contents

27

186



To achieve this  the following activities were undertaken to 
test the public’s receptiveness to AM produced clothing. First 
of all a more detailed overview of the developments in local 
design & manufacturing will be given, as it defines the scope 
of the research. Followed by selecting a method of creating this 
acceptance, it will need to fit the context of not just creating 
acceptance but also instigating a maker spark in the consumer. 
This will then be applied to an interaction design to create the 
desired outcome. This interaction will be tested within a public 
area to validate its effect on the public. After which it will be 
evaluated and  suggestions  for adaptations to further improve 
its effectiveness are given. 

2. STATE OF THE ART LOCAL DESIGN & MANUFACTURING  

2.1. Redefining the role 
Within the current wearables market the interaction is 

based on the industrial production of clothing. This results in a 
gap between designer and end user, with producer, 
wholesalers and retailers as the stakeholders (Figure 1). This 
construction has benefits, since each stakeholder has a clear 
task which can be optimized and perfected. However it also 
results in a lot of global shipping and a gap between designer 
and end user. The process also relies on large production 
numbers in order to function creating the need for 
standardization.  

When looking at the new dynamic that is created 
though local design & manufacturing (LDM) we see that the 
stakeholders change and that they take on new roles. This 
contrasting dynamic creates new opportunities and benefits. 
The close proximity both physically and structurally allows 
for different design methods and interactions. It creates room 
for personal/ one off designs as well as small locally 
influenced series of products. This new dynamic however does 
ask for different design tools and methods. As such redefining 
the role of a designer in this context will be imperative. 
Localized manufacturing  has other benefits regarding 
sustainability, when looking at shipping and emotional 
sustainability. As the involvement with the creation of the 
product grows so will the attachment.  

 

 
 
 

Figure 1.  Current interaction and the envisioned interaction between 
designer and consumer 

2.2. Maker culture 
One of the main drivers behind localized manufacturing , 

and a redefining one for designers, is the rise of the maker 
culture. This cultural shift from mass produced to home-/self-
made products is driving a new wave of development in 
localized manufacturing  and design tools and methodology. 
One of the ways designers can reinvent themselves is to tap 
into this movement and create the design tools needed for the 
general public to design and create their own products. While 
the early adapters have the skills to design and make what they 
come up with, this  will not be the case for everyone. So this 
leaves a group to design for.  

The exposure  of this maker culture is something else to 
consider, the current methods are aimed at the first group. 
They consist of several facilities/activities: 

a) Fablab 
The fablab principle is something that fits into the maker 

culture, as it allows makers to build more complex products 
for which they do not own the tools or have the expertise to 
build. These workplaces are stocked with digital 
manufacturing tools like; 3d printers, CNC machine and laser 
cutters. These are augmented by the more common tools like; 
drills, laves and band saws. These spaces are either open to the 
general public or are linked to educational or artistic institutes. 
While most major cities around the world  have a fablab 
facility, most are hidden from public view due to location or 
lack of recognizable markings. This results in a lack of public 
knowledge about the facilities and as such fails to connect to 
the general public (http://fablab.org).  

b) Makerfairs  
These events are generally held in public areas/ buildings 

and generate more public awareness and attention. While still 
visited mainly by makers, they also attract people generally 
interested but not (yet) participating in maker culture. These 
event help to showcase, educate and create appeal for the 
results of maker culture. This has a great benefit in helping the 
movement to grow and develop. As fellow makers can meet 
and exchange ideas. This is augmented by the physical nature 
of the event in that the products and tools are there and can be 
used/touched and explored. Still most of the visitors are 
already interested in or connected to the movement, creating a 
new wave of makers from yet unengaged people is not the aim 
of these events. ( http://makerfaire.com/) 

c) Digital Maker Culture 
One of the effects of the digital design is the ability to 

share it using digital media. This does not exclude other non-
digital designs as tutorials are also wide spread. This helps to 
create  exposure for the products that can be made. While 
most users of digital and social media will come into contact 
with maker culture the effect of seeing a picture or movie is 
not the same as holding the actual product. This gap between 
exposure and contact is a limiting factor in creating attraction 
in regards to the final product (Doctorow, 2009). 
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3. METHOD 

3.1. Co Creation 
In order to test the new dynamic between designer and 

end user it is important to redefine their relation. The freedom 
created by LDM also creates a larger design space. In order to 
help guide the end user in this process designers have an 
opportunity to lend their expertise by means of Co Creation.  

Within this design method designers are moving away 
from translating the needs of the end user into a product. 
Instead they are facilitating the creation of this product by the 
end user (Sanders & Stappers, 2008). This shift not only 
redefines the role of the designer but does the same for the 
role of the end user. Since They will have a greater influence 
on the front end of the design process,  and as such on the final 
product  

This coincided with the change in dynamic envisioned 
for the application of LDM as the method allows for local 
influences to guide the design process. It is not just limited to 
the local users but also local materials and cultural heritage. 
This will be used in combination with the design of wearables, 
were a correct fit and integration of personal style is valuable.  

3.2. Concept testing  
In order to evaluate the success of a localized 

manufacturing  process concept testing will be used. The 
concept will be evaluated on several key aspects; general, 
features, product, durability and reliability. These aspects 
represent the desired overall qualities of the concept.  

By testing the concept using the intended target group as 
well as the intended context, the following data can be 
collected photographs, video and interviews. These will show 
the general public’s overall interaction with the concept as 
well as offer detailed accounts of individual interactions. 
These results will then be used to create a concept testing 
matrix. This will either validate or invalidate the concept as a 
means to achieve the desired goal of creating greater 
acceptance and interest. 

4. DEVELOPING WALLY 120 

4.1. Preperations  
In order to facilitate the localized manufacturing aspect of 

the test case, a mobile digital manufacturing tool was needed. 
In order to use the tool within the local context several criteria 
where listed:  

 It needs to be mobile, or light enough to be moved by 
a single person (less than 10 kg.)  

 Big enough to create small garments; socks, scarfs, 
hats.  

 Self-sustained when in use, no external power needed 
at the production location. 

 Allow for a made to measure approach, allowing the 
user to take his or her own measurements by adapting 
an existing template. 

 It needs to be reliable, as a minor error will ruin a 
garment.  

 The product coming out of the machine should 
require little to no extra actions, as close to ready to 
wear as possible.  
  

In order to create clothing without directly using 
traditional methods there are several options. There are 
methods that work with regular yarn and use weaving/knitting 
techniques. Furthermore 3d printing clothing is being 
considered within the design community as a replacement of 
these traditional material and production techniques. However 
the aim of this research is to test ready to wear garments. 
While 3d Printing allows for great freedom in shape and 
construction it is seen more as an haute couture fashion 
technique for example the works of Iris van Herpen. This 
combined with the long production time makes it unusable for 
this research as the aim is to create more acceptance a more 
intermediate step is needed. As such the following possibilities 
were taken into consideration. Each will be shortly addressed 
and checked with the criteria.  

a) Knitic, manual knitting machine hack 
This system is a recent development, where by hacking 

the old manual knitting machines you are able to create new 
digital designs. The Knitic design couple is working with this 
technology using several interesting input signals to create 
uniquely patterned designs. The machines are reliable as they 
basically hack into an existing flat knitting machine.  

The main problem this creates is the sheer size and weight 
of these machines.  The machine also is not able to knit full 
garments as it only allows for sheet knitting, this increases the 
manual workload after the initial knitting.  

Although possibly more reliable they are hard to modify. 
And while an interesting project it seemed unsuited for the 
current goal of local exposure. 

 

 

 
Figure 2.  KNITIC digital design knitting machine & pattern example 
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b) Circular knitting machine 
When looking at the criteria most of the selected garments 

are tubular in shape. One of the fastest ways to knit in this 
fashion is using a circular knitting machine. These are very 
reliable as the knitting motion is never interrupted. They also 
allow for increasing and decreasing needles, which allows the 
knitting of heels.  
However no progress into digitizing this progress on a small 
scale has been made at this time. This is also likely related to 
the fact that sizes are only changeable by switching out the 
complete needle ring for one with more or less needles.  

So while good at what it does it can only do so much. 
The digital knitters are currently in use on an industrial scale 
but so far have not been scaled down for personal use.  

 

 
Figure 3.  Circular knitting machine manpowered  

c) Openknit 
This project was created by Gerard Rubio, as part of his 

graduation thesis. The OpenKnit system is an open source 
project working towards creating a digital knitting machine. 
The designs and software are available for free and together 
with the bill of materials can be built anywhere in the world. 
The current design uses 3d printed parts, lasercut parts and 
some vendor parts. This enables anyone who lives close to an 
fablabs or has a small workshop at home to reproduce it and 
contribute to the further development of the device. This 
opens the project up for wide spread testing and exposure. It 
works by programming the pattern into Arduino which can be 
modified to the users specifications.  

The machine however is bulky and in its early stages 
of development. It also has some issues regarding reliability. 
The machine does offer the freedom to create several different 
types of garments. Currently ranging from dresses to sweaters 
to beanies. While not ready for complex patterns it does allow 
for different colours.  

 

 
Figure 4.  OpenKnit, open source knitting machine 

4.2. Developing a mobile solution 
The OpenKnit system was selected as it offers a 

combination of open/digital design combined with an open 
source machine. This allows end users or communities to 
create their own machine while also allowing the designers to 
adapt them to their specific needs. However the current design 
of the OpenKnit system was not suited for  mobile use, several 
adaptations would have to be made.  

Therefore the machine was redesigned to be smaller, 
lighter and sturdier. Several tests were executed to test the new 
components durability and reliability, this was done on the 
main machine. The main components were all tested and 
(partially) redesigned. This was mainly focused on the 
carriage and the rack & pinion. The carriage is responsible for 
both guiding the thread as well as controlling the motion of the 
needles. Where the rack & pinion is vital to the accuracy of 
the machine as it creates the input for the software to 
determine the carriage position on the needlebed.  

The resulting machine was mountable on any flat surface 
using two clamps, weight was reduced to 5,5 kg. Its needle 
beds have a total of 120 needles, 60 a side. This is sufficient to 
produce  a small wearables. It is battery operated using a 12v 
battery and converter circuit to power both the stepper motor 
and servo’s which run on 12 and 5 volts respectively.  

 
 

 
Figure 5.  The redesigned OpenKnit machine “wally 120”  also shown are the 

main components if the machine 
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5. ENGAGING LOCAL COMMUNITY 

5.1. Test set-up 
When selecting the type of garment to make it was 

decided to make a beanie. This simple woolen cap design 
would allow for a quick turnaround during the sessions and 
would allow the machine to run without interruption for a long 
period of time without spending too much time on the 
production of the garment. In total it takes 35 minutes to 
create. 

The following set-up was used, it follows the shown 
scenario. The test scenario consists of several steps each with 
their own function. The first step  is to set-up the machine on 
its location, this means attaching the machine to a supporting 
structure. This can be a structure available on site or one that 
is brought. Attaching Wally is done with clamps, which 
ensures a solid connection without damaging the structure. 
The second step is to hook up the electronics, this consists of 
connecting the battery and the USB cable to the laptop. For 
the third step an interested onlooker is approached, a short 
explanation is given about the purpose of the machine and the 
general theory. If the person is interested a short production 
track can be started. This started with the fourth step  here we 
measure the size of the head in order to make a beanie made to 
measure. This data will be insert into the Arduino software 
upon which the needlebed is prepared. The fifth step  is 
threading the machine and setting up the first two lines 
manually. Afterwards the Wally  takes over and knits the 
garment to its desired length. An optional step is to cut and 
splice a different colour thread during the knitting process. For 
the last step  the garment is closed manually while still on the 
machine and then removed from the comb and needlebed. It is 
then ready to wear (Figure 6).  

 
During the knitting of the wearable  and afterwards, the 

users are asked to express the experience and they are given 
the opportunity to  ask any questions they might have.  

Secondly they are asked to share their expectations and 
desires regarding the machine and its applications. This ranges 
from what they would use it for themselves, to what they 
would eventually want to be able to make with it. This will 

give an insight into their standings in relation to the 
technology and might also illustrate the changes herein, as a 
result of this new experience.  

The sessions will be documented by both video and 
camera footage. This will later be used to analyse the effect of 
this new interaction that occurs within the public space. 
Important is to also document the range of interactions and 
steps the public goes through. 

5.2. Test location 
In order to get enough exposure the test location is of 

significance. While the centre of Barcelona is lively and full of 
people, the tourist is not the target audience. While people are 
very open to new things while on vacation the main goal of 
the test is to see if the general public is willing to accept AM 
technology and maker culture. To this end the Parc de la 
Ciutadella was selected, this city park is visited mainly by the 
local population. The park is still crowded enough to have 
enough exposure while not including to many tourists into the 
test group.  

The mounting of the machine did limit the selection of the 
test site as most of the surfaces where unfortunately rounded 
and therefor unsuited for the chosen mounting system. The 
chosen site was located near a intersection of the walkways 
and the playground (Figure 7). Especially the proximity to 
children was useful lase their curiosity and lack of inhibitions 
will help pull in more people.  

 

5.3. Results 
The results of the test session held in the Parc de la 

Ciutadella, show a great variety of interest. The session 
created a good crowd of people looking at the machine at 
work. The steps described in 4.2 were followed as closely as 
possible as the installation would allow (Figure 8). As 
expected the children were first to explore, drawing in their 
parents and later more bystanders joined to see what was 
going on. As can be seen in Figure 9 the public was rather 
mesmerised by the machine. The movement and sound 
creating interest and upon closer inspection questions start to 
arise about the project, the overall goals and future use. 

 
 

Figure 6.  The Test scenario  

 
Figure 7.  The set-up 
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Ranging from remarks about the look of the machine to the 
technical specifications used to create it. This wide range of 
interest was already very useful. The wonderment seemed to 
suggest that most people had never seen a machine like this in 
action, not to mention in the middle of a public park.  

 

 
Figure 8.  Testing the machine (top) measuring the size,(middle) knitting the 

beanie, (bottom) ready to wear 

 
Figure 9.  Some of the gathered audience 

 
The answers to the questions were mixed and varied 

wildly in detail so in order to get a quantitative overview they 
were categorized as positive, negative or indifferent. This 
creates the following overview in regards to the questions, as 
seen in Figure 10. In total 26 people took the questionnaire 
during the session.  The questions focused on the following 
aspects of the concept: general impression, available features, 
reliability of the machine, functionality of the product and the 
durability of the machine.  
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Figure 10.  Quantative overview of the questionaire 

positive/negative/indifferent 

When discussing their possible future use of this 
technology, the responses were categorized as well. This 
question was aimed to determine the likelihood they would 
use this machine or something similar in the future. The 
responses ranged from; definitely, possibly & never. This 
resulted in the following overview: 
 

 
Figure 11.  Possibility of future use definitely/possibly/never 

With regards to the type of desired use the following 
categories were given: small wearables/ Simple sweaters, 
dresses & vests/ Hoodies, buttoned & other complex 
garments. This was to see what type of garment they want to 
create should they use the machine themselves. They were 
told to ignore size or current technological limitations in this 
answer. The results were as followed: 
 

 
Figure 12.  Percentages off desired use for Small/Simple/Complex garments 

When asked why they would use the machine instead of 
buying readymade garments their response were mainly 
focused around the following properties; better fitting clothes 
(72%), more freedom in creation/personal style (45%) and  

lower price (30%). This was in within the context of made to 
measure patterns. Were they can enter their measurements and 
select patterns/colours freely.  

6. DISCUSION  
When looking at the results of the engaging local 

community test case seems to check all the boxes in regards to 
the successful realisation of greater acceptance. However 
when looking at the test set-up and general several issues 
came to light.  

First,  the test location in combination with the time the 
test was held at. The test was carried out during the late 
afternoon early evening 18:00 -20:15. This might have an 
effect on the results in that the public could be tired, on their 
way home. In order to exclude these and other factors from the 
results a second session at a different location and time of day 
would be needed.  

Secondly, while  the machine performed well it struggled 
due to the method of placement. The gate it was attached to 
resulted in an off level position which created a greater strain 
on the system then initially anticipated. In order to prevent this 
in future tests either the mounting system or mounting location 
will need to be addressed. As the struggling machine has 
effect on the perception of durability and reliability as 
mentioned by one of the participants; “It seems to struggle a 
lot, especially going towards the edges of the beanie, does it 
always do this?”.  In order to create a positive image for AM 
technologies the reliability will need to be increased. 

Another effect of the Wally 120 system that limits the 
testing at this point is the lack of interface design integrated 
into the system. In order to let the public use the machine by 
themselves, an interface will need to be developed. This also 
ties into the limitations currently attached to the machine as it 
is still not able to decrease needles, needed to be able to do 
short stitching. This is still under development and once 
completed will greatly increase the range of designs the Wally 
120 could handle. 

Also there was the matter of language. Even though a 
Spanish native was present during the testing the researcher 
himself did not speak Spanish this created some difficulties 
explaining the machine and answering the questions. While 
this did not affect the general insights into the effect of the 
machine it did limit detailed discussions.  

 

7. CONCLUSIONS  
. The concept of introducing a localized manufacturing  

tool into an urban community resulted in a positive response 
from the general public. When looking at the results it is clear 
that when confronted with AM technologies in a urban context 
general interest is increased. 

Looking at the Attention Interest Desire Action or AIDA 
model the following can be concluded. The Attention was 
created, the Wally drew in a large crowd before it was even 
turned on. The Wally was considered intriguing, because of 
the colour, sound and overall shape that stood in stark contrast 
with its surroundings.  
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Attentiveness was high, 70% of the people that stopped to 
take a longer look asked questions, made pictures or were 
talking amongst themselves about the machine. When looking 
at the answers in regards to future use the crowd was positive. 
64% of the participants of the questionnaire would use this 
machine if it would function similarly to the test conditions.  

53% of the participants would use the machine for 
complex garments, while 87% of them would use it for small 
simple garments. This shows significant interest and desire in 
regards to using the machine.  

Action was not addressed in this test as the machine is 
still in development. However the initial responses regarding 
the Wally 120 were positive and several machines are 
currently under construction around the world.    

A important thing to notice is their need for better fitting 
clothes as 72% of the participants claim this as a reason to 
start using this type of clothing manufacturing. It seems that 
even though the standardisation of clothing is able to facilitate 
the industrial production of clothing it does not seem to fill the 
needs of the users.  

When looking at the role of the designer in this process, it 
can be concluded that this has been altered. The designer is no 
longer just creating products that fill the needs of the 
consumers. Instead we see a new task taking shape, designing 
and defining the tools and design space for the end user. This 
is partially done with a co creation process at this time. 
However this can be further developed to let the users freely 
design and manufacture their products without any direct 
contact. The contact between user and designer will then be 
through the design space created by the designer.  
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Smart textiles have progressed well beyond the laboratory stage. A growing community of smart textile
designers utilises engineeredmaterials and advancedmanufacturing technologies to createmarketable products.
To implement an environmentally conscious way of product innovation, the environmental impact of such
products needs to be taken into account already at the early design-stages. A life-cycle perspective on the conse-
quences of design choices can guide the implementation of eco-designmeasures. However, notmuch literature is
available thus far to empower designers in making sustainable design decisions.
Tomeet this need, this article presents a life cycle assessment (LCA) of a wearable smart textile device for ambu-
lant medical therapy. The case study focuses on material selection, since this aspect is one of the most relevant
choices at the prototyping stage. The eco-cost approach was used to compare the LCA-results of the original
prototype design against various eco-redesign options.
The results suggest several priority areas for environmental improvement. One possibility is the replacement of
silver based conductive yarns by copper based alternatives. Another finding suggests the use of acryl instead of
wool. The case study results are the starting point for further discussion on the role of designers with respect
to responsible eco-design.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Background and hypothesis

Technological advancement of smart textile materials and
manufacturing processes is developing rapidly. New types of materials,
technologies and knowledge allow designers to integrate smart solu-
tions on smaller and less visible scales and to obtain results faster than
ever before. This offers a lot of opportunities, but raises new questions
and concerns as well.

The above developments have led to an enormous variety of smart
textile prototypes that have been presented at fairs and exhibitions. The
textile sector embraces these innovative ideas as they offer plenty of pos-
sibilities for novel products and open up new business opportunities for
the textiles and fashion industry [43,50]. Innovations in smart textiles
technologypromise to add value to the consumer's life and satisfy the tex-
tile industry's demand for newmarket opportunities. Previous innovation
cycles, and this concerns the high-tech sector in particular, showed how
novel technologies unexpectedly proliferated the daily life of average
an der Velden), k.kuusk@tue.nl
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consumers within a relatively short time. Examples of break-through ap-
plications encompass digital watches, mp3-players, smart phones, and
tablet PCs. Smart textiles have a potential to become the next item in
that row and observers of the smart textile innovation process forecast
the technology to proliferate at the consumer market within a decade
and become an integral part of future life styles in future.

Rich, unique, personalized material experiences [20,23] facilitated
through smart textiles can result in an uptake of applications, such
that smart textiles will gradually become more recognized and main-
stream in daily used products [48]. However, these innovations and
the high development speed involved have a counterpart as well: it
raises concerns about environmental issues related to these trends.

A general observation is that smart textile designers, at least those
working in small and medium sized enterprises (SMEs), are not well-
educated and/or informed about issues related to design for sustain-
ability [31]. There is a knowledge gap to bridge, not only to support
the decisions and to fill up the lack of environmental knowledge of
these designers, but of their managers and clients as well. Since textile
designers make numerous product development choices and influence
the architecture of products based on market and user insights [51],
this study is specifically aimed at this audience group.

The contemporary innovation process of smart textile holds the
opportunity to implement environmentally conscious design right
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from the beginning. This may help preventing adverse environmental
side effects of tomorrow's products [26]. Our assumption is that textile
designers can significantly reduce the environmental impact of their
smart textile based products. This, we further assume, will require a de-
sign decision making process in which they are well-informed from an
environmental impact and eco-design point of view — e.g. make the
right material choices [22,34] — and on relevant user scenarios, at
early design stages. In close connection, it is assumed that designers
could communicate these well-considered choices successfully to their
management, their colleagues at marketing and eventually to the
consumer.

This paper provides a case study of a smart textile garment for health
applications. It is introduced here to serve as an example on the poten-
tial of eco-design of smart textiles and to illustrate that these relatively
complex products can benefit from life cycle thinking. The first part in-
cludes a LCA to determine the hot-spots of environmental impact asso-
ciated with the product's life-cycle. The second part of the case study
shows eco-redesigns, using the results of the LCA and the implementa-
tion of eco-design strategies. The authors aim for this first e-textile eco-
design case to be a powerful example and illustration for smart textile
designers, from which they can learn what aspects are important to
take into account (and conversely, which can be safely ignored) when
they want to put eco-design into practice in their fast emerging sector.

To test the eco-design approach we present in this article, we intro-
duce the following hypothesis: The implementation of eco-design can
improve the environmental impact of a smart textile product —
expressed in eco-costs — with at least 25%.

The next sub-section (1.2) outlines the main environmental prob-
lems related to smart textile design while sub-section 1.3 reviews the
status quo of LCA of e-textiles in literature. Section 2 explains themeth-
od of the study presented in this paper. Section 3 describes the case
study of a specific smart textile product for the health application, called
‘Vibe-ing’. Sub-sections 3.1 and 3.2 introduce the case-study and de-
scribe the prototype, while in 3.3 the LCA of Vibe-ing is being discussed.
3.4 then describes the application of several eco-design strategies on
Vibe-ing based on analysis of redesign solutions. The paper ends with
a discussion and conclusions in Section 4, including a discussion on
the limitations of the research, the results pertaining to our hypothesis
and recommendations for further research.

1.2. E-textiles and the environment

E-textiles are regarded as a subset of smart textiles, also referred to
as ‘wearable electronics’. These products differ from traditional fabrics
in that analogue and digital electronic components — for example,
small computers — are (more or less) seamlessly integrated into the
knit, weave or other soft crafts technique [8,46]. The purpose of this in-
tegration is to obtain new functions of textilematerials or, from the per-
spective of the electronic sector, to enable novel user experiences with
electronic products that have not been soft and flexible thus far [25].

As the innovation system is yet at its pre-mature stage [7], a lot of
functionalities are achieved by attaching or integrating the electronic
components in- or onto the surface or to the textile product [29]. One
step farther ahead in innovation and electronic functions is integrated
right into fibres or yarns directly [32]. In essence, the fast-developing
electronic sector bands together the change-minded fashion industry
in an endeavour to create a new category of smart wearable products
[44]. From an environmental impact point of view this reveals a lot of
challenges [25] and hot spots comprise energy— and battery consump-
tion; use of toxic materials and — of scarce resources and recycling dif-
ficulties. The same source highlights as well the attitude and
expectations of smart-textile designers and — SMEs towards sustain-
ability and LCA (ibid.). It indicates that the majority of SMEs do not see
the environmental performance of products as a driver for innovations
and environmental aspects are presently regarded to have inferior
importance as compared to product functionality.
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In terms of environmental concerns, it seems that there is still room
for a prevention oriented approach: so far, smart textile technology has
not produced a ‘killer application’, despite this already was discussed
during the 7th edition of the Smart Fabrics conference in 2011 [42].
The ‘kick-start of the smart clothing business’ that has been announced
with such conviction did not take place yet [6]. Not many smart textile
products can be seen in the streets today and they are not yet integrated
in the ready to wear clothing segment. While it is true that the integra-
tion of electronics in sports activities and sportswear is a growing trend,
the consumer's need to self-monitor can also be addressed by means of
separate accessories, e.g. a breast — and wrist device [37]. Likewise,
smart textiles are indeed penetrating the healthcare — and the protec-
tive clothing markets [33,41], but again these are considered niche
applications when compared to the worldwide apparel sector.

A possible explanation for the delayed market appearance of smart
textiles might be due to technological limitations: E-textiles are yet
not washable and the reliability is often poor. Then again, integrated
electronics in textile cuddly toys (such as the once-ubiquitous ‘Furby’)
and e.g. children's shoes (with flickering lights like ‘Skechers’) already
are more and more present and this could indicate that the moment
e-textile clothing products really break through might not be too far
away.

From this observation it can be concluded that it is timely and oppor-
tune for the environmental problems surrounding e-textiles to be ex-
plored in depth so as to positively influence smart textiles innovation
and development.
1.3. LCA and eco-design of e-textiles

LCA is a quantitative method to environmental assessment accord-
ing to the international standards [16,17]. It is widely used to study
the potential environmental impacts of processes, products and services
through the whole life cycle from cradle to grave [14,39]. This encom-
passes the raw-material acquisition, the production processes leading
to products, transport processes, the product's use phase and its end-
of-life (EoL) stage. By means of the LCA-methodology, the environmen-
tal impact of a product can be assessed and compared with other prod-
ucts or alternative design solutions.

Eco-design comprises the integration of environmental aspects into
technology development and product design. The overarching aim is re-
ducing adverse environmental impacts throughout a product's lifecycle
[10]. According to the EU Eco-design directive [12] a greater focus in
eco-design is cast on the product's energy use and other environmental
aspects during its complete life cycle. The Eco-design Directive empha-
sises the important role of the conception and design phases, before a
product is manufactured and brought to market.

Both LCA and eco-design are extensively described in scientific liter-
ature, for example by Ehrenfeld already in the late 90s [11]; by Klöpffer
[24] and Niinimäki and Hassi [36]; and recently by Mirabella et al. [35].
These and many other articles highlight the value of the implementa-
tion of LCA and eco-design for environmentally conscious product
development.

The bibliographic database Scopus reports almost 500 articles with
‘eco-design’ in the title, abstract or keywords over the last five years
(2010–2014), and almost 6400with the term ‘LCA’. Although a growing
trend is visible, both subjects together in one article are less common
(118 articles found). If the emerging technology ‘smart textiles’ or ‘e-
textiles’ are concerned, only a few studies have been conducted thus
far [25,27]. Schischke et al. [40] refer to the LCA-to-go project (see
Section 1.1), which presents a simplified LCA approach for smart tex-
tiles. Similar results (0 papers found) came upwhen searching for com-
binations with the term ‘wearable electronics’. The literature research
highlights the fact that not many scientists work on eco-design of
smart textile products and LCA-base knowledge is fairly scarce among
technology developers and design practitioners.
6
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A few environmental assessment studies on products with similar
characteristics as smart textiles were identified, for example a LCA of a
printed antenna [18] and a prospective environmental LCA of nanosilver
T-shirts [56]. LCAs of textile productswithout smart functionality can be
found (e.g. [30,52]). However, based on the above referenced studies—
and because no LCA-studies of smart textile products could be found—
it is not possible to formulate conclusions on behalf of the prospective
LCA results of smart textile products, because the impact of the combi-
nation of textile and electronic materials in one product is not known.
2. Method

To test our hypothesiswe performed a LCA of the Vibe-ing prototype
(see Fig. 2). The LCAmethod is based on a system approach of the chain
of production and consumption and analyses the input and output of
the total system [17]. The LCA was conducted using the SimaPro (V.8)
software and the environmental impacts are expressed in the indicator
‘Eco-costs’ according to the Eco-costs/Value Ratio (EVR) method as
developed by Vogtländer et al. [54,53].

The Model of the Eco-costs is a convenient method to express the
amount of the environmental burden of a product on the basis of pre-
vention of that burden [55]. It provides for an easy comparison between
design alternatives. The general rule for interpretation is: the lower the
eco-costs, the better the alternative.

The calculation of the eco-costs is based on classification and charac-
terisation tables (IPCC 2007, GWP 100 for global warming; ILCD for
acidification; recipe midpoint for eutrophication; recipe photochemical
oxidant formation for summer smog; RiskPol for respiratory inorganics
and Usetox for ecotoxicity and human toxicity, cancer). However, it has
a different approach (see Fig. 1) to the normalisation and weighting
steps than the classical way to calculate a ‘single indicator’ in LCA.
Normalisation is done by calculating the marginal prevention costs for
a region (i.e. the European Union) to determine the eco-costs of emis-
sions. The weighting step is not required in the eco-costs system, since
the total result is the sum of the eco-costs of all midpoints [13].

Next the results of this LCA were used to determine which eco-
design strategies were selected for the eco-redesign options. In the
eco-design process we used the Life Cycle Design Strategies (LiDS)
method developed by Brezet [3] and described in sub-section 3.4.1.

Finally the environmental gains of each strategywere calculated and
tested against the hypothesis.
Eco-costs
of resource 

depletion
(circular econ.)

abiotic depletion 

fossil fuels

oil 
&

gas 

metals 
+ 

rare earth
substances

“midpoints”

characterisation
factors

“endpoints”

normalisation
factors

addition (no weighting)

“total eco-costs”

w
ater scarcity

wood
+

food

land-use

w
aste

Fig. 1. The structure of the s

197
3. Case-study of Vibe-ing

3.1. Introduction

The Vibe-ing product concept (see Fig. 2) was chosen for the case-
study, because in this specific smart textile health product, the textile
and electronicmaterials are very closely interwoven.Other smart textile
products, for example ‘Textales’ [47], do not include the same integra-
tion of textiles and technology, whichwas themost important selection
criterion for the case study.

The knit of Vibe-ing has specially designed pockets (see Fig. 4) for
the electronics to fit in, and the microchips with the 3D printed cases
are specifically constructed for the knitted pockets on the garment. In
addition, the Vibe-ing is still on a prototype level, which means that
the results of the eco-design process can be implemented in an early
stage of development, before entering the market.
3.2. The prototype

This section describes the prototype and the material choices in the
design process and also the envisioned service system and the use —
and end of life phase of the product. These aspects are looked into in de-
tail to be able to assess the full life cycle of the Vibe-ing and for the read-
er to understand the background and the usage of the product.

Vibe-ing a self-care health product in the form of a garment, which
invites the body to feel, move, and heal through the vibration therapy.
It has been developed collaboratively within the Dutch Creative Indus-
try Scientific Programme [5] Smart Textile Services project by partners
from Eindhoven University of Technology (Eunjeong Jeon, Kristi
Kuusk, Martijn ten Bhömer), Metatronics and the Textile Museum
TextielLab Tilburg. Vibe-inghas been develop to explore thepossibilities
for integrating textiles and technology. It is a further developed proto-
type from ‘Tender’, which is a knit garment with lights, that turn on
and off depending on the movement of the wearer, integrated into the
garment's pockets. One of the conceptual directions explored for the
use of such integration was vibration therapy. The suggestion is purely
inspirational and is set up for the health care professionals to pick it
up for actual and further validation and development. The use of Vibe-
ing in the case of the treatment of osteoporosis is discussed in [49].
Vibe-ing has to be worn next to the skin, because the knitted textile
sensor reacts to the capacitive touch, therefore only by the contact
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Fig. 2. Photo of Vibe-ing, by Wetzer & Berends.

Fig. 3. Illustrative technical drawing of the complete Vibe-ing.

Fig. 4. Knitted pockets.
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with the body. An undergarment can be worn as long as it does not
create a layer between the body and Vibe-ing.

Vibe-ing is knitted in the TextileMuseumTextielLab in Tilburg, using
the STOLL 430 TC fully fashioned knittingmachine. It consists of several
types of knit areas as depicted in Fig. 3.

Each of them, according to the need of the specific function, has a
certain amount of in-knit pockets (see Fig. 4) situated in a specific
way (see Fig. 3). In the pockets are 3D printed casings (see Fig. 7,
1.2.2.1 Casing shells) with one flat side and one structured side, to invite
moving direction and stimulate the touched area more intensively. The
casings accommodate motor chips (see Fig. 7, 1.2.1.1 CRISP motor
Printed Circuit Board) and vibration actuators, which can have different
programmes on them depending on the specific person's need for reha-
bilitation and vibration stimulation. For instance they can react to the
touch of the person (or therapist) simultaneously or they can vibrate
according to a specific programme fine tuned for the specific user. This
allows the garment to behave differently by themeans of digital chang-
es. The Vibe-ing is designed with the intention to be worn in four
different manners (see Fig. 5a–d). This changeable way of wearing
Vibe-ing, allows more body areas to be stimulated by the vibration
elements with the use of minimal electronic components possible.

Vibe-ing is mainly knitted of Greggio Millennium yarn — for the
specific soft feel andwool properties it has—with some lines ofmetallic
silver coated yarns, whichwere chosen for its functionality aswell as for
styling reasons [49]. The aim was to create an aesthetically pleasant
19
structure where the metallic yarns could be part of the design and
stand out as contrasting cold elements inside the otherwise warm
wool structure. Steaming the merino wool creates the combination of
flat and bulky areas on the textile surface for a pleasant touch.

As estimated by the designers, on average the Vibe-ing garment
would be used for five years.Within those years there would be five cy-
cles of one year's use cases. In the beginning, the wearer would receive
the Vibe-ing garment from the medical contact person. Together they
personalise the behaviour of the vibration pattern according to the
wearer's needs. After one year the wearer would return the Vibe-ing
to the care organisation where the staff makes sure it is cleaned, sent
to maintenance if needed and re-customised for the next patient.
During this annual maintenance Vibe-ing would be checked and textile
parts together with electronics and the connections fixed if needed.
Over the regular use period Vibe-ing would be used by one person at
a time and be active 2–5 times per week for 10–30min per time. During
this period, adjustments and updates of the electronicswould occur dig-
itally and on distance. Themaintenance would be done by themeans of
coldwash and air-dry at home. After this life the Vibe-ingwould be used
up and discarded. Note that the suggested time usage and frequencies
are based on fictional use case scenarios and should be further validated
once the second generation of Vibe-ing will be developed.
8



Fig. 5. a–d. Illustrative drawings of Vibe-ing, showing the four ways it can be worn by the wearer, to stimulate different areas of the body.
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3.3. Life cycle assessment of Vibe-ing

3.3.1. Goal and scope
This LCA was performed to find out areas for eco-redesign of the

prototype of the smart textile product Vibe-ing.
The scope for the LCA is cradle to grave and covers all life cycle

phases of the product, including the manufacturing, use, transport and
disposal lifecycle phases as described above in Section 3.2. The packag-
ing of the product has been excluded of the boundary assessment.

The functional unit is: Five times the treatment of a Dutchwoman—
who is in need for vibration therapy — by means of Vibe-ing, for a use
period of one year; 5 times per week; 30 min per time.
3.3.2. Inventory analysis
The processes accompanying the lifecycle of the Vibe-ing are shown

in Fig. 6. The product exists of a textile body (numbered 1.1 in Fig. 6) and
an electronic system (number 1.2), which are manufactured by the
previous processes as shown in this chart.

The product parts described in the second column of Fig. 6 are
depicted in the photos below (Fig. 7) to make clear what these parts
look like.

For all stages named in Fig. 6 data about thematerial composition,
manufacturingmethods and transport were collected, as well as data
on the subsequent processes. These life cycle inventory (LCI) data
were derived from mixed sources including: Ecoinvent V3.01 [9];
Idemat 2014 [15]; lab tests; machine manufacturers and literature
[2,38,45].
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Transport takes place between the differentmanufacturing locations
of the production areas overseas (the boxes with the red outline in
Fig. 6). The merino wool is produced in New Zealand and processed in
China resulting in yarn that is shipped to Europe. The Lycra originates
from Germany and the electronic components are sourced from China.
In-house production (all processes in the boxeswith the green outlines)
takes place at specific workplaces in Eindhoven and Tilburg, the
Netherlands.

For this LCA it is assumed that both— the medical care operator and
the ‘patient(s)’ are located in Eindhoven (within 10 km distance) —
where the prototype of the Vibe-ing is designed and made as well.
According to our scenario, the patient visits the medical practitioner
by car at the begin, several times during, and at the end of the therapy
phase. At this occasion, the Vibe-ing is handed over to the patient and
returned to the practitioner after usage. When obsolete, the Vibe-ing
is discarded and disposed of in the Netherlands where state-of-the-art
municipal waste treatment facilities are in operation.

The product system under study includes all processes related to the
complete process tree of Vibe-ing as depicted in Fig. 6. The system
boundary can be drawn as a circle around the complete diagram. The
Bill ofMaterials (BoM) and Eco-invent V3.01/Idemat V2014 background
processes are provided in Table 1 in Annex A.

3.3.3. Impact assessment results
Fig. 8a–d presents an overview of the LCA impact assessment results

over the Vibe-ing lifecycle. Noteworthy that transport during use and
transport during end of life (EOL) appear to have a significant impact
in these specific phases. Fig. 7b and c are presented to show this effect.



Fig. 6. Process tree diagram of Vibe-ing.
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Fig. 8d presents the eco-costs of the Vibe-ing production phase and
shows the breakdown over the textile body, the electronic system and
the battery charger.

Fig. 9a–d presents the detailed environmental impact of the Vibe-ing
production phase. Fig. 9a shows the eco-costs for the electronic system
and Fig. 9b the division over the Electronic circuit of which the impact is
completely caused by the production of the Elektrisola yarn. Fig. 9c
20
presents the breakdown over the textile body and Fig. 9d the division
over the production phase of the material with the biggest impact,
namely the Greggio Millennium yarn production.

It is noteworthy that certain processes from the process tree in Fig. 6
do not appear in the graphs of Figs. 8 and 9 because we applied the cut-
off criterion of 1% (in compliance with [17] Section 4.2.3.3) to decide on
the exclusion of (sub)processes, inputs and outputs.
0



Assembling materials: 1.2.a
solder, 1.2.b glue (not on 
picture), 1.2.c polyester thread

1.1.1.1. Greggio Millennium
1.1.1.2 Flores 1.1.1.3 Lycra
knit  

1.2.1.1 CRISP motor Printed
Circuit Board (PCB)

1.2.2.1 Casing shells Objet
TangoPlus 

1.2.2.2 DC Vibration motor
ROB-08449  

1.2.3.1 Elektrisola textile wire

1.2.3.2 Bekintex conductive
thread 50/2  

1.2.3.3 Battery 2000mAh 3.7V
7.40Wh and JST connector 

1.2.3.4 Slide switch (image
from: www.filshu.com) 

Fig. 7. Photos of the textile and electronic materials used in Vibe-ing.

Fig. 8. a–d. LCA results over the Vibe-ing life-cycle per life cycle phase.
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Fig. 9. a–d. Environmental impact of the Vibe-ing production phase.
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Calculations for the environmental impact in three other frequently
used indicators— namely: CO2 equivalent (CO2 eq.), Cumulative Energy
Demand (CED) and ReCiPe (H/A weighting) — were made as well.
However, these did not yield satisfactory results because not all of
these indicators include all impact categories— such as human toxicity,
eco-toxicity, materials depletion and land use. These data are available
though and can be provided upon request.

3.3.4. Interpretation
Over the life-cycle of Vibe-ing, the production phase — with eco-

costs of €33.2 — has the biggest environmental impact, followed by
the use-phase (€10.6) and the EOL (€1.3), see Fig. 8a.

The domestic transport during use has a relatively high impact and
accounts for 95% of the impact of this phase (see Fig. 8c) due to the nu-
merous drives bypersonal car between themedical point and the differ-
ent patients which will use the Vibe-ing during the lifespan. In the EOL
the transport phase has a much smaller impact of 23%, see Fig. 8b.

Interestingly the outcome related to the impact of ‘transports’during
the production phase of Vibe-ing is in contrast with the general idea
about the impact of this life cycle phase. The common thought is that
the travelling of materials ‘around the world’ (e.g. in this case the
wool fromNewZealand and electronic parts fromChina) has a huge im-
pact. The LCA outcomes do not confirm this and show that the transport
during the use phase and during the EOL phase (which is the physical
transportation of the complete Vibe-ing product from and to the cus-
tomers and the waste processing facility) has a much bigger influence
than the transport of the feedstock materials during the production
phase — which stay below the 1% cut-off limit — (see Fig. 9a–d and
text under this Figure). Throughout the use-phase of Vibe-ing the eco-
costs of the electricity use are comparatively low, which is due to the
relatively low-power utilisation of the battery powered electronic
components integrated in the textile.

During the Vibe-ing production phase the biggest impact (71%)
comes from the electronic system, followed by the impact of the textile
body (28%) and the battery charger (1%).

The impact of the electronic system (€22.2, see Fig. 9a) is for 68% de-
termined by the Electronic circuit production — which in itself
completely comes from the production of the Elektrisola wire. Fig. 9b
shows that the high silver content is responsible for 2/3 of the impact
of this wire.
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Furthermore it can be concluded that the 3D printed casing shells
have a negligible impact. The eco-costs of the casing production are
determined by the PCB production only, see Fig. 9a, and contribute for
32% to the eco-costs to the electronic system.

Finally the impact of the textile body production is mainly due to the
production of the Greggio Millennium yarn (see Fig. 9c). Fig. 9d shows
that the Merino wool production causes a considerable part (57%) of
the impact of this yarn.

3.4. Eco-design of Vibe-ing

3.4.1. Selection of eco-design strategies
To practise eco-design — with the goal to lower the environmental

impact of the alternative product design option — several eco-design
strategies are recommended in literature. These strategies are depicted
in the Eco-design StrategyWheel [4] in Fig. 10,which shows an example
of the application of this Wheel in case of a random product. The — in
this figure randomly chosen— points on the axes represent the degree
to which a certain strategy is taken into account: The closer to the out-
side of the circle, the better. The diagram shows that the eco-redesigned
product (dark grey) scores better on all strategies than the original de-
sign (light grey). This can be concluded by comparing the respective
points on the axes and by the fact that the surface of the dark grey figure
is larger than the light grey one. Furthermore Strategies 1 and 8 stand
out; Strategies 4 and 5 show the least improvement. Note that this
Fig. 10 only demonstrates theWheel to serve as an illustrative example
for ‘any product’ and that Fig. 11 presents the Eco-design Strategy
Wheel for the specific case of Vibe-ing.

For the eco-redesign of Vibe-ing the LCA-results are used to inform
and guide the eco-design strategies to be selected. From the Figs. 8
and 9 and the LCA interpretation it can be concluded that Strategy 1
Choice of materials and Strategy 2 Material reduction are the most
promising approaches to reduce the overall environmental impact of
Vibe-ing, because the materials (Merino wool and Electrisola yarn)
significantly contribute to the environmental impact of Vibe-ing.

3.4.2. Eco-redesign options
In this section the eco-redesigns of the Vibe-ing are described with

reference to the selected eco-design strategy. Additionally, during the
eco-redesign process, we identified some other relevant approaches.
2



Fig. 10. The Eco-design Strategy Wheel, graphical reproduction designed by K.M. Lussenburg.
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These extra options are described in the second part of this paragraph
(starting with Eco-design strategy 3). An overview is given in Table 2
and Fig. 11.

The numbers in the naming of the redesigns of the Vibe-ing corre-
spond with the numbers of the strategies (e.g. for Eco-design 1a the
Strategy 1 Choice of materials has been applied).

For Eco-design 1a, the Greggio Millennium wool (=the Merino
wool) is substituted by acryl, which reduces the impact of the textile
body by 73% (because the eco-costs for producing acryl are 80% of the
eco-costs of producing merino wool). Consequently the eco-costs of
the complete Vibe-ing (textile body + electronic system) decrease by
22% to a total of €25.96.
Fig. 11. Eco-design StrategyWheel with the V
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Currently, the only available alternative to wool, showing approxi-
mately similar functional performance is the full synthetic textile mate-
rial ‘acryl’. The disadvantage of acryl is that in its current applied state it
does not have the natural properties that wool has, such as a self
cleaning; anti-bacterial; anti-odour and breathable function. The choice
for acrylmight have consequences for the use-phase because the user of
the acryl product might sweatmore and the textile might capture more
body-odour. As a consequence, applying this Eco-design 1a-inspired de-
sign solution is likely to result in more intensive cleaning. This so called
‘secondary effect’ can be described as the counter effect of a certain en-
vironmental improvement. In this case the extra laundering treatment
is not expected to significantly influence the (new) eco-costs because
ibe-ing and the eco-redesigned Vibe-ing.



Table 2
Overview of the eco-designs, -strategies and -measures and their consequences.

Eco-design strategy Improvement measure Eco-costs savings Design implications Secondary effect

Eco-design 1a 1 Choice of materials Replace wool by acryl Textile body 73%; Vibe-ing
redesign 22%

Different look, feel and touch
(for experts)

More intensive laundering

Eco-design 1b 1 Choice of materials Replace Elektrisola by copper wire Electr. system 45%; Vibe-ing
redesign 33%

Different look None

Eco-design 2a 2 Material reduction Minimise usage Elektrisola with 75% Electr. system 51%; Vibe-ing
redesign 36%

Communication modules;
different look

None

Eco-design 2b 2 Material reduction Omit collar and skirt Textile body 60%; Vibe-ing
redesign 18%

Wearing comfort; design Extra clothing or ambient heating

Eco-design 3 3 Production method Other knitting technique Textile body 45%: Vibe-ing
redesign 14%

Different feel and look;
wearing comfort

None

Eco-design 6 6 Initial lifetime Extend lifetime with 50% Vibe-ing redesign 33% None None

Electr. = electronic.
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the laundering must still be done with cold water and by hand (warm
water and launderingmachinerywill destroy the knit and the function-
ing of the electronic system) with minimal use of detergents.

Eco-design 1b reduces the high impact of the silver content in
Elektrisola by substituting this material with an alternative that mainly
consists of copper. Copper accounts for about 1.4% of the eco-costs of sil-
ver while having similar functional properties (conductivity). This mea-
sure decreases the eco-costs of the electronic system by 45% and those
of the Vibe-ing redesign by approximately 33%. A copper wire has a dif-
ferent look than the silver-coloured base-material so this measure will
affect the look of the design.

For Eco-design 2a a material reduction of 75% of the amount of
Elektrisola is proposed. According to the designers it is expected that
this measure will not affect the separate operation of the vibration
elements, but it might have an effect on the communication between
the modules. Whether this aspect is important for the operation of the
Vibe-ing and the healing therapy must be further explored by means
of field-testing and cannot intuitively be addressed. However this
strategy will reduce the eco-costs of the electronic system by more
than 50% and those of the Vibe-ing redesign with 36%.

Regarding this measure it is important to mention that the Vibe-ing
designers deliberately chose to apply this amount of Elektrisola for aes-
thetic reasons (the silver colour) and because they wanted to knit the
product fully fashioned — as automated as possible — and minimise
the handwork. Referring to the latter it would be an option to look for
another automated way to knit-in less wire or maybe alter the design
so automated wiring would still be possible with less material.

Eco-design 2b appliesmaterial reduction by leaving out the skirt and
the collar of the original design, which saves approximately 2/3 of the
textile use and respectively 60% in eco-costs of the textile body. For
the working of the electronic system this measure does not make any
difference, but only the appearance and the wearing comfort of the de-
signwill be different.While bodywarmthmight positively influence the
healing process the therapist might recommend an extra warming ele-
ment or to heat up the ambience where the patient uses the Vibe-ing.
The latter might be an unwished secondary consequence. To come
across this effect and simultaneously lower the impact of the product
(system), the designers could decide to produce the collar and the
skirt apart from Vibe-ing (as separate items) so these could be worn
in combination with the Vibe-ing top and occasionally with other tops
as well.

Eco-design strategy 3 is about the production methods. In first in-
stance it was expected that the 3D printing of the casings would have
a substantial influence, but the LCA base-case calculations do not con-
firm this. Although the knitting process itself does not have a large influ-
ence (the impact of the electricity use of this process is minor, see
Fig. 8c.), the choice of the designers to apply the specific jacquard knit-
ting technique has significant consequences for the amount of material
to be used. Jacquard knitting creates a voluminous and comfortable
structure, but consumes additional material (and energy) because —
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in simple words— the knitting movement is executed twice. By choos-
ing another—more simple— knittingmethod it is estimated that 50% of
the knittingmaterial can be savedwhich gives a reduction of more than
(because for this rule of thumb calculation the energy savings and the
material savings of the electronic materials are not taken into account)
45%of the impact of the textile body andmore than14% of the assembly.
Since for this redesign the surface of the dress remains similar to the
original, the secondary effect because of extra ambient heating (as for
redesign 2b) is expected not to take place. The difference with the
Vibe-ing prototype will mainly be that the body-material will be thin-
ner, whichwill have an effect on the feeling ofwearing but it is expected
that the thinner material will be enough to give the body the necessary
warmth for the treatment.

In case of other energy-using products forwhich the use-phase has a
high impact due to electricity use, extending the lifetime (Eco-design
strategy 6) might not make sense, because the benefit of more energy
efficient technologies could mean that it would be a better to replace
the product by a new one. For example in case of a washing machine,
the calculation of the optimum lifespan should bear inmind the balance
between the environmental cost of producing this machine and the en-
vironmental cost of using it [1]. For Vibe-ing the impact of electricity use
during the use-phase is of minor importance and the production phase
has a high impact. Application of Eco-design strategy 6, for example by a
lifetime extension by 50% would approximately reduce the environ-
mental impact by at least 33% (=1 − 1/1.5; benefit of technological
update not included).

Fig. 11 graphically presents the effects of the application of all eco-
design strategies discussed in this section in the Eco-design Strategy
Wheel in a qualitative way. The light grey surface reflects the Vibe-ing
prototype and the dark grey surface — which is partly covered by the
light grey one— represents the Vibe-ing eco-redesign. The outer points
of the figures (surfaces) indicate the degree to which a certain eco-
design strategy was taken into account.

For instance in Fig. 11 the point on Axe 1 (representing Strategy 1.
Choice of materials) of the light grey surface only touches the first
inner circle, which means this eco-design strategy was not taken into
consideration while designing the Vibe-ing prototype. The designers
principally chose the materials because of aesthetics; functionality and
comfort, and not because of the related environmental impact. The
outer point of the dark grey surface on Axe 1 is placed further to the out-
side of theWheel because the choice for alternativematerials (acryl and
copper instead of wool and silver) positively affects the environmental
profile. In the same way all other Strategies are mapped out in the
Wheel in Fig. 11 to picture a qualitative overview of the eco-design
strategies which are taken into account for the eco-redesign of Vibe-ing.

4. Discussion and conclusions

From the market perspective smart textiles have not yet spread into
everyday casual wear. Since e-textiles are set to proliferate the
4
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worldwide ‘fast fashion’ apparel sector in future, all environmental as-
pects related to the complete life cycle must be taken into account al-
ready in the design stage. For now we can already discuss the
prospective environmental problems around e-textiles in an early
stage of innovation. In this discussion, the possibility that the develop-
ment of smart textiles — whether or not in combination with service
systems— could lead to sustainable products and— product service sys-
tems (PSS), should be included [28].

This paper only presents one iteration of the eco-design process. A
complete process would include a second LCA of the redesign. The
authors realize that the foundations of the arguments by means of the
assessment of one case-study are only explorative by nature but we
hope this study will be the incentive for more research, particularly on
LCAs and eco-design, publications and a broader debate on the sustain-
ability of smart textiles.

In the study presented in this paper we showed that, over the life-
cycle of the smart textile garment for the health application, named
‘Vibe-ing’, the production phase has the biggest environmental im-
pact (74% of the total), in which the electronic system accounts for
a significant contribution (of 71%), mainly due to the silver content
of the conductive wire. For the textile body the merino wool deter-
mines an important part of the impact (57%). During the use-phase
of Vibe-ing the eco-costs of the electricity use are relatively low
(5%) whereas the impact of domestic transport during this phase is
very high (95%).

In the introduction of this paper, we had emphasized the rising in-
terest in applications made of smart textiles or materials due to their
high potential to create unique, rick and personalized material experi-
ences. Thus the main purpose of the material in many applications is
to evoke suchuser experiences.When the focus is on ‘environmental as-
pects’, however, we argue that many required ‘smart effects’ could be
achieved through alternative materials with less environmental im-
pacts. Designers who design with smart materials should consider
such alternative solutions, through which they will not compromise
the targeted user experiences. Studies concerning ‘how materials are
experienced and how they can be used interchangeably to create
unique user experiences’ [19,21] will help designers to assure that the
materials they use as environmentally sensitive alternatives will elicit
the user experiences they aim for.

In case of the Vibe-ing prototype the most beneficial eco-design
strategies are 1. Choice of materials, 2. Material reduction, and 6. Initial
lifetime. Three out of six eco-redesign options of Vibe-ing support our
hypothesis, which states: The implementation of eco-design can im-
prove the environmental impact of a smart textile product— expressed
in eco-costs — with at least 25%. In this case-study our hypothesis is
confirmed.

This research found that conscious material selection — in this case
the decision to apply acryl instead of merino wool and to make use of
copper conductive wire instead of wire with a high silver content— sig-
nificantly reduces the environmental impact of smart textile products.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.matdes.2015.06.129.
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This dissertation describes the PhD research on the envisioned role 
designers could take responsibility for in the transition towards a more 
sustainable fashion industry.
The current worldwide textile and apparel system is unsustainable – from 
both an environmental as well as a social point of view. The clothing 
industry is associated with (un-)sustainability problems ranging from 
materials depletion and toxic emissions to social exploitation.
This thesis argues that knowledge about life cycle thinking and life 
cycle assessment (LCA, as a method to calculate ‘eco- and socio-burdenʼ) 
could accelerate the transformation towards a more sustainable fashion 
production system. Therefore, designers are encouraged to include 
findings that result from the application of the LCA method, in the fashion 
design process, with the aim to gain insights into the sustainability 
hotspots over the clothing products lifecycle. This knowledge can help 
designers to apply ecodesign and create ‘Life Cycle Clothing ,̓ and is 
intended to enhance the self-empowerment based learning and probing 
process of the designers, the makers and the wearers of fashion. It is 
envisaged, within the wider context of the national and international 
governance of the fashion branch sustainable development future, that 
(i) the analytical methods and ecodesign approaches from this study, 
together with (ii) the self-empowerment process, will be essential elements 
(even necessary conditions) for a successful transition.
The conclusions of the research suggest practical guidelines for designers 
who are willing to adopt a different role than many of their predecessors, 
and – possibly with help from the tranS-LCA-tor – become a frontrunner 
of sustainable fashion by adding quantitative sustainability assessment to 
their ‘portfolio of skills .̓   
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