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ABSTRACT 
The production of textiles, focusing on cotton and polyester, carries with it major environmental 
concerns such as significant water and chemical use as well as the use of non-renewable 
resources. Measures need to be taken to decrease those environmental burdens. The present 
study investigates four different recovery techniques in terms of specific environmental factors. 
The investigated recovery methods are the Re:newcell method, polyester recycling, textile to 
insulation material and biogas production from the digestion of textile waste. Incineration is also 
included as a reference alternative. Waste flows in Sweden are estimated through a literature 
review of conducted waste analyses and estimations as to the amount of secondary product that 
can be produced from that input are duly made. Further, the environmental implications of 
three potential locations for a sorting facility are investigated. Converting cotton into biogas was 
found to be an unrealistic approach since it is economically inviable and little or no energy is 
actually gained when transportation costs are taken into consideration. Further studies on the 
benefits and costs of recycling cotton into insulation material are needed. The unavoidable 
transportation related to collection, sorting and recycling are not to be underestimated and 
could in some cases hinder future environmental improvements.  Finally, the study found that 
fiber material recycling is the only treatment method that has the potential to decrease the 
environmental burdens related to primary production although, despite the fact it requires the 
most water and chemicals. However, the data reliability in the current study is a matter of 
concern and further research in the form of standardized data collection and the use of 
analytical and strategic tools in further assessments is recommended. Although the recovery of 
textile material is crucial for decreasing the environmental burdens from primary production of 
textiles, the work in preventing textile waste is even more vital. In the long run, the prevention 
of waste is far more important as recovery processes demands their own share of resources.  
 
 
Key words: Recycling, recovery, textiles, fibers, cotton, polyester, Re:newcell, biogas, 
insulation, Sweden 
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SAMMANFATTNING 
Den primära produktionen av textilier för med sig enorma miljömässiga påfrestningar. 
Omfattande mängder kemikalier och vatten samt icke-förnybara resurser används vid 
tillverkningen av bomull och polyester. Det är nödvändigt att vidta åtgärder för att minska dessa 
negativa effekter på miljön. Denna studie syftar till att undersöka fyra olika återvinningstekniker 
för textilt avfall med fokus på bomull och polyester. Förbränning med energiutvinning inkluderas 
som ett referensfall och återvinningsteknikerna jämförs med hjälp av utvalda miljöfaktorer. De 
återvinningstekniker som jämförs är Re:newcells metod för återvinning av bomull (och andra 
cellulosa material) till viskosfiber, kemisk polyesteråtervinning, återvinning av bomull till 
isoleringsmaterial för byggnader samt rötning av bomullstextilier för utvinning av biogas. 
Avfallsströmmarna i Sverige uppskattas med hjälp av litteraturstudier av framförallt genomförda 
plockanalyser. Alla faktorer jämförs med avseende på 1 ton blandat textilavfall från hushåll i 
Sverige och hur mycket av det som kan användas som potentiell råvara i 
återvinningsprocesserna. Vidare undersöks även de miljömässiga effekterna som uppstår vid 
transport av det textila avfallet till en sorteringsanläggning och till återvinnigsanläggningar. Tre 
potentiella placeringar av sorteringsanläggningen undersöks: Stockholm, Vänersborg och 
Wolfen, Tyskland. Studien fann att endast fibermaterialåtervinning har möjlighet att motverka 
de miljömässiga påfrestningarna från primärproduktionen även om de också innebär den största 
användningen av resurser såsom vatten och kemikalier. Rötning av bomull till biogas anses vara 
ett orealistiskt alternativ då metoden är ekonomiskt oförsvarbar och lite eller ingen energi 
egentligen utvinns när man inkluderar de nödvändiga transporterna. Vidare studier behövs för 
att uppskatta nyttan och kostnaderna för återvinning av bomull till isoleringsmaterial. De 
transporter som oundvikligt behövs vid återvinning pga. insamling, sortering och återvinning bör 
inte underskattas och kan i vissa fall förhindra att miljönyttan ökar. Resultaten i studien bör 
däremot användas kritiskt då tillförlitligheten i det data som har använts i vissa fall kan 
ifrågasättas. Detta beror på att många antaganden och uppskattningar har gjorts pga. brist på 
data av sekretesskäl. Mer forskning och undersökningar rekommenderas i form av 
standardiserade metoder för plockanalyser av textilt avfall. Användningen av analytiska och 
strategiska verktyg såsom LCA och EIA/SEA rekommenderas för att ta hänsyn till alla intressenter 
vad gäller end-of-life för textilt avfall. Fastän återvinning är en nödvändig del i arbetet att minska 
på de miljömässiga påfrestningarna som primärproduktion bidrar till är det ännu viktigare att 
arbeta med åtgärder för att minska avfallet. Återvinning kräver sin andel resurser i from av 
energi, vatten och kemikalier bland annat.  
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1. BACKGROUND 
As world population grows and consumption per capita increases, especially in the economically 
growing part of the world such as middle income countries like China, India and Brazil, the 
outtake of natural resources increase with it (World bank, 2013; Holdren & Ehrlich, 1974). 
Responses to slow down and eventually reverse the depletion of natural resources can be found 
in various sectors of modern society. The phrase peak-oil is nowadays familiar to many and 
refers to the maximum output of, in this case, petroleum (ASPO International, 2010). However, 
the phrase is now starting to be used for other finite natural resources going through the same 
development, one of them being peak cotton (Bergh, 2012).  
 
Addressing this problem of natural resource depletion and the environmental impacts associated 
with production from virgin materials, one of the legislative responses have been the Waste 
Management Strategy and consequent legislative measures developed in order to implement 
the Waste Management Policy in the European Union (European Union Directive 2008/98/EC, 
2008). One of the main concepts of the EU strategy on waste is the hierarchy of waste 
management which consists of a list of the most and least desirable options of waste treatment. 
The priority order according to the Directive of waste management (European Union Directive 
2008/98/EC, 2008) is as follows: 
 

1. Prevention  
2. Preparing for re-use 
3. Recycling 
4. Other recovery, e.g. energy recovery 
5. Disposal 

 
The above-mentioned waste treatment options can be further described as follows: 
 
Prevention refers to all measures taken before any material or product has become waste. These 
measures include any that reduces the quantity of the waste (including re-use), negative effects 
on the environment and human health associated to the generated waste or/and harmful 
substances in materials and products. Re-use means that products are used again for the same 
purpose for which they were intended originally and are not considered as waste. Preparation 
for re-use refers to checking, cleaning or repairing recovery operations of products/components 
of products which are regarded as waste so that they can be re-used without other pre-
processing. Recycling includes the reprocessing of waste materials/products for use for the 
original or other purpose. This definition of waste handling does however not include energy 
recovery or the processing of waste to become fuels.  
 
Note that the term recovery implies both recycling and the next step of the waste hierarchy- 
‘other recovery’, as the term means waste is being processed to serve a purpose replacing other 
materials that otherwise would have served a particular function. Other recovery then includes 
all recycling that has not to do with material recycling e.g. operations that recover energy from 
waste. The final option, disposal refers to any operation that is not recovery even if it has a 
secondary consequence of reclamation of substances or material can be made (e.g. landfilling) 
(European Union Directive 2008/98/EC, 2008). Henceforward, these definitions will be used in 
this work.  
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In Sweden, recycling systems for materials such as paper, glass, metals and such have been 
implemented with significant material recovery. For example 1,800 thousand ton of metal and 
1,900 thousand ton of paper and cardboard was recycled in 2010 (Swedish EPA, 2012). Excluding 
mineral waste, 43 percent of the total waste amounts in 2010 were materially recycled and 28 
percent used for energy recovery (ibid.) where textile is entirely represented by the latter. The 
recycling of materials is beneficial in the sense that the outtake of virgin material decreases and 
thus counterworks resource depletion. In many cases it also means that a significant amount of 
energy, water and chemicals is saved by avoiding the production process needed for virgin 
materials.  
 
One sector that thrives of fast consumption is the textile and apparel industry. According to 
(Carlsson et al., 2011), the net inflow of clothes and textiles in Sweden increased with close to 40 
percent between the years 2000 and 2009. The net inflow was in the report calculated as import 
and domestic production subtracted with export and is used as an estimation for the textile 
consumption (Ibid.). According to the same study, the net inflow of clothes and home textiles 
(from now on household textiles) amounted to 131 800 t in Sweden. Converted, this equals a 
consumption rate of 15 kg per person each year (/p/y). 
 
Considering the nature of the fast fashion industry, population increase and the increasing per 
capita consumption, textile waste ought to be given just as much attention as other material 
flows. The main textile fibers used in the household textile industry are polyester and cotton 
fibers (Bartl, 2011). The first originates from petroleum relating to the issue of peak-oil and the 
latter to peak-cotton. Except for the environmental impact of resource depletion, producing 
polyester and cotton fibers (although the latter it is a renewable source) leads to other impacts 
as well e.g. global warming, deforestation and loss of biodiversity. The heavy use of fertilizers 
and pesticides is also an important issue to address regarding cotton production (Subramanian, 
et al., 2011).  
 
The need for developing decent systems for climbing up the waste hierarchy regarding textile 
waste is thus crucial for environmental impact mitigation. This study therefor examines four 
different recovery strategies for polyester and cotton in the household textile waste in 
Stockholm. It also discusses whether or not recycling actually is better than incineration with 
energy recovery as there are exceptions regarding the waste hierarchy and those are important 
to identify.  
 

1.1 Fiber Types and the Global Fiber Market 

Fibers can be composed out of many different materials. The distinction starts at natural and 
man-made fibers where natural fibers consists of crop or animal fibers (Bartl, 2011). Man-made 
fibers are categorized with regard to their chemical composition where the main distinction is 
between organic and inorganic fibers (Ibid.). The organic fibers are then further divided into 
natural polymers, mainly cellulose, and synthetic fibers which originates from petroleum (Ibid.). 
Fig. 1 shows the categorization of the most important fibers and examples of each adapted from 
Bartl (2011), Jeihanipour (2011) and BISFA (2009). 
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Fig. 1. Categorization of the most common fibers. Adapted from Bartl (2011, p. 169), Jeihanipour (2011, p. 4) and BISFA 

(2009, p. 8). 

Fibers are, according to the International Bureau for Standardization of man-made fibers (BISFA) 
(2009 p. 17),  
 “a morphological term for substances characterized by their flexibility, fineness and 
high ratio of length to cross sectional area” 
 
It is a collective term used to describe all forms of fibrous material. Natural fibers that can be 
spun into yarn are called staple fibers and the spinning of man-made fibers results in the 
production of filaments (Schultze-Gebhardt & Herlinger, 2008). The term spinning can be 
somewhat confusing and regards both spinning (wet and dry spinning) of fibers and spinning of 
yarn (Ibid.). Fibers are typically spun into yarns and then weaved or knitted into fabrics although 
there are many routes the fibers can undergo in the process of becoming a fabric (Bartl, 2011). 
 
Cotton is a fiber harvested from the seed of a plant in the genus Gyssypium (Jeihanipour, 2011). 
The main component of the fiber is cellulose but the proportion of it in the cotton plant varies 
with different growth conditions although roughly 90 percent consists of cellulose (Ibid.). The 
remainder is impurities removed by de-sizing, sourcing and bleaching in order to acquire a textile 
fiber high in quality and suitable for textile manufacturing (Ibid.).  
 
Polyester (fibers originating from petroleum) are fibers composed of linear macromolecules 
(BISFA, 2009). The fiber needs to have at least 85 percent of the mass made up of an ester of diol 
and terephtalic acid to be defined as a polyester fiber and the fiber is made though the process 
of polymerization (Ibid.).  
 
In 2011, a rise in production volume in the world textile industry (all textile sectors) by 6.4 
percent was stated in The Fiber Year (2012) meaning a production of 85.9 million t. Out of these, 
33.2 million t were made up of natural fibers and 52.7 million t of man-made fibers resulting in 
an increase of 7.1 and 6.0 percent respectively (Ibid.). Considering consumption instead, the 
volume reached 82 million t in 2012 (Ibid.).   
 
The same report suggests that the increased fiber demand is a reflection of the increasing 
disposable incomes of the middle-income countries. Jeihanipour (2011) states that the global 
consumption has increased steady from 9.4 million t in 1950 to 70,5 million t in 2009 due to 
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population growth and improved living standards. The world fiber demand is also shown to 
steadily increase with the increase of GDP (Mills, 2011). 
  
According to Bartl (2011), synthetic fibers made up for 60 percent of the total world production 
with polyester amounting for 76 percent of all synthetic fibers in 2008. Cotton is, according to 
the same source, the second most important fiber as it amounted for 34 percent of all fiber 
types the same year. Fig 2 shows the total global fiber production.  
 

 
 

Fig. 2.  Total global fiber production in 2008 according to Bartl (2011).  

Although production and consumption data are not necessarily equal, it gives an indicator of the 
total fiber demand. Mills (2011) projects that polyester fibers will increase to meet the 
increasing demand of fibers and that by 2020 polyester production will be 2.5 greater than 
cotton production.  
 

1.2 Waste Management in Sweden 

Waste is in the EU Directive 2008/98/EC (Article 3) defined as  
 
 “…any substance or object which the holder discards or intends or is required to 
discard” 
 
Waste should be handled in a manner that yields the greatest environmental and societal 
benefits (Swedish EPA, 2012). In Sweden, the municipalities are responsible for the household 
waste, the producers for their production products and operators for the final handling of waste 
that is not considered household waste (Ibid.). The households have an obligation to follow the 
municipal legislation regarding waste disposal and to sort out their wastes according to the 
sorting system available (Ibid.).  
 
Household waste is according to 2 §, chapter 15 in the Swedish Environmental Code (1998) 
defined as waste arising in households and similar waste from other activities and are normally 
collected in containers and sacks.  Thus, waste collected in these containers and sacks that do 
not arise in the households are also included in data from these collectors. Combustible waste 
and food waste (including sorted waste) are included in the container and sack waste definition 
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although home-composted waste is not since it is never turned over to the municipality (The 
ministry of the Environment, 1998).  
 
In 2011, the treated amount of household waste was 459 kg per person (4.3 million t in total) 
(Avfall Sverige, 2011). Waste collected from containers and sacks amounted to 2.2 million t, i.e. 
235 kg per person (Ibid.). More than half the household waste was incinerated and a third was 
materially recycled (Ibid.) as shown in Fig 3. Climbing up the waste hierarchy could be illustrated 
by increasing the pie for material recycling and decreasing the pie size of energy recovery or 
even better; to decrease the size of the entire cake i.e. the amount of waste that needs to be 
treated.  
 

 
 

Fig. 3. How the household waste in Sweden was treated in 2011. Data from Avfall Sverige (2011). 

The long-term vision for Swedish waste management set in 2011 is that there is no waste 
(Swedish EPA, 2012). Two goals for 2020 are set to move towards this vision.   These are first, to 
break the relation between amounts of waste and economic growth and second, to strongly 
move up the waste hierarchy (European Union Directive 2008/98/EC, 2008). 
 

1.3 Effects from Producing Textiles– Cradle to Consumer 

The present study deals with textiles after their primary use. Different waste treatment methods 
have different environmental, economic and social implications. The main advantage of trying to 
move up the waste hierarchy regarding textiles is connected to the significant environmental 
impacts they causes up-stream i.e. in the production and use-phase. Fig. 4 shows an overview of 
the inputs and outputs in the cradle-to-grave perspective. The shadowed part of the circle shows 
the focus of this study. By reusing a textile, the land, chemicals, water, energy and fuels related 
to the production of that textile those resources can be saved demonstrating the huge 
advantage of reuse. According to Palm (2011) about 15 ton of CO2-equivialents are saved for 
each ton of waste that is reused.  
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Fig. 4. Overview of the textile lifecycle with production, use-phase and end-phase. The shadowed part of the figure shows 

the focus of the present study. Adapted from Åsne et al. (1997, cited in SEMCo, 2011, p. 3). 

According to SEMCo (2011), the most significant environmental impacts arise from the use of 
chemicals and water in the primary production. Other significant impacts are related to energy 
use, emissions to air and waste generation (Ibid.). Below follows the resource use and 
environmental burdens of cotton textiles as an example.  
 
Cotton is an extremely water-demanding crop and adding to its severity, it is commonly 
cultivated in areas that have poor water resources (Ibid.). For this reason, irrigation of the land is 
vital and in many irrigation systems, only 40 percent of the water out-take is used whilst the rest 
is evaporated (Ibid.). An overview of the resource demand for cultivating 1 t of raw cotton and 
the related impacts from producing textiles from cotton is given in Table 1 and Table 2.  
 

Table 1. Overview of resource demand for cultivating 1 t of raw cotton. Adapted from Bartl (2011). 

Resource Required for 1 t of raw cotton 

Crop land 8 x 103 – 18 x 103 km2 

 

Agricultural chemicals 8.3 – 13.8 kg 
 

Water 5,700 m3 (average) 
Up to 29,000 m3 

 
Energy 36-55 GJ 
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The cultivation of cotton today requires more farming chemicals than any other crop (SEMCo, 
2011). It takes up 2.5 percent of all arable land and uses 11 percent of the world’s agricultural 
chemicals (Ibid.). One of the main pesticides used in cotton farming is Aldicarb – an extremely 
toxic chemical able to cause death to an adult person with only one drop to the skin and is very 
toxic to other mammals, birds and fish (Ibid.).   
 

Table 2. Overview of impact risks related to cotton production for textiles. Adapted from SEMCo (2011). 

Process step Impact risk 

Cotton cultivation High water use 
Water deficit in areas already scarce in water. Risk of salination, 
water-logging and changed water flows. 
 

 Use of artificial fertilizers 
Over-fertilization. Eutrophication. Leakage of dinitrogen oxide (a 
potential greenhouse gas). High energy demand for production of 
artificial fertilizers. 

 Pesticide use 
Decrease in biodiversity. High health impacts for workers and 
surrounding inhabitants. Accumulates and dispersed through air and 
water. Contamination of drinking and irrigation water.  

Washing Wastewater from washing contains traces of pesticide chemicals, 
oils from spinning and knitting of fabrics and surfactants, heavy 
metals and waxes from previous steps.  

Bleaching Emissions of hazardous chemicals when bleaching with chlorine-
based products. 
Health of workers jeopardized by hazardous fumes.    

Dyeing Emissions of salts, heavy metals, pigments and help-chemicals. 
Emission of waste water with low or high pH-value. 

Printing Use of phthalates  
After-treatments Use of softeners, flame-retardants and preserving agents.  

 
Besides the obvious environmental concerns with cotton textile production, the social impacts 
are not to be neglected. Most of the cotton farming takes place in poorer developing countries 
where farmers work long hours for a very low pay and are poorly protected by the law (SEMCo, 
2011). In smaller cotton farms, the risk of child labor is high (Ibid.). It also happens that poor 
farmers take loans to buy cotton seeds and pay back the loan with the pre-harvested tillage 
making them dependent on a good crop yield which is not always the case, leaving them in debt 
(Ibid.). Other social risks include exposure to health-hazardous chemicals and dusts, poor 
working conditions for dressmakers and all other workers in the production steps (Ibid.). 
However, a thorough analysis of the social impacts is beyond the scope of this study.  
 
As described above, cotton requires significant resources to cultivate and even more to produce 
textiles. It is a good example of the unsustainable production of a renewable resource. Polyester 
on the other hand is chemically produced from petroleum resources (crude oil and natural gas) 
and is thus made out of non-renewable resources (Hedge, et al., 2004). 
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2. AIM AND OBJECTIVES  
The present study attempts to draw conclusions about four material recovery techniques for 
textile material regarding environmental performance and resource availability in Sweden. The 
primary aim is to assess how much of the household textile waste in Sweden that can serve as 
input material for the different recovery methods and to compare their environmental 
performance based on certain chosen environmental factors. Additionally, emissions from 
transporting textile waste from Stockholm, Sweden to the allocated locations for sorting facilities 
and locations of the recovery plants are subject to investigation.  
 
The recovery methods included in the assessment are: 
 
 Chemical fiber material recycling, 

 Polyester recycling  
 Cotton-to-Viscose recycling (Re:newcell®) 

 Textile waste used as insulation, and 
 Biofuel production from textile waste 
 Incineration with energy recovery as a reference alternative. 

 
In order to fulfill the aim of this report the following objectives are set: 
 
 Discuss the environmental performance of the aforementioned recovery methods for 

cotton and polyester fabrics in Sweden and Stockholm by attempting to answer the 
following questions: 
 How much secondary product can be produced by the household textile flows in 

Sweden? 
 What are the inputs/outputs of energy, water and chemicals? 
 How much waste is generated in the process? 
 What are the emissions related to the processes? 

3. METHODOLOGY 
In this chapter, methods used for examining the recovery alternatives for textile waste are 
explained and the main assumptions and system boundaries are presented. Due to the fact that 
this is a new area of research and that hardly any large scale textile recovery exists, no original 
life cycle assessment (LCA) is made in this study. The extensive lack of data in the field requires a 
range of assumptions to be made and for this reason the author choses only to give estimates on 
environmental performance mainly based on conducted LCAs on similar product systems.  
 

3.1 SCOPE AND SYSTEM BOUNDARIES 
The system boundaries used to assess the different recovery methods are described in 4.3 
Investigated Recovery Methods. In this section other system boundary considerations including 
the ones for transportation are described.  
 
The present study wishes to investigate the potential recovery of cotton and polyester fabrics 
from household textile waste. Hence, no textiles from industries and other intermediate stages 
are included in this study. The definition of household textile waste is taken from Carlsson et al. 
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(2011) and a list of garments included can be found in Appendix I. Special-treated fabrics (e.g. 
textiles treated with flame retardants), nano-textiles and other textiles that demands special 
end-of-life treatment or handling are excluded. These will however certainly cause process 
difficulties for some of the recovery methods. 
 
As mentioned above, only the treatment of cotton and polyester will be investigated leaving out 
other textile materials such as viscose, wool and acrylic. The study does further not take into 
consideration blended fabrics e.g. cotton/acrylic mixes due to problems in data-availability. 
Hence, the fiber material content as presented in 3.4 Fiber Material Content is applied.  
 
The study will only focus on textile flows in Sweden and will have Stockholm as a reference case 
for the comparison of the different recovery methods and transport options. This will mainly 
have implications on the transportation issue and the waste composition. Data for composition 
of textile waste fractions is collected from the cities of Stockholm, Karlstad and Borås as well as 
compiled data from household waste analyses throughout the country. The results will be 
applied on Stockholm.  
 
The collection of household textile waste in Stockholm is assumed to be done from the central 
recycling facilities of the city. The sorting of the fractions is not included in the study other than 
with its potential location having implications on transport. The reason for this is that it is 
assumed to have the same outcome independent of which recovery method is chosen and the 
aim is to compare the recovery methods and not sorting alternatives.  
 
The system boundary includes the production of a secondary intermediate product (e.g. 
filaments or fibers). This is the case with the polyester recycling and the Re:newcell process. It is 
important to keep in mind that the system boundary is drawn to assess the recovery options and 
not the up and downstream implications. For example, the production of apparel and dying of 
fabrics are processes that could be affected by the different means of recycling. Thus, this study 
only takes into consideration the primary process of recovery. Any secondary processes needed 
are left out. For production of biogas, this means leaving out the secondary process of upgrading 
the gas for use in vehicles. The insulation production is a simple process and hence, there is no 
intermediate product.  
 

3.2 TRANSPORTATION 
The tool used for estimating emissions from transportation is NTMCa/cFreight Professional 3.0. 
It is an assessment tool for transport environmental performance established by the nonprofit 
organization The Network for Transport and Environment (NTM) (NTM, 2013). Three alternatives 
are investigated for the transportation of textile waste fractions. The differences depend on 
where the sorting will take place. Three locations for a potential sorting facility are investigated: 
 

 Stockholm, Sweden, 

 Vänersborg, Sweden and 

 Wolfen, Germany. 
 
Because the study focuses on waste fractions transported from Stockholm it is interesting to 
investigate the implications of having a sorting facility in the city itself. Vänersborg is included as 
an alternative as this is the location of the pilot project of Re:newcell and it could be practical to 
locate the sorting facility close should it succeed. The Wolfen alternative is included in the study 
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as there is currently an operational large-scale sorting facility for textiles there running at peak 
capacity and processing 270,000 kg of clothing per day into 400 different categories (Soex 
Group, 2013). Fig. 5 shows the system boundary for the assessment of emissions from transport. 
The locations of the different recovery plants are assumed to be Vänersborg for Re:newcell, 
Nashik, India for polyester recycling and Stockholm for production of biogas and insulation 
material. Further the current study only takes into consideration the emissions from tank to 
wheel/work. The emissions caused from use of raw materials to produce fuel are not included.  
 

 
Fig. 5. The figure shows what is included regarding transport as well as which alternatives for sorting location are included. 

Since the longest transport routes assessed in the current study are the transportations to 
Nashik, India, the transportations within the different cities are assumed to have zero impact in 
comparison. The transports to Nashik are assumed to take place using ships and the other 
distances are covered by truck. Detailed assumptions for transport and the distances used are 
listed in Appendix II. 
 

3.3 FUNCTIONAL UNIT AND FACTORS 
Although this study does not conduct a LCA, a functional unit is defined. The environmental 
factors assessed in this study are chosen based on the most evident environmental impacts and 
on data availability (the limiting factor). Table 3 presents the factors included in this study. 
 
The functional unit for this study is the treatment of 1 ton of mixed household textile waste. 
Since this is a mixed fraction, depending on the recovery method, only parts of the total amount 
will be treated and serve as input material for the production of the secondary product.   
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Table 3. Factors that the recovery methods will be measured against with descriptions. 

Factors  Description 

Recovery rate  Here defined as how much of the mixed 
fraction of 1 t can serve as input material for 
the recovery method in question. The higher 
the rate the better.  

Environmental Energy use The energy requirements or energy produced 
by the process. Less energy use/more energy 
production is considered better. 

 Water use Amount of water needed for the process. Less 
water use is considered better.  

 Chemicals The amounts of chemicals used in the 
process. Less chemical-use is considered 
better. 

 Emissions The significant emissions deriving from the 
process. Method that emits less pollution is 
considered better.  

 Waste generation How much waste is generated by the 
process? Less waste gives a better alternative.  

 
The environmental factors chosen for this study are based on the overall input needs for the 
recovery methods. Energy is an obvious factor to consider as high energy use derived from 
especially non-renewable energy sources has a high environmental impact related to resource 
deficiency, greenhouse gas emissions and other pollutants.   
 
Although cotton is a renewable raw material, the amounts of chemicals and water needed to 
cultivate it make it important to use it efficiently and scarcely. For the same reason, chemical 
inputs and water use are made factors in the assessment. The pesticides used for cotton 
cultivation are harmful for the environment impacting human health and biodiversity as 
mentioned earlier. Water-use is also important to consider as significant amounts are used for 
the virgin production of cotton. Emissions from the recovery processes are important to address 
as they are linked to greenhouse gas emissions, depletion of stratospheric ozone, formation of 
tropospheric ozone and contamination of surface and ground water. 
 
Because the choice of the functional unit is the treatment of 1 t of mixed household textiles, 
data concerning e.g. energy use can be misleading as less energy consumption can imply that the 
recovery method is better from an environmental point of view when in fact less textile can be 
recycled thus leading to lower energy consumption. For this reason it is important to compare all 
data to the recovery rate, here meaning how much of the total textile input (mixed fraction of 1 
t) can serve as effective input for each recovery alternative.  
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3.4 FIBER MATERIAL CONTENT OF TEXTILE WASTE 
In order to estimate how much of 1 t of textile household waste that can serve as input material 
to the different recovery methods, it is necessary to know the composition of the waste. There is 
the need to know how much is composed of polyester and cotton, both in mixed fractions with 
other materials and fibers as well as the pure fractions with 100 percent cotton or polyester.  
 
Data on the textile waste composition is however scarce, especially data on the blended 
fractions. Data from production and consumption vary greatly as fibers have a variety of 
applications. Various apparel companies that sell high volumes in Sweden were contacted for 
data on fiber content and fiber blend fractions, however, the data was either confidential or only 
fiber content was available (without data on fiber blends). Bartl & Haner (2009) measured the 
fiber content in collected end-of-life apparel from Europe by the use of solvents. Parts of their 
results are summarized in Table 4. The mean value of the fiber content found is presented along 
with the minimum and maximum value found in the fractions analyzed. The forth column also 
compares the content found with the world fiber production.  
 

Table 4. Fiber content in percent found in collected end-of-life apparel collected in Europe according to Bartl & Haner 
(2009). 

Fiber type Mean value Min/Max value Production 

Cotton 28.4 25.3/32.8 35 
Polyester 14.2 5.0/23.2 38 
Viscose 10.8 5.9/17.0 5* 
Wool 8.5 4.3/14.3 2 
Silk 6.1 1.2/11.5 0.2 
Elastane 5.2 2.4/9.7 NDA 
Polyolefin 5.1 1.2/7.1 7 
Polyamide 5.1 1.2/7.1 7 
Acetate 4.6 3.1/6.8 5* 
Acrylic 4.3 2.5/8.1 5 
Triacetate 1.2 0.0/2.9 5* 
Insoluble fibers 6.6 4.4/9.1 NDA 

*The 5 percent represent viscose, acetate and triacetate production in sum. 
 

These figures will be used in the present study to estimate the fiber content of the household 
textiles in Sweden. However, firstly, the data is not fully representative for the European apparel 
waste as the analysis was made during one season and is not a measure over time and waste 
composition is a dynamic measure. Moreover it is not specifically representative for Sweden and 
Stockholm and does not show the fractions of mixed fiber material. Thus, the use of this data 
presumes that separation techniques exist for the textiles and that full recovery of the fibers can 
be achieved although this is hard to obtain in reality. Further, only apparel was studied in Bartl & 
Haner (2009) affecting the results of the current study since not only apparel but also other 
household textiles are included in the present study.  
 
Denim/jeans are the input material used in the production of insulation material. However, since 
no data on the denim content in the textile waste is available, data on the cotton fraction from 
Table 4 is used instead. The estimation is based on that the main fiber content of denim is 
cotton.  
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4. RESULTS 
The following sections present the results of starting with the textile waste flows of today 
followed by textile waste scenarios used in the present study. Descriptions of the different 
recovery methods are given together with a presentation of the system boundary used for the 
assessment in the current study, as mentioned in the Methodology. As most data for the 
assessment of environmental performance of the recovery methods are taken from various life 
cycle analyses (LCAs) papers and other sources (peer-reviewed papers, authority reports and 
some grey literature), it is important to keep the system boundaries in mind when interpreting 
the results. Subsequently, the environmental performance and the results from the flow 
scenarios are presented.  
 

4.1 GENERATED TEXTILE WASTE AND TEXTILE WASTE FLOWS 
Today there are many players involved in the flow of household textile waste in Sweden due to 
the fact that there is no real developed public infrastructure to handle the textiles in an efficient 
manner like with newspaper waste for example. For the same reason, it is very hard to find data 
on textile flows in Sweden. As mentioned before, the study conducted by Carlsson et al. (2011) 
shows that the net inflow of textiles to Sweden is 15 kg/p/y (131,800 t in total), with numbers 
from 2008. This net inflow was calculated by adding import and domestic production and 
subtracting export (Ibid.).  The specific textile categories that are referred to here as household 
textiles and that Carlsson et al. (2011) included in the calculations are listed in Appendix I. When 
including another textile category, namely secondhand clothes and rags, the net inflow is 
reduced to 13.4 kg/p/y (120,700 t). This category was regarded as negative to the flow as a large 
part of this fraction is exported (30 percent of the exported textile products in 2008 belonged to 
this fraction) (Ibid.). Fig. 6 shows these 15 kg of consumed textile per p/y and where they end up 
after the use-phase. 
 

 

Fig. 6. Where the 15 kg/person/year of net inflow end up according to Carlsson et al. (2011). Green arrows show what flows 
need to be increased for moving up the waste hierarchy and red arrows show the flows that need to decrease for the same 

purpose. 
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Carlsson et al. (2011) compiled data from textile waste analyses conducted during the years 
2004 to 2010 to examine how much textile waste is sent for incineration and to charity 
organizations in Sweden. These were done in various municipalities and it was found that in the 
household sack and container waste 2-4 percent was made up of textiles leading to the average 
of 3.2 percent or 7.9 (8) kg/p/y as shown in Fig. 6. The gap between the minimum and the 
maximum value however, is rather significant spanning from 2.4 to 14.2 kg/p/y. Further it is 
assumed that the results are representative for the nation as a whole which in reality is not the 
case and textile content will vary from municipality to municipality and many different factors 
will affect the waste amounts and composition.  
 
The fraction of household textiles given to charity organization was taken from results including 
shoes, bags, and belts etc., fractions that are outside the system boundary of Carlsson et al. 
(2011) and of the present study as well. No correction for this is attempted. It was concluded 
that 26,000 t (3 kg/p/y) is given to charity, most of it coming from households (Ibid.). Out of 
these, 15 percent (0.4 kg/p/y) is regarded as non-reusable and sent for incineration, 11% (0.3 
kg/p/y) is resold as secondhand on the Swedish market and 73 percent (2 kg/p/y) is exported, 
either sold or sent to relief consignments (Ibid.). For the part that is sold abroad, the price is 
around 0.50-1.0 SEK/garment (Ibid.). Further, for the secondhand market, no consideration has 
been taken for the private secondhand trade through websites1. 
 
Carlsson et al. (2011) explains the errors and uncertainties accumulating to 4 kg/p/y to be 
caused by uncertainties in data, assumptions and missing data. Examples on data missing are 
changes in stocks, other users besides the households, textile fractions in the bulky waste and 
other charity organizations.  
 
According to the British department for Environment, Food and Rural Affaires (DEFRA, 2008) 
there is an accumulation of textiles in the households and Carlsson et al. (2011) mentions a high 
probability that the same is true for Swedish households, although no attempt to quantify these 
amounts are made. These accumulations are caused by households disposing of textiles they do 
not use.  
 
Carlsson et al. (2011) also studied the changes in the net inflow of textiles over the time span 
2000 to 2009. In this assessment however, a simplified calculation model was used and only 
import and export was included since the domestic production is significantly lesser (Ibid.). The 
result was that during this time, the net inflow of household textiles increased by 40 percent 
(Ibid.). DEFRA had a similar study made and concluded that between the years 1999 and 2006, 
the increase of these products was by 50 percent in the UK (DEFRA, 2008).  
 
Not many other studies have been carried out to investigate the household textile waste in 
Sweden. Beside the report conducted by Carlsson et al. (2011), waste fractions were also 
investigated in the cities of Stockholm, Borås and Karlstad. Below follows a brief summary on 
what was found in these studies. 
 
The most elaborate textile waste study at a city-level was conducted by the city of Stockholm. 
The study examined the collected waste from two central recycling facilities in the city (Bromma 
and Vantör) (Sundin, 2012). In 2012, these facilities had 345,477 and 163,957 visitors 
respectively (Broman, magnus.broman@stockholm.se, 2013). Four containers with a total of 29 t 
(143m3) were collected and out of this 7.5 percent consisted of textiles (including textiles mixed 
                                                        
1
 E.g. Swedish websites for secondhand trading such as Tradera and Blocket. 
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with other materials, foam mattresses, tents and tarpaulin) and 4.5 percent of apparel and 
household textiles which the current study deals with (Ibid.). Generally, more textiles were 
found in the combustible fraction than in the remaining fraction (Ibid.). In addition, a minor 
assessment of the reusability of these textiles was conducted. The fraction that was reusable 
varied between 10-50 percent depending on what fraction and location was investigated (Ibid.). 
In Bartl and Haner (2009) the reusable fraction of collected end-of-life apparel in Europe is 
stated to be about 50 percent. In Morley et al. (2009) 43 percent of the textiles in UK household 
waste bins were regarded as reusable.  
 
The study by Olofsson (2012) has its focus on reuse in the city of Borås. This study does however 
not focus on textiles specifically but rather all waste that enters a second life from households 
(e.g. clothing, shoes, household equipment etc.). Data collected and interviews conducted from 
12 different companies and organizations in the city showed that 2154 t/year (20.7 kg/p/y) is 
sent for reuse by users and out of this amount 430 t are discarded as waste by the collectors 
leaving the actual reusable fraction at 16.6 kg/p/y (Ibid.). Although the data in this report is not 
suitable in the present study as it does not specifically concern textiles, Olofsson (2012) showed 
that there is an increased interest for reuse and secondhand products based on the interviews 
conducted. Practically all companies/organizations identified an increase in sales and the 
reasons for this is believed to be that secondhand has become more trendy and accepted, it is 
cheaper and there is an increased environmental concern although it is hard to say which of 
these reasons dominates (Ibid.). The study did not include secondhand trading through websites 
meaning that more is in fact reused than has been measured. 
 
In the waste analyses conducted in the city of Karlstad, waste from the municipalities of Karlstad, 
Kil, Grums, Forshaga, Hammarö and Kristinehamn was analyzed (Oja, 2010). The household 
waste fractions were investigated and three fractions where initially collected: unsorted 
combustible waste (with food waste), food waste separated at source and sorted combustible 
waste (without food waste) (Ibid.). They were divided into eight different material fractions one 
of them being “other combustibles”. Textiles were included as a sub-category in this fraction 
together with wood material, diapers, cat litter, leather, rubber etc. (Ibid.). The municipality of 
Kil showed the largest textile fraction – 22.2 kg/p/y for multiple dwellings and 12 kg/p/y for rural 
areas (Ibid.) but the definition of “textiles” is not given in the report thus making the numbers 
very unspecific and hard to use in the present study. The conclusion that can be drawn is that 
waste composition highly depends on what housing type the waste comes from and the location 
among other factors.  
 

4.2 SCENARIOS OF POTENTIAL TEXTILE FLOWS 
An analysis is conducted for estimation of the existing textile flows that could serve as input-
material for the recovery methods assessed.  For this purpose, two scenarios in the textile flow 
adapted from Carlsson et al. (2011) are made, presented in Fig. 7 and Fig. 8.  Both scenarios 
consider the possibility of reusing the textile suitable for reuse that is today sent to incineration. 
It is assumed that 35 percent of what is sent to incineration is fit for reuse; an average adapted 
from the results in Sundin (2012), a waste analysis conducted for the city of Stockholm. This data 
is used since the current study focuses on Stockholm, however, higher numbers on the reusable 
fraction are mentioned in other sources (see 4.1 Generated Textile Waste and Textile Waste 
Flows). Further, in both scenarios, the rest of the textile fractions can then serve as potential 
input for the different recovery methods assessed in the current study.   
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The second scenario (Fig. 8), presents an alternative where the charity organizations sell or give 
the earlier exported fraction to the waste firms instead. This scenario is chosen to examine the 
maximum potential waste flows that can be obtained for the recovery methods and whether or 
not these flows are enough to make the recovery feasible. The price for selling garments abroad 
was according to Carlsson et al. (2011) 0.50-1.0 SEK/garment. This is assumed to be a more than 
accepted price for the waste firms leaving the charity organizations economically unharmed by 
such a change. The assumption is further justified by the fact that most charity organizations 
would rather sell their products and use the revenues for aid projects making them more flexible 
in the fulfillment of their missions (Swedish Red Cross, 2012).  
 
Note that the scenarios are used to assess the potential in textile material recovery for the entire 
textile waste flow in a year. The scenarios are thus not connected to the functional unit.  
 

 
 

Fig. 7. Flow Scenario I – Increasing the reusable fraction. 35 percent of the 8 kg/p/y originally sent to incineration are sent 
to the charity organizations for reuse (arrow showing 2.8 kg going to charity from waste firms). No compensation has been 

made for the flows going to export or use caused by this change. This leaves 5.6 kg/p/y for potential recovery. 
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Fig. 8. Flow Scenario II – No textiles are exported or sent as relief consignments and 35 percent of the textile waste 
normally incinerated is reused in the Swedish market. Adding the 2 kg/p/y that is estimated to be sent abroad for aid or 

sale, the flow going to potential recovery can be increased to 7.6 kg/p/y. 

 

In order to examine how much textile household waste can be collected in Sweden, a literature 
review of waste analyses is carried out and the flows are roughly identified. The fraction fit for 
reuse that today ends up incinerated in Sweden is estimated only through the average found in 
Sundin (2012). This was a minor study concerning reusability and more accurate figures 
measured over a longer period of time (since waste composition depends on a number of factors 
such as season, type of household, location etc.) is preferable.  
 
The alternatives in flow-scenarios (scenario I scenario alt II) does not take into consideration that 
preventing waste from ever occurring (top on the waste hierarchy) will decrease the amounts 
consumed by the users i.e. the 15 kg/p/y may (and should according to the waste hierarchy) be 
decreased affecting the total input flow that the recovery options need.  
 

4.3 INVESTIGATED RECOVERY METHODS 
The recovery methods chosen to be examined are based on their capability to handle cotton and 
polyester fabrics since these are the most common textile fabrics and also due to the 
environmental impacts related to their primary production. The goal is to also include new and 
up-coming technologies and thus chemical fiber recycling and biogas production from cotton 
waste are included in the study. Though using textile waste for producing insulation material is 
not a very new technology, it is included since it is a well-established recycling method and a 
relatively simple one that may have significant environmental benefits. The problem with using 
new and up-coming technologies is the extensive lack of data and the question of feasibility on 
large scale levels since most of them exist only on research level. This results in a series of 
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assumptions taken in the present study that needs to be interpreted critically. Incineration is, in 
the present study used as a reference for comparison since it is the current end-of-life treatment 
for most textile waste in Sweden.  
 

4.3.1 Fiber Material Recycling – The Re:newcell Method 

Regarding both polyester recycling and the Re:newcell method for recycling cotton, it is 
interesting to assess these new and emerging technologies even though no large scale 
production can currently be found. Re:newcell is launching a pilot project in Vänersborg, Wargön 
in Sweden (Re:newcell, 2012) and therefore it is interesting to see the implications of such a 
method. The main interest in fiber material recycling however is the high quality secondary 
product that can be produced comparable to that of virgin material and that most likely will 
stand in competition with primary products (Re:newcell, 2012; Jeihanipour, 2011). 
 
Henceforward, the term Re:newcell process will refer to the first part of the method when 
textiles are chemically treated to produce regenerated cellulose (pulp). The term Re:newcell 
method will refer to the entire production from pulp to the intermediate product viscose fiber.  
 
The Re:newcell recycling method deals with cellulosic fibers. It can, in laboratory scale, recycle 
cotton, viscose and elastane (spandex) fibers into regenerated viscose fibers with a near to full 
recycling rate regarding pure cotton (Gunnarsson, 2013). The company is currently attempting to 
develop large-scale recycling and it is planned to be tested in a pilot project in Wargön in 
Vänersborg, Sweden, (Re:newcell, 2012). The pilot project will however start with dealing only 
with pure cotton fabrics and from there the aim is to develop larger scale viscose and elastane 
fiber recycling (Gunnarsson, 2013). 
 
The Re:newcell process is a chemical treatment method where the chemicals are said to be 
environmentally friendly and used in closed systems (Gunnarsson, 2013). Dirt, dyes and other 
chemicals that the textiles might be treated with will certainly cause the need for make-up 
chemicals, although the Re:newcell process can handle relatively dirty inputs. These impurities in 
the process can also cause down-stream complications as the tools used in the viscose 
production (spinnerets) are very fine and sensitive to clogging (Ibid.). The intermediate product 
after the Re:newcell process is cellulose pulp that is used as input for the production of viscose 
fibers.  
 
At the moment, when using 100 percent cotton, the strength of primary viscose fiber is not met 
although it is close to viscose tenacity. There are plans on blending in virgin material to reach the 
viscose tenacity (NÅÅ, 2013).  
 
Other challenges expressed by the company is the supply of raw material and how they will be 
collected as well as how well the process will work in large scale. According to Re:newcell  
several thousand t of material every year will be needed for the production (Ibid.).  
 
Fig. 9 shows the Re:newcell process, the first step of the Re:newcell method where regenerated 
cellulose or pulp is produced. Fig. 10 shows the steps in producing viscose staple fiber from the 
pulp produced in the Re:newcell process. Together they form the Re:newcell method as it is 
defined in the current study. After the collection and sorting, the textiles are shredded and 
chemically pre-treated for activation (Fig. 8). The solution is then filtered to separate unwanted 
materials such as buttons, other fibers, zippers etc. (scrap) and the chemicals that cannot be 
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recycled are by-products (reject). Regenerated cellulose is then formed in the second chemical 
treatment step (Re:newcell, 2012). Due to confidentiality issues, data on the Re:newcell process 
is virtually impossible to obtain. Data from the viscose process is however available. 
 

 
Fig. 9 The Re:newcell process of recycling textile fibers. 
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Fig. 10. The viscose process following the Re:newcell steps. Adapted from Shen et al. (2010). 

The waste generated in the viscose fiber production is either sent to waste water treatment 
plants or is incinerated (Wilkes, 2001). The recovery of acid/zinc concentrate at later stages in 
the process is economically not often feasible as the waste water streams are often too diluted 
(Ibid.).  
 

System boundary for the Re:newcell method  

Shen et al. (2010) assessed the environmental impacts of man-made cellulose fibers in their 
study through LCA of two different viscose fiber production systems from the company Lenzing. 
Lenzing produces a fifth of the world’s man-made cellulose fibers (viscose, modal and tencel 
fibers) with mostly wood pulp and cotton linters as raw material (Ibid.). The capacity reaches 
252,000 t of viscose and Modal fibers (Lenzing Group, 2011). The product system in Shen et al.’s 
study chosen as a reference to the Re:newcell method is integrated pulp and fiber production in 
Austria. According to Re:newcell an integrated pulp and fiber plant is a potential future option 
(Gunnarsson, 2013). Integrating the pulp and fiber production means more effective use of 
energy, chemicals and water as they may be part of a recirculating system. It is important to 
consider the change in impacts should the pulp and fiber production be separated. 
 
The process energy assumed in this case is biomass and recovered energy from municipal solid 
waste incineration (MSWI), likely to be used in a Swedish case as well. The transportation of half 
the wood is from Austria and the rest from other European countries. All the wood is 
transported to the production site at Lenzing in Austria.  
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The problems related to the use of this data are transportation issues, the use of raw material 
(wood and cotton linter and not textile waste); the included impacts from production of 
chemicals and energy which is out-side of this study’s system boundaries. The transport of wood 
as mentioned above, is included in the data taken from Shen et al. (2010) for the Re:newcell 
method and no compensation for this has been made. Compensation for the production of 
caustic soda that is included in the study conducted by Shen et al. (2010) is attempted.  
 
Due to confidentiality issues, quantitative data from the Re:newcell process could not be 
obtained. Some qualitative data is communicated. The Re:newcell viscose production is assumed 
to take place in Vänersborg where the pilot plant will be located.   
 
Data from best available technologies (BAT) is also used in the environmental assessment in the 
present study. It is likely that the BAT would be used should such a plant open in Sweden. 
According to a reference document on BAT in the production of polymers from 2007 issued by 
the European Commission, the BAT for production of viscose fibers include e.g. condensation of 
exhaust air, recovery of carbon disulfide and recovery of heat among other cleaner production 
technologies. More detailed and additional criteria for BAT can be found in European 
Commission (2007).  
 

4.3.2 Fiber Material Recycling - Polyester Recycling 

There are two main ways to recycle polyester. The first is when polyester is melted and re-
extruded into fibers and the second when the polymers are de-polymerized into smaller 
components and then re-polymerized so that new yarn can be produced (Eco Textile News, 
2008). The focus in this study is the latter since it yields high quality yarn comparable with yarn 
produced with virgin material (Jeihanipour, 2011; Shen et al., 2010). According to Shen et al. 
(2010) and Wang (2010) this is done by depolymerization of polymeric waste either into 
monomers or oligomers. The de-polymerization step requires the separation of other materials 
and thus, according to Jeihanipour (2011) is more suitable for pre-consumer textile waste. The 
Eco circle program by the Teijin Limited (Teijin Limited, n.d.) uses back-to-monomer recycling 
when recycling polyester garments distributed after collection. This type of chemical polyester 
recycling does currently not exist in large scale operations and data from the Teijin recycling 
program and others similar is scarce due to confidentiality issues. Chemical recycling requires 
more energy than other types of recycling (Jeihanipour, 2011).  
 

System boundary for Polyester Recycling 

Due to the lack of data in this field, the chemical recycling method chosen for this project is 
back-to-oligomer recycling. The back-to-oligomer recycling method of polyester (also known as 
PET or Polyethylene terephthalate) is a method that does not break down the PET fibers into the 
smallest components. This method is often used in recycling PET-bottles into polyester fibers 
and data from this process will be used in the assessment of recycling polyester as the methods 
can be assumed to be similar.  
 
A company dealing with this is Polygenta, located in India with one of its plants in Nashik 
(Polygenta, 2011). They collect post-consumer PET-bottles (transparent and colored), wash them 
and produce flakes out of them for further production (Polygenta, 2012). Fig. 11 shows the 
system boundary for PET-bottle to fiber recycling that is used as a reference in the present study.  
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The current study assesses the intermediate secondary product of partially oriented yarn (POY) 
from amorphous PET. After this, POY can then be further processed (mechanically) and turned 
into drawn texturized yarn (DTY) which is obtained when POY is simultaneously twisted and 
drawn (Tijaria, 2011).  An LCA conducted by Polygenta assesses energy and water requirements 
for producing amorphous PET from PET-bottles. This study is used when other sources are not 
available. Data is also collected from an LCA on PET-to-fiber recycling from Shen et al. (2010). Fig. 
11 demonstrated the process of recycling PET-bottles into polyester yarn according to Polygenta. 
The figure also shows the system boundaries related to the data taken from Polygenta. Notice 
that the step for collection of post-consumer waste bottles is included in the data taken from 
Polygenta but are not relevant for textile-to-fiber recycling. 
 

 
Fig. 11. System boundary of PET-bottle to polyester fiber recycling according to Polygenta. The data taken from the 

company represents the system boundary as shown in the figure. The data will thus include collection of post-consumer 
PET-bottles, a step not relevant for textile-to-fiber recycling.  Adapted from (Polygenta, 2011).  

The data collected from Polygenta’s LCA study in 2012 ends its assessment at the intermediate 
product of amorphous polyester leaving out the spinning of POY which in this study is included. 
The LCA does neither include production of chemicals of energy required in the process.  
 
The possibility of producing yarn from PET-bottles lies greatly in the treatment of the colored 
bottles (Kulkarni, 2013). This is one of the challenges in the development of polyester textile 
recycling i.e. how to treat the dyes of the polyester fabrics (Ibid.). 
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4.3.2 Textile Waste to Biofuels 

In order to replace the future petrol based industry that brings about major environmental 
concern, biofuels are examples on alternatives as biomass used to produce the biofuels are the 
most abundant renewable resources with the annual global production of 1.1 x 1011 t (Tadasse 
& Luque, 2011) and as it reduces CO2-emissions by 90 percent compared with diesel and 
petroleum (Stockholm Gas, n.d.). Therefore, research in this area is prominent in order to make 
these converting processes more efficient and environmentally friendly (Tadasse & Luque, 2011). 
Hence, it can be very useful to examine whether or not textile waste could serve as a beneficial 
feedstock to the production of biofuels. The demand for biofuels in the Stockholm region is high, 
especially on the vehicle fuel front (Municipality of Stockholm, 2011).  
 
Cotton has high cellulose content (85-95% dry wt.) compared to other feedstock and thus it is 
chemically highly suitable, in that sense, to convert it into biofuels (Menon & Rao, 2012). Out of 
34 different feedstock products compared in Menon & Rao (2012), cotton was the only 
feedstock with cellulose content higher than 60 percent.  
 
In a study conducted by Jeihanipour et al. (2012), the solvent N-methylmorpholine-N-oxide 
(NMMO) was used to pretreat cotton/polyester blends in a two stage batch to produce 
methane. Jeans (100 percent cotton) were used as well and the results showed that 400 ml 
methane/g volatile solids/day could be obtained – the pretreatment with NMMO doubled the 
yield compared to non-treated jeans (Ibid.). The study also achieved to arrange a closed system 
in the two reactors used (Ibid.). Fig. 12 shows the process steps of converting textile waste into 
biogas. 
 

 
 

Fig. 12 Schematic view for the process steps in converting textile waste into biogas. 
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The cellulose solvent NMMO is an ionic liquid solvent (Menon & Rao, 2012) and is used to make 
the cellulose less crystalline and thus more accessible to enzymes than untreated (Tadasse & 
Luque, 2011). The other major advantage is that NMMO can separate cellulose from blended 
fiber textile waste e.g. cotton and viscose can be separated from polyester and other synthetic 
fibers (Jeihanipour, et al., 2010). Another significant advantage with this solvent is that it can be 
reused (Menon & Rao, 2012). The pretreatment with this solvent has however not yet been 
tested in pilot or large scale and the development is still in its initial stages (Ibid.). A major 
disadvantage with the solvent is that it is one of the most expensive ionic liquid solvents costing 
ca. 2.0 $/g according to Tadasse & Luque (2011).   
 
According to Menon & Rao (2012) processes involving ionic liquids like NMMO are less energy 
demanding, easy to operate and more environmentally friendly than conventional dissolution 
processes and thus they are promising for commercial application. However, they have a high 
cost and thus the recycling of this solvent in a completely closed system is essential in making 
the process economically viable as well as environmentally beneficial (Ibid.). Tadasse & Luque 
(2011) mentions that a cost-effective pretreatment is vital for the feasibility of biofuel 
production. Even if full recycling of the solvent is obtained, further research is needed to 
conclude that it still can be feasible regarding this aspect. Another challenge considering the 
solvent is the lack of toxicological data (including impact on human health) (Menon & Rao, 2012) 
and lack of knowledge on basic physic-chemical characteristics (Tadasse & Luque, 2011).  
 
In a consequence analysis reaching year 2030 conducted by the Swedish Energy agency 
(Andersson, et al., 2013), it is stated that the total energy use in Sweden is expected to increase 
by year 2020 with 4 percent; the increase is then expected to phase out by the year 2030 and 
the need for biofuels will increase as well. By 2030 it is also expected that the use of renewable 
biofuels increases with 7 TWH and the most significant increase will derive from biogas and fatty 
acid methyl esters used in biodiesel (FAME) (Ibid.). This can serve as an indicator that the need 
for biogas will increase.  
 
Note that although this study only deals with cotton and polyester, the conversion of textile 
waste into biofuels deals with converting all cellulose material, thus, viscose could for example 
also be converted to biogas although it is not examined in this study.  
 

System boundary for Biogas Recovery from Textile Waste 

In the experiments conducted by Jeihanipour et al. (2012), a 3000 m3 municipal solid waste 
digester was used and the operating temperature was 55°C.  This study considers the semi-
continuous two-stage anaerobic digestion of NMMO-pretreated jeans (100 percent cotton). In 
the experiment, 6 % w/w dry matter of NMMO was used (Ibid.).  
 
The system boundary of this method does not include the up-grade of biogas to vehicle quality 
and assumes that the production of biogas from textiles will take place in the Stockholm area. 
This assumption is based on that biogas plants can be located near the place where waste is 
generated since it is a rather uncomplicated process (Ibid.). The energy needed to produce the 
solvent NMMO is not included in this study. The inclusion of this production may change the 
results significantly. 
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4.3.3 Textile Waste as Thermal Insulation  

The choice of including this recycling method is based on that it is currently implemented in 
various smaller companies2 that collect textile fractions and convert them into either thermal 
insulation for buildings and cars and also for acoustic insulation somewhat indicating its success. 
Another important reason to include this process is that the demand for the secondary product 
is rather stable with the increasing population and with it its demand on the construction of new 
buildings as well as that it is a simple process.  
 
The literature review shows studies investigating the thermal properties of insulating with 
cotton stalk (Zhou, et al., 2010), the combination of cotton, fly ash and barite (Binici, et al., 
2012), insulation with coconut and bagasse fibers (Panyakaew & Fotios, 2011) to name a few. 
The literature review conducted pointed however to the main use of cotton, mineral wool and 
acrylic fibers for use in thermal insulation regarding fiber use. The conventional insulating 
material used is expanded polystyrene (EPS), extruded polystyrene and mineral wool (Briga-Sá, 
et al., 2013). Cotton can thus replace polystyrene which is a petrochemical needing the use of 
non-renewable resources. Polystyrene is linked with the usage of chloro-fluorocarbons which are 
linked to ozone depletion (Ahmadzai, et al., 2003), thus replacing these materials with textile 
waste may be environmentally beneficial depending on what kind of insulating material is being 
replaced.  
 
Bonded Logic, a company in the US, uses collected and shredded denim (cotton and polyester 
blends) to make insulation (thermal and acoustic) material for buildings (Bonded Logic, 2013). 
The insulation consists of 80 percent recycled post-consumer material (natural fibers i.e. cotton) 
and the rest is made up of cotton fibers from other sources (Bonded Logic Inc., 2013). The 
shredded denim, after separation from zippers, buttons etc., is treated with boric acid to make 
the material flame retardant (Cotton from Blue to Green, 2013). It is then mixed with a synthetic 
fiber before treated in an oven (175°C degrees) to obtain the right properties. The treatment 
with boric acid also makes the insulation material a mold and mildew inhibitor (Bonded Logic 
Inc., 2013). The insulation material is cut and the scrap and trimming pieces are according to the 
company, reclaimed into the process and thus no waste is generated (Bonded Logic, 2013). Only 
jeans/denim fabrics are used to produce the insulation material which mainly consists of cotton 
fibers (Cotton from Blue to Green, 2013).  
 
Besides recycling cotton into insulation material, the use of boric acid for flame retardant 
treatment may be, compared to conventional flame retardants, a better environmental 
alternative. According to Morley et al. (2009), the barrier of this recycling method is that it 
requires the continuous availability of recyclate. The advantage is, according to the same study, 
that the method is already being marketed in Europe, it is a simple process, there are many 
possibilities in the building sector and that products made from recycled textiles do not need 
safety equipment when installed which is the fact with conventional insulating material as the 
material may lead to health implications.  
 

System boundary for Recycling Cotton into Insulation Material 

For this study, the production of insulating material according to Bonded Logic is used as a 
reference. Only cotton will serve as input material and boric acid is used to make the insulation 
flame retardant. Production of chemicals and energy are not included and the assessment stops 
at the gate when the secondary product has been produced.  

                                                        
2
 E.g. Bonded Logic, INSULTechnologies and InnoTHERM.  
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4.3.4 Incineration 

The waste incineration directive (European Commission, 2012) distinguishes between the terms 
incineration plant and co-incineration plant. The first refers to the thermal treatment of waste 
and does not have to generate heat from the combustion (although it may). The second refers to 
power plants with the main purpose of generating energy or material and where waste is used 
as a fuel in doing so. In this study, the first definition will be used as the study deals with the 
treatment of waste. This method is what is currently being used for household textile waste in 
Sweden and is set as a reference option when comparing and assessing the recovery options. 
 
The main advantage with the incineration option is that no separation of textiles is necessary 
and the collected waste can directly be transported to the incineration plant leaving the valuable 
byproducts of heat and energy in the process. The plant that treats most of the waste in 
Stockholm is the Högdalen plant. The plant is a combined heat and power plant (CHP) and uses 
the combustion technology fluidized bed  and is situated 7 km south of the city center (Fortum, 
2010). It has 4 waste combustion boilers and the oil-driven roster boilers are used to incinerate 
household waste (Ibid.).  
 
Incineration of waste brings about the main environmental concerns of ashes (both bottom 
ashes and fly ash) as well as other emissions to air. How much ash residue is generated depends 
on the waste composition and is sent to landfill. Normally, the generated ash from incinerating 
MSW ranges from 15-25 percent in weight and fly ash stand for approximately 10-20 percent by 
weight of the total amount (US Environmental Protection Agency, 2012).  
 
Although energy can be recovered when incinerating textiles, they are often difficult to handle in 
the process. An investigation on cotton and polyester textiles’ incineration by Ryu et al. (2007) 
showed that textiles can cause the ignition front to propagate fast along packed textile particles 
and leave a significant amount of material above it un-ignited. This caused irregular behavior of 
the temperature profile, the ignition rate and the percentage of weight loss in the ignition 
propagation stage (Ibid.). This study can serve as an indicator that burning textiles might not be 
optimal for the incineration treatment in itself, however, when textiles were mixed with 
cardboard; the burning behavior of the textiles became more uniform (Ibid.). Textile waste can 
also cause problems in the incineration process if they are too long or they might cause fires 
outside the incinerator (Jeihanipour, 2011). 
 

System boundary for Incineration of Textile Waste 

Data from the plant in Högdalen will be used as a main source for data. For the energy 
calculations, various sources for heating values and ash contents for different fiber types are 
used. For heating values, higher values are preferred to lower ones as the previous does not 
consider the heat in water vapor recovered which is done in the plant in Högdalen (The 
Engineering Toolbox, n.d.; Fortum, 2010).  
 
Where data from textiles in particular is not available, data from average MSW is used. The 
energy required for treating the generated waste water is not included in this study. Where data 
is taken from the report from Fortum (2010), the total amount of incinerated waste is used to 
calculate the per ton value. This can lead to misleading figures as some industrial waste could be 
included in the data and even if this is not the case, the data is not perfectly representative for 
textile waste.   
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4.4 ENVIRONMENTAL PERFORMANCE 
This chapter presents the results of the compiling of data, calculations and assumptions made 
for every factor for the functional unit. Also, the results for the transportation emissions are 
presented.  
 

4.4.1 Secondary Product 

The recovery rates are here defined as how much secondary product that can be produced from 
the potential input material in 1 t of mixed household waste. The blends of different fiber 
material in 1 t of mixed household waste are based on the findings in Bartl & Haner (2009) 
presented earlier in the Methodology section.  
 
Out of the 1 t of mixed textile waste 0.28 t consists of cotton fibers and 0.14 t of polyester fiber; 
results used as input for the production of secondary product as shown in Table 5. The table 
shows estimations on how much secondary product that can be produced from the content in 1 
t of mixed household waste. Using preferably higher calorific values, the energy content 
calculated for one t of textile reached 17,600 MJ, 63 percent above the energy content of the 
average calorific value of household waste in general according to Fortum (2010). After 
considering the efficiency of incineration plants in Sweden, the energy that could be obtained by 
incineration 1 t of mixed household textile waste is 15,800 MJ. As aforementioned however, 
there are difficulties when incinerating textiles according to the study conducted by Ryu et al. 
(2007) and this could decrease the energy attained from textiles significantly as they may cause 
incomplete combustion. To what extent the problems interfere with the full combustion of 
textiles is unclear. 
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Table 5. How much secondary product that can be produced with the material provided by 1 t of mixed household textile 
waste. 

Recovery 
method 

Input-material 
from 1 t 
household 
textile waste 

Secondary 
product from 
1 t textile 
waste 

Notes Sources 

Incineration 1 t 10,800 MJ 
 
 
 
17,600 MJ3 
 
 
15,800 MJ 

Average calorific value for 
household waste incinerated 
at the Högdalen plant. 
 
Considering calorific values 
and fractions  
 
Considering the efficiency of 
90% 

Fortum, 2010 
 
Bartl and Haner, 
2009 
 
Sources for 
calorific values4 
 
Swedish EPA, 
2005 

Re:newcell 0.28 t cotton 
fiber 
 
 
0.44 t cotton, 
viscose and 
elastane fiber 

<0.27 t 
viscose fiber 
 
 
<0.42 t 
viscose fiber 

1065 kg of wood-based pulp 
needed to produce 1 t viscose 
fiber. Cotton content is 28.5%.  
 
Including viscose content of 
10.8% and elastane content of 
5.2%. 

European 
Commission, 
2007 
 
Bartl and Haner, 
2009 

Polyester 
recycling 

0.14 t <0.14 t Assuming all polyester can be 
separated and that 100% can 
be recycled into new polyester 
fiber. Polyester content is 
14.2%. 

Bartl and Haner, 
2009  

Biogas 0.28 t 
 
 
 

117.86 Nm3 

biogas or 
4,230 MJ 
 

Lower calorific value for biogas 
has been used. See Appendix 
IV for calculations. 
 
Two-stage digestion of jeans 
(100% cotton). 96% of 
theoretical yield. 

Jeihanipour et al., 
2012 
 
Bartl and Haner, 
2009 
 
Svenskt 
Gastekniskt 
Center, 2011 

Insulation 0.28 t 0.36 t 
insulation 
material 

The insulation material is 
made up of 80% recycled 
cotton from denim and the 
rest is synthetic fibers and 
cotton fibers from other 
sources. A closed system with 
no waste generation is 
assumed for the recycled 
cotton. 

Cotton from Blue 
to Green, 2013 
 
Bartl and Haner, 
2009 

                                                        
3 Cotton, polyester, viscose (wood), polyamide, polyolefin, acetate, acrylic, triacetate and elastane i.e. 80% of 

the textile waste is included in the value. Higher calorific values as well as lower are used where the first is 
preferred. 
4 Gemtos & Tsiricoglou, 1999; Green Manufacturing Initiative, 2010; Intertek, 2011; Laußmann, et al., 2010; 

Kuźina, 2010; Walters, et al., n.d. 
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In order to produce 1 t of viscose fiber, 1,065 kg of wood-based pulp is needed (European 
Commission, 2007). This number is used as estimation on how much viscose that can be 
produced by the cotton content of the mixed part resulting in 0.27 t of viscose fiber. This 
number does not necessarily represent how much textile that can be converted into pulp 
through the Re:newcell process. Further, note that no numbers take into consideration the 
separation of fibers from other material and whether or not this is possible.  
 
The amount of polyester that can be produced from the content in 1 t of mixed textiles is in this 
study highly overestimated. This is due to the assumption that all polyester can be recycled with 
a 100 percent recovery rate. The assumption was made because no data on recovery rate was 
found.  
 
When comparing the energy production of incineration versus biogas production only 27 
percent of the energy that can be generated through incineration can be gained through the 
digestion of the cotton fraction of the blended material. If instead considering 1 t of cotton 
(instead of the functional unit), almost the same amount of energy could be generated (15,100 
MJ). The biogas production reached 96 percent of the theoretical yield in the trials conducted by 
Jeihanipour et al. (2012). 
 
Using the cotton fraction of the blended textiles, 0.36 t of insulation material can be produced 
from 1 t. This number can however be misleading as only 80 percent of the content comes from 
recycled cotton fibers (Cotton from Blue to Green, 2013). The rests comes from primary fibers or 
other sources.  
 

4.4.2 Energy Use and Production 

In this section, the energy requirements for the different recovery methods are presented. Table 
6 shows the energy needed to produce the amounts of the secondary products presented in 
Table 5. The results are presented without and with energy needed for transports where the 
default is the sorting facility in Wolfen, Germany. Note that the energy demand for transport is 
set per t whilst the energy demand for the different method is dependent on the input material 
available in 1 t of mixed household waste. Thus, they are not directly comparable.  
 
According to the literature review and calculations made within the system boundaries for each 
method aforementioned, the Re:newcell method requires almost as much energy as incineration 
generates. The Re:newcell method can only treat 0.27 t compared to incineration that can treat 
the entire ton. Further, the energy used in the Re:newcell method does not include the energy 
required in the Re:newcell process but data is taken from the pulp production from forest wood 
which are not representative in reality.  
 
Using data from BAT according to the European Commission (2007) decreases the energy 
required significantly. The reason for this is that only the actual processes in the viscose 
production are included and hence, production of chemicals for example are not included here 
as they are in the previous data. The viscose production of Lenzing is in many regards compatible 
with the requirements of the BAT (Lenzing Group, 2011; Shen et al., 2010).  
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Table 6. Energy balance for producing secondary product from the available material in 1 t of textile household waste (see 
Table 5). Positive values represent energy recovered. Energy for transport is listed in the third column (with no regard to 

the functional unit). 

Recovery 
method 

Energy balance 
for the 
recovery 
processes [MJ]  

Energy use 
[MJ] – fuel 
for transport 
of 1 t of 
textile 
material 

Notes Sources 

Incineration +15,800  0  See incineration in 
Table 5 

Re:newcell -15,100 
(56,000/t 
produced and 
0,27 t input) 
 
 
-6,800 MJ 
(25,000 MJ/t 
and 0,27 t 
input) 

-19,000 Data from integrated 
pulp and fiber 
production according to 
Shen et al. (2010). Energy 
required for Re:newcell 
is assumed to be low. 
Energy for production of 
caustic soda is left out. 
 
BAT. Production of 
chemicals and energy not 
included.  

Shen et al., 2010 
 
Bartl and Haner, 
2009 
 
 
 
 
 
European 
Commission, 2007 

Polyester 
recycling 

-2,240  (16,000 
MJ/t produced 
and 0,14 t 
input) 
 
-5,500  
(39,000 MJ/t 
produced and 
0,14 t input) 

-660,000 The energy for spinning 
of POY from amorphous 
PET is not included due 
to lack of data.  
 
LCA with cutoff 
approach. Cradle to 
factory gate (POY). 
NREU-eq. Production of 
chemicals, energy and 
transports included. 

Polygenta, 2012 
 
 
 
 
 
Shen et al., 2010 

Biogas +4,230  -21,000 Semi-continuous two 
stage digestion (100% 
jeans treated with 
NMMO) 
100% cotton 
 
Energy needed to run 
such a plant is not 
included.  

See biogas in Table 
5 

Insulation 0.3 
(under-
estimation)  
 
(>1.2 MJ/t 
produced and 
0.27 t input) 

-21,000 Energy for shredding not 
included and assumed to 
be low. Energy for oven-
heating calculated and 
assumed to be low. 
Almost all energy use is 
from transport.  

Bonded Logic, 
2013 
 
Wang, 2010 
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Only 15 percent of the energy used in the Re:newcell method is required in the polyester 
recycling method using data from Polygenta (2012) (although only 0.14 t are here treated 
compared to 0.28 in the Re:newcell method). Further, the energy required for the spinning of 
POY from the amorphous PET is not included in this figure. The LCA conducted by Polygenta is 
simple compared to the one conducted by Shen et al. (2010). For example, in the latter, 
production of chemicals, energy and the spinning of POY from amorphous PET are included.  
 
The secondary product and energy use/generation coincide for incineration and biogas 
production and will thus not be explained further. Extremely little energy is in the present study 
assessed to be used for production of insulating material. The presented energy use comes from 
the heating of the material to 175°C from 20°C. Energy use for the shredding of the material is 
not included but is stated to be low in Wang (2010). Further, energy for producing boric acid is 
not included either. According to Jeihanipour et al. (2011), 33 percent and 20 percent of 
nonrenewable energy is recovered compared to the primary production of cotton and polyester 
respectively.  
 
It is of crucial significance to also consider how the energy used is generated. This is not 
conducted at all elaborately in the present study. For example, 94 percent of the Indian energy-
mix comes from non-renewable energy sources (Pode, 2010) while the corresponding 
percentage for Sweden is 65 considering the total distributed energy in 2010 (Swedish Energy 
Agency, 2012). Using the Indian energy-mix may in this regard thus carry with it heavier 
environmental burdens.  
 

4.4.3 Water Use 

The water needed for producing secondary product from the available material in 1 t of textile is 
presented in Table 7. In the present study, the Re:newcell method requires most water followed 
by the biogas production. The Re:newcell recycling method require about ten times as much 
water compared to the other three methods except for biogas production where is requires 
more than double. 90-95 percent of the water used in the Re:newcell method is water required 
for cooling purposes in the viscose fiber production (Shen et al., 2010). Note that water use in 
the Re:newcell process is not included in this study. Although water use in the Re:newcell 
process should be used in a closed system, it is hard to determine how much make-up water will 
be needed due to impurities in the input material.  
 
For the production of 0.27 t of viscose fiber, 60,480-105,300 L of water is necessary according to 
the European Commission on BAT for viscose production (2007). The volume is stated to depend 
on the type of condensation technology for the spinning bath and local aquatic conditions. 
Closed systems are assumed. Data from Shen et al. (2010) indicates that the integrated pulp and 
fiber plant product system of Lenzing requires more water than that of BAT.  
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Table 7. Water required for producing secondary product from the available material in 1 t of textile household waste (see 
Table 5). 

Recovery method Water use [L] Notes Sources 

Incineration   650 Water for the boiler process and 
for the district heating net 
(representing household waste) 
and waste water.  
Overestimation since boilers 
using biofuels and oil included 
with the ones fueled by waste.   

Fortum, 2010 

Re:newcell 120,000 Only water use from the viscose 
production. No data on 
Re:newcell water use although it 
is assumed to be low due to 
closed systems according to 
company. Including production of 
chemicals.  

Shen et al., 2010 
 
Bartl and Haner, 2009 

Polyester recycling 1,100 Water use for spinning of POY 
from amorphous PET is not 
included. Neither the production 
of chemicals.  

Polygenta, 2012 
 
Bartl and Haner, 2009 

Biogas 43,600 Semi-continuous two stage 
digestion (100% jeans treated 
with NMMO).  
Closed system. No water is added 
during the course of the 
digestion.  

Jeihanipour et al., 2012 
 
Bartl and Haner, 2009 

Insulation ~0 No water use or very low water 
use. Water demand for 
production of boric acid is not 
included.  

Bonded Logic, 2013 

 
For incineration, the data is an average taken from the amount of water that was used in 2010 
for the boiler process, the district heating net and for waste water. The waste water in the form 
of slag and soot water is recognized as hazardous waste according to the Swedish Waste 
Ordinance and is sent to the treatment facility in Högbytorp (Fortum, 2010).   
 
The water use of the polyester recycling method is rather low for a chemical recycling method 
and comparing to the Re:newcell method it reaches 1,100 L according to Polygenta (2010). 
However, the data is taken from an LCA conducted by the company itself and the water use for 
spinning of POY from amorphous PET is not included in that study. Further, the water use 
required for the production of chemicals are not included as it is in the study conducted by Shen 
et al. (2010) providing data for the Re:newcell method.  
 
No significant amount of water is needed for the production of insulation material. However, 
water may be needed in great amounts in the production of boric acid solution as well as the 
synthetic fibers. 
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4.4.4 Chemicals  

The results concerning chemical use are primarily dependent on data availability. Data on 
chemical use for the Re:newcell method is provided by the European Commission (2007) stating 
BAT on viscose fiber production. The upper limits of the BAT-data have been used in this case.  
 
The Re:newcell process requires somewhat clean textiles as input meaning that very unclean 
textiles need to be washed before, which may lead to use of water and detergents (Gunnarsson, 
2013). The fraction of textiles that need cleaning highly depends on the collection and sorting 
system. Well-developed collection systems that keep the textiles clean and dry will not require 
significant washing. Some washing will however certainly be needed for the dirty textiles that 
are turned in dirty by the primary users. The detergent requirements and other chemicals used 
in the Re:newcell process is not included in the overall chemical use of the Re:newcell method. 
 
Caustic soda, sulfuric acid and carbon disulfide are all chemicals used in the spinning of viscose 
fibers (Shen et al., 2010). The production of caustic soda and sulfuric acid cause the largest 
environmental impact in the LCA study conducted by Shen et al. (2010).The carbon disulfide is 
recycled in the viscose process, however approximately 100 kg is still needed as input to make 
up for the losses. The use of zinc, spin finish and sodium hypochlorite depends on the fiber 
specifications and the end-use of the fiber (European Commission, 2007). The use of 
hypochlorite is not always used depending on if alternative bleaching agents are used (Ibid.). The 
use of carbon disulfide depends on the degree of recovery and thus on the recovery and washing 
technology (Ibid.).  
 
The overall chemical use of the recovery methods is listed in Table 8. According to the results in 
the present study, the Re:newcell method requires most chemicals. In the production of 0.27 t of 
secondary product 780 kg of chemicals are estimated to be used and this is estimated excluding 
chemical use in the Re:newcell process.  
 
For incinerating 1 t of textiles, 17 kg of chemicals are needed in the entire process, which is 
rather low comparing to the Re:newcell method and the amount of waste that is treated. 
Assuming a 96 percent recovery rate of the solvent NMMO, 0.7 kg is needed for the biogas 
production although only the use of the solvent NMMO has here been taken into consideration. 
Oil for oil baths in the process will also be needed (Jeihanipour et al., 2012). Almost no data is 
available concerning chemical use in the polyester recycling method. The main use of chemicals 
concerning insulation material production is represented by the use of boric acid. No data on 
how much is required is given.  
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Table 8. Amount of chemicals required to produce secondary product from the material available in 1 t of textile household 
waste (see Table 5). 

Recovery method Chemical use 
[kg] 

Notes Sources 

Incineration 17 Detailed information given by 
Högdalenverket. 

Fortum, 2010 

Re:newcell 780 BAT of viscose production. 
Chemical use by Re:newcell 
process not given. Closed system 
for chemicals according to 
company.  

European 
Commission, 2007 
 
Bartl and Haner, 
2009 

Polyester recycling NDA 0.6 kg of spin finishing oil 
needed. Other data not 
available.  

Polygenta, 2012 
 
Bartl and Haner, 
2009 

Biogas 0.7 kg Assuming 96% recovery rate of 
NMMO in the closed system. 4% 
make-up solvent is needed. 17 
kg NMMO in total required for 
treating the cotton fraction.   

Jeihanipour et al., 
2012 

Insulation NDA Main use of Boric acid solution  

 
Note that the present study only tries to assess the amount of chemicals used in the different 
methods. Hence, no elaborate consideration to the toxicity and harmfulness of the chemicals 
has been taken nor how they will be treated after use.  
 

4.4.5 Emissions 

Data on emissions of CO2-eq. and PO4
3—eq. are presented in this section. When incinerating, 

plastic contributes primarily to the emissions of CO2-eq. According to system analysis studies 
mentioned in Avfall Sverige (2003), it is preferable to increase material recycling and decrease 
the incineration of plastics if the recycling process is carried out in an efficient manner and if 
there is a demand for the secondary product. According to the same source, this would 
significantly decrease the CO2-emissions in the chimney gas from Swedish waste incineration.  
 
Table 9 demonstrates the CO2-emissions in kg of CO2-eq. caused by the production of secondary 
product available in 1 t of textile household waste. Incinerating 1 t of textile gives rise to 785 kg 
of CO2-emissions considering only the combusted cotton and polyester fractions. In reality the 
entire t will give rise to higher CO2-emissions.  
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Table 9. CO2-emissions in kg CO2-eq. caused by the production of secondary product from the available material in 1 t of 
textile household waste (see Table 5). 

Recovery method CO2-eq. [kg] Notes Sources 

Incineration 785 From combustion of the cotton and 
polyester part. 
See Appendix IV for calculations. 

 

Re:newcell -70 (NDA) Data from conventional viscose 
production. Not applicable for the 
Re:newcell method. Pulp-origin 
plays a significant role.  

Shen et al., 2010 

Polyester recycling 360 Production of chemicals and 
energy included. LCA based on cut-
off approach5 

Shen et al., 2010 

Biogas 45 1.7% leakage of methane. 1kg 
methane is equivalent to 21 kg of 
CO2 in climate effect. 

Avfall Sverige, 2007 
 
Svenskt Gastekniskt 
Center, 2011 
 
Swedish EPA, 2010 

Insulation NDA   

 
The negative CO2-emissions of the Re:newcell method is a result of that the production 
sequestrates more carbon into the product than it emits, according to the study conducted by 
Shen et al. (2010). This is however calculated with all heat coming from MSWI. Different heat 
sources changes the data. In the study from which the data is taken the uncertainty range spans 
from -0.25 to 0.25 t CO2-eq./t fiber. This data is however not very reliable in the present study 
since it considers the plantation of forests for the harvesting of cellulose from which viscose is 
made. It is not a realistic application for textile to viscose production.  
 
According to a report conducted by Avfall Sverige (2007), the losses of methane from biogas 
plants converting organic waste from households reaches 1.7 percent of what the plant 
produces. This is applied when calculating the CO2-eq. from biogas production. No data on CO2-
emissions from producing insulation material is found. Table 10 presents the data found for the 
PO4

3—emissions in PO4
3--eq. for the recovery methods. These emissions are related to 

eutrophication, fresh water toxicity and terrestrial ecotoxicity (Shen et al., 2010). 
 
According to Shen et al. (2010), recycled PET-fiber production from PET-bottles has a greater 
environmental impact regarding PO4

3—emissions related to the impacts aforementioned than 
virgin PET-fiber production. The same study states that the overall environmental burden arises 
from the glycolysis step. The pulp production and the production of caustic soda are the main 
contributors to eutrophication meaning the results may differ significantly when changing in-
data compatible with producing pulp with the Re:newcell process (Shen et al., 2010). No data on 
PO4

3—emissions from the biogas production and the production of insulation material are 
available.  
 
 
  

                                                        
5
 Waste from the primary life (PET-bottles in this case) does not carry any environmental burdens into the 

secondary production. I.e. the cradle is defined as the collection of used bottles (Shen et al., 2010). 
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Table 10. PO4
3-

-emissions in kg PO4
3-

-eq. caused by the production of secondary product from the available material in 1 t of 
textile household waste (see Table 5). 

Recovery method PO4
3--eq. [kg] Notes Sources 

Incineration 0 No emissions of P 
although the 
ammonium emitted to 
air contributes to the 
eutrophication 
impact. Emissions of 
NOx (41 mg/MJ) not 
included.  

Fortum, 2010 

Re:newcell 0.3  Shen et al., 2010 

Polyester recycling 0.3  Shen et al., 2010 

Biogas NDA   

Insulation NDA   

 

4.4.7 Waste Generation 

The generated waste from producing secondary product from the available material in 1 t of 
textile household waste is presented in Table 11. Note that this study compares different types 
of waste with each other and no regard is taken to the severity of such waste generation or the 
treatment of that waste.  
 
For incineration the ash content has been calculated for 1 t of household waste. From 1 t of 
household textile waste, 27 kg of ash is generated when calculating with upper values for ash 
content. The meaning of upper ash content is merely that the highest ash content value is used 
when an interval is given in the data collected. The ash content of textile is thus only 14 percent 
of that of average waste in the plant of Högdalen. Note that only the ash content of the fiber 
content has been calculated and no regard has been taken to buttons, zippers and other non-
fiber material. Including these may increase the generated ash significantly, especially if the non-
fiber material consists of mainly metal-based materials. Ashes are, according to the Swedish 
Waste Ordinance classified as hazardous waste (Fortum, 2010).   
 
The waste generated from the Re:newcell method here presented, is hazardous waste 
generated in viscose production according to BAT from the European Commission. Most waste is 
generated when recycling polyester. The 48 kg are generated waste from flake production, 
glycolysis, spinning and finishing. In biogas production and production of insulating material, 
almost no waste is assumed to be generated. The reason for this is because complete conversion 
from cotton to biogas is assumed and since spill re-enters the production of insulating material, 
no waste in this regard is generated (Bonded Logic, 2013). Other waste from the production of 
Boric acid is not included in this study.   
 
Although polyester recycling causes the most generated waste, this waste is not regarded as 
hazardous compared to the ash generated when incinerating. Further, only 0.14 t are used as in-
put material compared to the entire ton when incinerating.  
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Table 11. Generated waste in kg caused by the production of secondary product from the available material in 1 t of textile 
household waste (see Table 5). 

Recovery method Waste Notes Sources 

Incineration (Ashes) 8 kg 
27 kg 
 
 
 
 
 
 
 
 
 

Lower ash contents used. (0.8%) 
Upper ash contents used. 
(2.7%) 
 
Silk and insoluble fibers assumed to 
have the same ash content as wool.  
 
Average ash content for waste in 
Högdalen is 19%. 
 

Jernkontorets 
energihandbok, 2007 
 
Healy & Zieleman, 
1966 
 
Bartl and Haner, 2009 
 
Fortum, 2010 

Re:newcell 0.54 kg Hazardous waste from BAT viscose 
production. Scrap and rest-product 
from Re:newcell process not 
included.  

Shen et al., 2010 
 
Gunnarsson, 2013 
 
Bartl and Haner, 2009 

Polyester recycling 48 kg Solid waste from flake production, 
glycolysis, spinning and finishing.   

Shen et al., 2010 

Biogas ~0 Assuming the entire cotton fraction is 
converted into biogas, no waste will 
be generated.  

 

Insulation ~0 Probably very low amounts. 
According to Bonded Logic, any 
generated spill reenters the 
production. Waste from parts of 
textiles not used is however not to be 
neglected, i.e. zippers, buttons etc. 

Bonded Logic, 2013 

 

4.4.8 Emissions from Transport 

The results of the transportation scenarios based on where the sorting facility would be located 
and based on the given locations for the recovery plants are presented in this section. Both the 
default option of having the sorting facility in Wolfen, Germany as well as the implications of 
changing the sorting location to Vänersborg or Stockholm is presented.  
 
The by far most significant environmental impacts from transportation comes from the polyester 
recycling as the plant is located in Nashik, India. The CO2-emissions in CO2-equivalents are 
presented in Fig. 13 for the different recovery methods and the possible sorting locations. The 
emissions of methane are included in these numbers. Between 50 to 56 t of CO2-eq./t 
transported textile is emitted compared to 270 to 1400 kg CO2-eq./t for Re:newcell and 
Biogas/Insulation.   
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Fig. 13. The diagram shows the emissions of CO2-equivalents in kg per t textile transported. The three different alternative 
locations of the sorting facility (Stockholm, Vänersborg and Wolfen in Germany) are presented. The transport emissions are 
also dependent on where the recovery facility is located – Vänersborg for Re:newcell, Nashik (India) for polyester recycling 

and Stockholm for biogas and insulation material production. 

The emissions of CO2 would decrease 80 percent for the Re:newcell alternative should the 
sorting facility be located in Stockholm or Vänersborg instead of Wolfen (from 1400 to 270 kg 
CO2-eq.). For the recovery methods of biogas/insulation, the emissions would decrease 
approximately 65 percent if the sorting facility is located in Vänersborg instead of Wolfen (from 
1580 to 540 kg CO2-eq.). However, the emissions for transports to Nashik would decrease 10 
percent if the sorting facility was located in Wolfen instead of in Stockholm (from 56,000 to 
51,000 CO2-eq.).  
 
Since biogas and insulation production is assumed to be located in Stockholm and since 
transports within a city are estimated to be zero in the system boundaries of this study, no 
emissions from transport are related to these methods if the sorting facility would be placed in 
Stockholm.  
 
The results show that the emissions are decreased for the Re:newcell, biogas and insulation 
recovery methods if the sorting facility was to be located in Sweden rather than Germany. The 
opposite is true for polyester recycling. This is however a direct effect of the assumed locations 
of the recovery plants. The pattern of the transport emissions are the same regarding other 
pollutions such as NOx, SO2 CO etc. Graphs for all the emissions are presented in Appendix III. 
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4.5 TEXTILE FLOW SCENARIOS 
As aforementioned, two textile waste flow scenarios are analyzed to estimate the amount of 
secondary product that could be produced by the collected household textiles. This chapter 
presents how much secondary product that could be produced taking all input available in 
Sweden into consideration. Both flow scenario I (35 percent goes to reuse) and II (35 percent 
goes to reuse and charity organizations send textiles to recovery instead of abroad as relief 
consignments) are presented.  
 
According to population statistics from 2012, the population of Sweden was 9,555,893 and in 
Stockholm county 2,127,006 (Statistics Sweden, 2013). Table 12 presents the amount of 
secondary product that could be produced from household textile waste in Sweden and in 
Stockholm according to textile flow scenario I. Energy wise, incineration gives almost 4 times 
more energy than producing biogas from textile household waste. For comparison, 55 000 GWH 
was used in Stockholm county in 2006 (Byman, 2009). Assuming that all of the textile household 
waste can be collected and that the entire cotton/polyester fraction is used as input material for 
the processes, 14,400 t of viscose fiber and 7,500 t of polyester fiber could be produced. If the 
entire cotton fraction is recycled into insulation material only, 19,300 t of insulation material 
could be produced. Also note that the amount of insulation material that could be produced is 
assessed with regard to 80 percent recycled content. The rest (cotton and synthetic fibers) 
comes from primary production or other sources.  
 

Table 12. Production of secondary product from collected household textile waste in Stockholm and Sweden according to 
textile flow scenario I – 35 percent of incinerated fraction is reused and the rest serves as potential input material for 

recovery. 

TEXTILE FLOW SCENARIO I 

Recovery method Secondary product/year 
from household textile 
waste in Stockholm 

Secondary 
product/year from 
household textile 
waste in Sweden  

Secondary product 
unit 

Incineration 52 235 GHW 
Re:newcell 3,200 14,400 t viscose fiber 
Polyester recycling 1,700 7,500 t polyester fiber 
Biogas 14 63 GWH 
Insulation 4,300 19,300 t insulation material 

 
With 35 percent being reused instead of incinerated, as is the case for both flow scenario I and 
flow scenario II, an additional 2.8 kg/p/y will be sent to charity organizations. Assuming all of it 
will be reused, this would mean saving a total of 830,000 t of CO2-eq. using numbers from Palm 
(2011). In reality however, all textiles given to the charity organizations are not in fact reused.  
 
The amount of secondary product that could be produced should the charity organizations sell 
or donate the fraction normally sent abroad is presented in Table 13. With incineration, 320 
GWH is obtained and only 53 GWH worth of biogas from the cotton fraction. With the 
Re:newcell process, 19,700 t of viscose fiber could be produced and almost half, 10,200 t of 
polyester fiber with polyester recycling.  
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Table 13. Production of secondary product from collected household textile waste in Stockholm and Sweden according to 
textile flow scenario II – 35 percent of incinerated fraction is reused and charity organizations sells the exported fractions to 

waste firms. 

TEXTILE FLOW SCENARIO II 

Recovery method Secondary product/year 
from household textile 
waste in Stockholm 

Secondary 
product/year from 
household textile 
waste in Sweden  

Secondary product 
unit 

Incineration 70 320 GHW 
Re:newcell 4,300 19,700 t viscose fiber 
Polyester recycling 2,200 10,200 t polyester fiber 
Biogas 19 85 GWH 
Insulation 5,800 26,000 t insulation material 
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5. SUMMARIZING THE RESULTS 
In order to facilitate the understanding of the discussion, this section provides a brief summary 
of the results.  
 
Incineration is the recovery method that can handle the largest part of the textile waste 
obtaining the secondary product of 15,800 MJ from the incineration of 1 ton of mixed household 
textile waste. The digestion of cotton (excluding other cellulosic material in the waste) will only 
give rise to ca. a third of the energy content gained through incineration. The material content in 
1 ton of mixed textile waste can further have the potential of producing 0.27 ton of viscose fiber 
through the Re:newcell method. Regarding the production of insulation material, it is the only 
secondary product that has a higher quantity that the input material from the textile wastes. 
This is due to the fact that 20 percent of the content is made up from primary resources. For 
clearer overview, the results of this study are summarized in Table 14. 
 
Comparing energy gained through incineration and digestion of cotton, the results show that 
320 GWH and 85 GWH can be gained from incineration and digestion respectively. These results 
are not connected with the functional unit; they are calculated according to textile flow scenario 
II. The energy used for transportation is neither connected with the functional unit but rather 
takes into consideration the transportation of 1 ton of material. Most energy is needed for the 
transportation of material to Nashik (660 GJ/ton).  The Re:newcell method, biogas production 
method and insulation production method all demands approximately 20 GJ/ton for transport 
via a sorting facility in Wolfen. Incineration has the advantage of not needing transport to a 
sorting facility hence; the energy necessary for transportation is in this study approximated as 
zero.  
 
While energy is gained through incineration and biogas production, the other methods require 
energy in their process. Considering the functional unit, almost as much energy is needed for the 
Re:newcell method as is gained through incineration; approximately 15,000 MJ. Insulation 
material production needs very little energy although some process steps are not included in the 
estimation as will be argued in the discussion.  
 
The Re:newcell method requires by far most water in its processes with its 120,000 L relating to 
the functional unit. Second comes polyester recycling using 43,600 L to treat the available 
content in 1 ton of household textile waste. The other processes use little or barely any water in 
its processes.  
 
Regarding chemical use, the Re:newcell method requires most resources in this case as well 
using 780 kg related to the functional unit. This does not include the chemicals in the Re:newcell 
process. The 17 kg of chemicals used for incinerating 1 ton are an overestimation as will be 
further explained in the discussion. These chemicals are mostly used for various cleaner 
production steps in the process.  
 
The highest emissions of CO2 arise from incineration. When only considering the combustion of 
the cotton and polyester content in 1 ton of textile waste, 785 kg of CO2 is found to be emitted.  
Polyester recycling is found to cause the second largest emissions of CO2 with its 360 kg 
regarding the functional unit. However, no data was found for Re:newcell or production of 
insulation material. Biogas production emits 45 kg of CO2 for the treated material in 1 ton of 
textile waste. This is emitted through methane-leakage during the digestion process. Barely any 
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data was found for the PO4
3--emissions. The Re:newcell method and  polyester recycling is found 

to have the same amount of emissions considering the functional unit.  
 
Although incineration does not generate the most significant amount of waste (27 kg), this waste 
is hazardous as it all consists of fly- or bottom ash. Some hazardous waste is also generated via 
the viscose production in the Re:newcell method. The most waste in weight is generated with 
the polyester recycling method although this is not classified as hazardous waste.  
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Table 14. Summarized results of four methods for household textiles recovery. 

  Incineration Re:newcell Polyester recycling Biogas Insulation 

Secondary product/t 
mixed textile waste* 

 15,800 MJ 0.27 t viscose fiber 0.14 t polyester fiber 4,230 MJ 0.36 t 
Insulation 
material 

Secondary product 
from generated waste 
in Sweden/y 

Scenario I: 
 
Scenario II: 

235 GWH 
 
320 GWH 

14,400 t 
 
19,700 t 

7,500 t 
 
10,200 t 

63 GWH 
 
85 GWH 

19,300 t 
 
26,000 t 

Energy for transport 
(Wolfen)/t [GJ] 

 0 19 660 21 21 

Energy [MJ]*  +15,800 -15,100 -2,240 +4,230 0.3 

Water use [L]*  650 120,000 1,100 43,600 ~0 

Chemicals [kg]*  17 780 NDA 0.7 NDA 

CO2-eq. [kg]*  785 NDA 360 45 NDA 

PO4
3- -eq. [kg]*  ~0 0.3 0.3 NDA NDA 

Generated waste [kg]*  27** 0.54** 48 ~0 ~0 

CO2-eq. [kg] from 
transport (Wolfen) 

 0 1,400 51,000 1,600 1,600 

CO2-eq. [kg] from 
transport (Vänersborg) 

 0 270 52,000 540 540 

CO2-eq. [kg] from 
transport (Stockholm) 

 0 270 54,000 0 0 

*Related to the functional unit 
**Hazardous waste 
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6. DISCUSSION 
The discussion of the results starts with the reliability of the compiled data and continues with 
discussing the environmental performance of the recovery methods as well as their suitability. 
The author recommends the reader to visit the previous section: 5. Summarizing the Results if 
the results section has not been visited as this will facilitate the understanding of the discussion.   
 

6.1 RELIABILITY OF DATA  
The reliability of the data in this study is the main issue of uncertainty. Since textile recovery is 
dependent on new and emerging technologies, most methods are still at a research level and 
few large scale production facilities are available for data collection. The implication this has had 
on the current study is that no new LCA could be conducted and different system boundaries 
were used for the various recovery alternatives affecting the direct comparison of the 
environmental factors.  

6.1.1 Different System Boundaries 

A significant amount of data is retrieved from conducted LCAs that have different system 
boundaries. Some LCA data for the polyester recycling did not include the production of 
chemicals or energy which was the case with the Re:newcell method. This may have resulted in 
an underestimation of the environmental burdens of the polyester recycling method compared 
to the Re:newcell method. Transportation was accounted for in the LCAs and the author has 
either compensated for those or regarded them as irrelevant.  

6.1.2 Fiber Content 

Data applied for the fiber content in 1 ton of mixed household textile waste is taken from 
apparel in Europe and does not consider blends of different fiber material. Hence it may deviate 
greatly from the fiber content of Swedish household textile waste containing more than only 
apparel.  

6.1.3 Input Material 

Another issue in data reliability is related to how much of the input material can be converted 
into secondary products. For the Re:newcell method it is estimated that 0.28 ton of cotton 
(input) helps produce 0.27 ton of viscose fiber. The data is taken from Best Available Technology 
(BAT) on how much wood-based pulp is needed to produce 1 ton of viscose fiber. Although the 
data might represent how much pulp is needed, no data on how much textile to create the same 
amount of pulp is given. In the case of polyester recycling, a 100 percent conversion is estimated 
which is a high overstatement. This presumes all polyester fibers can be separated from the 
other materials and that the quality of the polyester is high enough to use as input in the process 
which is highly sensitive to impurities. Further, other chemical treatments of the textiles e.g. 
flame-retardants have not been taken into consideration in this study. They too will most likely 
affect the suitable input material for the recovery methods. The amount of biogas that can be 
obtained from the digestion of cotton material is calculated according to the study conducted by 
Jeihanipour et al. (2012). The data is thus only taken from a laboratory experiment and does not 
reflect the grade of the exchange in large scale production.  
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6.1.4 Incineration Data 

Concerning incineration, one of the uncertainties lies in the water consumption. As mentioned 
previously, the data is an overestimation since the total water consumption was divided with the 
amount of incinerated waste in 2010. This included two minor boilers and two others using 
biofuel or oil instead of waste. The same is true for the use of chemicals. The emissions of CO2 
are only calculated for the cotton and polyester shares whilst other data is calculated for the 
entire mixed ton of textile household waste.  

6.1.5 Re:newcell Method Data 

The data taken from the viscose production is from a high-tech ISO 14001-certified viscose plant 
with closed loops for chemicals, waste water treatment and exhaust air purification processes. 
When comparing the data with BAT data according to the European Commission, the product 
system chosen for this study shows the environmental implications of a state-of-the-art viscose 
production. Such a high quality plant would most likely be in use in Sweden as well if ever it were 
implemented. The environmental burdens of the process will change significantly if the pulp from 
the Re:newcell process should be sent elsewhere for viscose production (i.e. not an integrated pulp 
and fiber plant) and this needs to be taken into consideration.  

6.1.6 Polyester Recycling Data 

Data for energy use for polyester recycling is taken from the LCA conducted by Polygenta. The 
company hired a consulting firm for the LCA study and thus is assumed to be objective although 
the LCA considers only energy and water use without including chemical and energy production 
as most other LCA studies have. The LCA also does not include the spinning of POY from 
amorphous PET. Data on chemical use and waste generation is applied from Shen et al. thus 
including more in the scope compared with other data.   

6.1.7 Textile Waste Flows 

The data used for the estimation of textile waste flows in Sweden are based on the compilation 
of various waste analyses in different regions using different methodologies. The results of the 
waste analyses also depend greatly on the season and time frame in which they were carried out 
as well as waste taxes, form of housing etc. The data for the share that was estimated as 
reusable (35 percent) was taken as an average from a minor study of the textile waste in 
Stockholm. Other sources have stated a reusable portion of 50 percent. The average Stockholm 
value was used here as it is a direct source from Stockholm waste even if further analyses are 
needed to make the data more reliable. The study by Olofsson (2012) indicates that the demand 
for secondhand products is increasing although it is hard to say why (environmental concern or 
economic reasons?). The demand for secondhand product is necessary for the reuse of products. 
  

6.2 RESULTS REGARDING ENVIRONMENTAL PERFORMANCE 
Having stated the main uncertainties in the current study, the discussion continues by analyzing 
the results regarding the environmental performance of the recovery techniques. Note that the 
results are discussed with the basis of 1 ton of mixed household waste with different input-
values (see Table 5) if nothing else is mentioned – that is with regard to the functional unit. It 
should be observed that no full consideration as to what kind of energy, water, chemical or 
waste is generated/used as input/output is taken. 
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6.2.1 Recovery Rate 

Regarding the recovery rate, incineration is by far the best option since it can handle the entire 
ton of textile household waste regardless of its composition with no sorting required. The 
Re:newcell, biogas and insulation methods can all treat 0.28 ton of the entire ton and polyester 
recycling can treat 0.14 ton. However, these figures will in reality be greatly decreased as 
mentioned earlier. The Re:newcell process plans to include viscose and spandex material as well. 
Should the technique for this be developed, the recovery rate of Re:newcell will increase to 0.44 
ton theoretically.  
 

6.2.2 Energy 

The most energy-consuming method is the Re:newcell method with its 15,100 MJ*. It requires 
almost as much energy as is gained by incinerating 1 ton of mixed textiles. The least energy is 
used for the production of insulation material. However, the only energy demand included is the 
heating of the material (0.3 MJ*). The results would give a more realistic view if they included 
energy demand for shredding and production of boric acid. Only a third of the energy produced 
when incinerating is gained through biogas production from textiles. In other words, incinerating 
1 ton of mixed textile corresponds to the same energy content of digesting 1 ton of cotton 
material. The biofuel gained is however energy of higher quality since it can be upgraded to 
vehicle fuel as well as having various applications. 
  
Another advantage with incineration is that transport distances are greatly decreased as it is 
unnecessary to transport for sorting. This is not the case with digestion of cotton material and in 
the current study (with the sorting facility in Wolfen) 21 GJ/ton is lost for transportation. This 
result in a net loss of energy of 6 GJ/t, making the biogas recovery technique an energy-
consuming activity instead of one that is energy producing. Having a sorting facility in Stockholm 
instead would decrease the energy used in transportation. That said it is still most likely an 
inapplicable recovery technique in this regard because little energy is gained considering the 
efforts needed to sustain the recovery method.   
 
After recycling to insulation material, polyester recycling requires the least energy with its 2,240 
MJ*. However, this does not include the spinning of POY nor the production of chemicals as 
mentioned earlier. It is also more likely that non-renewable energy will be used since the plant is 
located in India.  

6.2.3 Water Use 

As for water use, the Re:newcell method requires significantly more water than the other 
recovery methods (120,000 L*). The water needed for the Re:newcell process is not included 
here. Although the water use is high, 90-95 percent of the water is used for cooling purposes in 
the viscose fiber production. If this water is recirculated in the system the concern becomes that 
of energy and not of water use. The Re:newcell process is also expected to have closed systems 
for the water use although, it is hard to say how much water is needed for the unavoidable 
losses in the process and data for this should be taken into consideration for a full environmental 
assessment.  
 
Water use for production of biogas is also high (43,600 L*). This amount is however calculated 
from a laboratory experiment where water was added in the beginning and no more was added 

                                                        
*
  related to functional unit. 
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during the course of the experiment. In reality some water losses will have to be compensated 
for, although, it is hard to say how much. Compared to all other recovery techniques except for 
insulation production, polyester recycling requires very little water. The water use for the 
spinning of POY is however not included, nor the production of chemicals compared to 
Re:newcell where the latter is included. Including water use for production of chemicals for 
polyester recycling may lead to significantly different results. As mentioned earlier, the water 
use for incineration is overestimated although it still is not very high compared to the other 
techniques (650 L*). Insulation production from textile waste does not require any water at all 
excluding the water need for the production of boric acid.  
 

6.2.4 Chemicals 

Based on BAT, 780 kg* of chemicals is needed for the Re:newcell method excluding the 
Re:newcell process. The use of chemicals in the Re:newcell process are included in a 
recirculating system although in reality a significant amount of chemicals will be needed to make 
up for the contamination from dirt and other impurities not to mention the detergents needed 
to clean dirty textiles. When incinerating 1 ton of mixed textiles, 17 kg* of chemicals are used. 
For the same reasons as for water, this is an overestimation. With the assumed 96 percent 
recovery rate of the NMMO (the ionic liquid solvent N-methylmorpholine-N-oxide) needed for 
biogas production only 0.7 L* will be needed. This might not seem like much, but considering the 
price of the solution, this means a cost of 900 SEK for every 4,230 MJ* produced; an 
unreasonable cost making the production economically inviable. Very high recycling rates for the 
solvent are necessary to make this method an option to even consider. Although economic 
factors are not included in the present study, the high cost of the solvent indicates the need to 
also make thorough economic cost benefit analyses. No data was found on the chemical use for 
polyester recycling or insulation production.  

6.2.5 Waste Generation 

Most waste was generated in polyester recycling (48 kg*) in the form of solid waste from flake 
production, glycolysis, spinning and finishing. It is found that 27 kg* of ash is generated when 
incinerating textile waste and this number only considers fiber material (not plastic or metal 
buttons, zippers etc. that would increase the ash content). Considering that ash is classified as 
hazardous waste that ends up mainly landfilled, the 27 kg from incineration are not an 
insignificant matter although, the data shows that the ash content of textile fibers are 
significantly lower than that of average MSW. Regarding the Re:newcell method, 0.54 kg* of 
hazardous waste is generated using BAT. No waste is estimated to be generated in the 
production of insulation material in this study. However, this does not include the buttons, 
zippers etc. that need to be removed before shredding or filtered in the Re:newcell process.  

6.2.6 Emissions 

Incineration has the greatest CO2-emissions. Here, only the combustion of the polyester and 
cotton fraction is considered and still 785 kg* of CO2-eq. are emitted per ton of mixed textile 
waste. Following incineration, polyester recycling emits 360 kg* CO2-eq. This data is however 
taken from the study conducted by Shen et al. and included the production of chemicals and 
energy. Only 45 kg* are emitted in the biogas production. On the other hand, the emissions are 
not caused by a production step but from leakage in a digestion chamber indicating unnecessary 
CO2-emissions caused by ineffectiveness. No data was found on the CO2-emissions of polyester 
recycling or insulation production.  

                                                        
*
 related to functional unit.  
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Data was rather unavailable concerning PO4

3--emissions.  The only conclusion that can be made 
is that polyester recycling and the Re:newcell method excluding the Re:newcell process have 
similar emissions. The study also states no emissions of PO4

3--eq. are made when incinerating 
although in reality NOx-emissions will contribute to the eutrophication impacts caused by such 
emissions and should be taken into consideration.  
 
Regarding emissions from transportation with the sorting facility location of Wolfen, the 
emissions of CO2 are approximately 34 times higher for polyester recycling than the other 
recovery alternatives which is not unexpected since it was located in India. The distance relation 
between collection-sorting-recovery facilities highly affects the outcome. The results are also 
affected by the assumptions made e.g. the roads are assumed to have no tilt causing a more 
even use of fuels. Assuming that the transports within a city are zero as is done in this study does 
neither give a realistic comparison and this transportation should not be neglected.  It is also 
important to state that the transport analysis ends when the material has been delivered to the 
recovery plants producing intermediate products. These products will be transported further 
down-streams in their way to become a final product. This will affect results greatly when 
comparing energy and emissions for recovery versus reuse or other forms of prevention of waste 
for example.  Further, only the energy and emissions from tank to wheel (or water) are 
accounted for in this study. Greater environmental concerns will be a fact when including the 
extraction of raw material, the production of vehicle fuel and the transportation of that fuel. 
 
Naturally, having a sorting facility closer to the recovery plant would lead to less transport 
emissions. However, should a sorting facility be built in Sweden, the feasibility of such a plant is 
dependent on high inflow of material and thus would still cause large transport emissions. An 
alternative may therefore be to strategically place the sorting facility in regions where the 
population density is high. This might allow a larger part of the inflow of material to the sorting 
facility to cause less emission. Assuming consumption of textile is higher in the high population 
density areas, this further supports the suggestion. However, this also depends on where the 
recovery plants are located and a systems approach analysis is here vital should such a sorting 
facility be used. A more creative local approach for sorting of the textile waste might decrease 
the transportation needed significantly.  
 
The environmental burdens brought by transportation are high and thus need careful planning 
through a systems approach integrating various recovery solutions.  
 

6.3 AVAILABLE FEEDSTOCK AND THE FOUR RECOVERY METHODS 
In order for the recovery techniques to be feasible, there has to be sufficient input material 
available. The following section discusses the results concerning available feedstock from textile 
waste in Sweden as well as other concerns regarding the recovery methods.  

6.3.1 Re:newcell 

Several thousand tons of material are expressed to be needed as input for the Re:newcell 
method to be feasible. The results of this study show that with flow scenario I approximately 
54,000 ton of textile waste could be potential feedstock for recovery. Out of these, 15,000 ton is 
made up of cotton which can be regarded as enough feedstock for the Re:newcell method. 
However, in reality this number is much lower as it assumes full separation of cotton fibers 
which today is not possible. Further it presumes that the entire cotton fraction of Sweden will be 
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used for the Re:newcell method and nothing else; also an unrealistic scenario. This means that in 
reality; a lot less than 14,400 ton of viscose fiber can be produced from the cotton waste and the 
feasibility of such throughput needs further investigation.  

6.3.2 Polyester Recycling 

The recycling of polyester would with flow scenario I makes it possible to produce 7,500 ton of 
polyester fiber. This too is however a very unrealistic estimation with the technology available 
today. The polyester recycling method demand very high quality input free of impurities. 
Separating the entire polyester fraction with such high quality is not possible, especially for 
household textiles that come in such various compositions that change depending on many 
factors i.e. household type, location, season etc. The Eco circle program by Teijin have shown to 
be successful but note that here, chosen garments are distributed, collected, recycled and 
redistributed in cooperation with apparel companies. This allows for designing garments to 
facilitate their recycling and to sustain a certain quality. A question that here could be asked is 
whether or not the Re:newcell method will face the same implications in large scale production. 
How will Re:newcell handle the ever-changing quality, composition and amount of the input 
material in large-scale production? 
 
Adding to the concerns of polyester recycling, there is also a need to here discuss social 
concerns. Shipping large textile waste fractions to India means Sweden has a moral obligation to 
make sure workers are adequately paid and provided good working conditions. Policy 
developers should take such matters into consideration if no such legal requirements are 
implemented today. Environmental profits cannot be gained with social costs in the pursuit of 
sustainable development.   

6.3.3 Biogas Production from Textile Waste 

The recovery of the energy in textiles through biogas production is in this study found to be a 
very inadequate solution. Assuming flow scenario II (maximum textile waste for recovery) only 
0.09 TWH can be gained from digestion of the entire cotton fraction from all textile waste in a 
year in Sweden. To compare, 1.5 TWH worth of biogas was in total produced in Sweden in 2011. 
Also, this does not include the transport and separation needed during the process. The energy 
yield would increase if all cellulose content in the textile waste were to be used instead of only 
the cotton fraction as is assessed in the present study. Still, the use of the method cannot in this 
study be validated as useful since energy can be recovered much more efficiently through 
incineration and since there are options of material recycling better suited to treat the textile 
waste. Further, as aforementioned, the cost of the solution needed for this treatment is 
extremely high making the option economically inviable without a 100 percent recycling rate of 
the ionic solvent that is used in the process.  

6.3.4 Insulation Material from Textile Waste 

As for the insulation material production, the recycling method requires relatively low means 
and is simple in its process. With flow scenario I, 19,300 tons of insulation material can be 
produced. It is however unrealistic that the entire cotton waste fraction be used for production 
of insulation material. Further, possibly saturating the market with no environmental benefit 
regarding production of virgin fiber makes this option even less attractive. The problems also 
concern the 20 percent of the product that is made up of virgin material. The environmental 
benefits of this method can only be determined through detailed LCA studies on virgin insulation 
material versus recycled from cotton. 
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6.4 FLOW SCENARIOS AND THE WASTE HIERARCHY 
The scenarios in textile flows (scenario I and II) does not take into consideration that preventing 
waste from ever occurring (top on the waste hierarchy) will decrease the amounts consumed by 
the users i.e. the 15 kg/p/y may (and should according to the waste hierarchy) be decreased 
affecting the total input flow that the recovery options need to be feasible. One potential 
problem when implementing recovery options is that the work in preventing textile waste would 
counterwork the flows needed as input-material for the recovery options. The opposite could 
also be true; investing in recycling of textile waste might hinder the development of incentives 
for preventing textile waste as profit in the recycling industry would decrease with less available 
feedstock. If the inflow decreases, the recycling companies might e.g. be forced to take in textile 
material from locations further away increasing costs and impacts from transportations which 
are not to be neglected.  
 
Textile flow scenario II raises additional questions. Selling the textiles to waste firms instead (for 
potential recovery) would most likely mean that the charity organizations become more flexible 
in their relief consignments and can provide the necessities of underprivileged citizens 
domestically and abroad in a more efficient manner. However, in doing so, textiles fit for reuse 
(although not in the Swedish market) will be downgraded from reuse to material recycling and 
incineration, moving in the wrong direction according to the waste hierarchy. The question 
becomes: are the social benefits in this case greater than those of moving up the waste 
hierarchy? Since, sustainability requires the consideration of social welfare as well as 
environmental, it is an important issue to address in this regard and not follow the waste 
hierarchy blindly. The charity organizations must be actively involved in the development of new 
textile waste infrastructure as the social benefits they bring should be sustained, or better, 
improved in the process.  
 

6.4 CLOSING REMARKS 
The Re:newcell method and polyester recycling are the only methods that may decrease the 
environmental burdens related to primary production. They are the only recovery methods that 
produce new fiber material. That said, the Re:newcell process produces viscose fibers out of 
cotton and does not replace cotton itself. But with cotton and oil becoming increasingly scarce 
raw materials, it is possible that natural fibers could be able to fill the gap in fiber demand.  
 
Many factors need attention for textile material recovery to develop. First, more investments in 
research and technological development including separation techniques are needed. The 
recovery techniques need to be made suitable for large scale production. Second, high quality 
collection and sorting systems are not only necessary but crucial for the quality of the secondary 
product and the feasibility of the recovery firms. Third, the diversity of the textile waste 
demands diverse solutions. There will be no single solution to material recovery but rather 
integrated and diverse solutions that will not saturate the market of one secondary product. 
Further up-stream development for material recovery is also necessary. Designing apparel and 
other textiles to facilitate separation and thus also recycling is crucial. Down-streams, it is 
important to make sure that the recycled material does not increase the environmental burdens 
by e.g. having to re-dye the fabric.  Producer responsibility is thus an interesting matter to 
consider in this regard. 
 
Although this study does not take into consideration up-stream solutions available in textile 
design, apparel design, corporate business models etc. it is crucial to press on the significance of 
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such solutions. The more designing for sustainability there is in the textile industry, the easier it 
will be to handle textile waste down-streams and thus also textile recycling and eventually 
closing the loops. Decision-makers should give their attention to both down-stream solutions in 
the near-future perspective and to up-stream solutions in the long-term perspective to promote 
a sustainable development.  
 
Even more important is the work in preventing textile waste. Preventing waste from ever being 
created is without a doubt the best solution for the environment. Working with creative business 
models, setting examples and changing the mind –set in the apparel consumers ‘buy-and-toss 
mentality’ is in the long run more important than recovering textile material as these processes 
too will need their share of energy, water and chemicals.  
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8. FURTHER RESEARCH 
This study concludes that there is major need for research in this area. This section attempts to 
summarize some areas of interest. 
 
A more standardized method for analyzing textile waste in MSW is needed in order to compare 
more impartially the textile flows and compositions over time. Waste analyses focusing only on 
textile waste, like the one conducted in Sundin (2012) is preferable. The waste analyses must 
take into consideration the out-phasing of hazardous chemicals that cause complications for the 
recovery methods and be compatible with the ever-changing waste composition and the factors 
driving the changes.  
  
Although moving up the waste hierarchy is the aim in European and Swedish waste 
management, the need for technological development in the area of textile recycling is great. In 
order to avoid making hasty decisions regarding such massive infrastructural investments, it is 
vital that the research be given the resources needed for progress, especially in the area of 
collection, logistics, separation techniques, recycling techniques on a large scale and integrated 
solutions with a systems approach. 
 
The principal justification for moving up the waste hierarchy is to prevent primary production 
from affecting the environment. Thus, there is no reason to move up the hierarchy unless the 
benefits are greater than the costs - in all regards. Hence, it is essential that studies be 
commissioned in order to answer important questions about for example, what environmental 
impacts are avoided by using cotton for insulation material? If the production of viscose fiber 
through the Re:newcell method would replace cotton in the market and divert cotton’s 
environmental costs? Or will it replace the forest harvest of the wood-based pulp – and if it does 
is that a preferable option when considering sustainably managed wood farms? What proportion 
of CO2-emissions is saved by textile recovery compared to primary production when including 
the necessary transportation? Detailed and new LCA studies, based on proper data collection are 
needed. Valuation methods are also necessary to assess the kind of energy, water etc. that was 
not conducted in the current study.  
 
Many stakeholders, both locally and globally, will be affected by changes in the end-of-life 
choices of the textile industry. For a just social development, it is vital that all stakeholders are 
represented in the decision-making process through strategic sustainability assessment tools 
such as Strategic Environmental Assessment (SEA), Environmental Impact assessment (EIA) and 
Multi-criteria Decision Analysis (MCDA). Further, economic cost-benefit analyses are also crucial 
for the development of feasible textile recovery techniques and models.  
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9. CONCLUSIONS 
Material fiber recycling are the only recovery methods in this study with potential to decrease 
the environmental burdens of primary production of cotton and polyester fibers although, 
further research in this area is also necessary. It is not scientifically proven whether or not the 
recycling of cotton into viscose with the Re:newcell method would in fact fill the demand for 
cotton fibers decreasing the environmental burdens of its cultivation and downstream 
implications.  
 
The digestion of cotton to recover biogas is in the current study assessed to be a greatly 
unrealistic option for textile waste recovery. The reasons for this are firstly that little if even any 
energy is gained with all the cotton waste from household textiles in one year calculated as input 
and including the transportations needed. Secondly, the ionic solvent contributes in making the 
process very expensive. The method has a long way still in proving itself to work efficiently in 
larger scales and by then, it is likely that other techniques has proved themselves more 
beneficial and feasible.  
 
More data and research is needed regarding the benefits/costs of recycling cotton into 
insulation material. The main issue of concern is that it still requires the use of virgin material. 
Further, it does not replace textile fibers and thus does not decrease the environmental burdens 
of primary production of textile fibers. The advantage is that it can replace the use of 
conventional insulation material produced from petroleum based resources and the use of 
brominated flame retardants is not necessary in its production. The effectiveness in function of 
recycled insulation material is also yet to be proven.  
 
Incineration might neither be the optimal solution nor the preferred option according to the 
waste hierarchy. However, with today’s options and technical development in recycling 
techniques, not to mention collection and separation techniques, it is a well enough mean of 
waste treatment that provide heat and electricity from the high energy content in textile waste. 
One problem is however that textile can create disruptions and uneven combustion in the 
plants. The work on recycling techniques and prevention of textile waste is crucial to divert the 
textile waste from incineration in the long term. 
 
Recovering textile will bring with it unavoidable transport needs. The energy use and emissions 
caused by transport should by no means be neglected or underestimated. The location of a 
sorting facility, or better yet, the way in which to sort textile waste need to be made strategic in 
terms of distances to collection and recovery plants. This is in order to decrease the 
environmental impacts from transportation.  
 
The data uncertainty in the present study is rather high and further research in textile waste 
flows and composition as well as the use of analytical (LCA) and strategic tools (EIA, SEA) for the 
assessment of textile waste recovery is necessary.  
 
Additionally, the textile life cycle is a long and complicated one. Upstream and downstream 
consequences of textile recycling measures need to be investigated to make sure environmental 
impacts are not just replaced with other ones but decreased as is the aim. 
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Finally, as stated in the discussion, the best and most affordable option in decreasing the 
environmental burdens of textile production is the prevention of waste as demonstrated by the 
waste hierarchy. Investments in changing the ‘buy-and-toss mentality’ might be the best spent 
financial resources in the work of preventing textile waste. Recovery and even reuse will 
contribute with its shares of environmental burdens compared with not consuming at all, 
although they too are vital in decreasing waste and the environmental burdens related to 
primary production. 
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APPENDICES 

APPENDIX I – DEFINITION OF HOUSEHOLD TEXTILE WASTE 
 
The included textile groups in Carlsson et al.’s calculations of inflow of textiles from Carlsson et 
al. (2011, pp. 14): 
 

 Outer garments such as coats, jackets and rainwear. 

 Pants 

 Suit jackets 

 Shirts and blouses 

 Underwear including socks and nightwear 

 T-shirts 

 Sweaters 

 Baby clothes 

 Exercise outfits and swimming/beachwear 

 Gloves, caps, shawls etc. 

 Blankets 

 Sheets 

 Cloths, curtains, bedspreads 

 Towels 
 

 



I 
 

APPENDIX II – DISTANCES AND ASSUMPTIONS ON TRANSPORT 
Because transport to Nashik, India from any other location signifies a much greater distance than 
other transportation routes investigated, transportations from recycling centrals to sorting 
facility in Stockholm (i.e. Stockholm to Stockholm) and all other similar distances are assumed to 
be insignificant in this study. The distances used in this study are listed in Table 15. 
 

Table 15. Distances used for the transportation routes (Google Maps, 2013; Anon., 2013). 

Route Distance  Unit 

Stockholm-Vänersborg 435  Km 
Stockholm-Wolfen 1,270 Km 
Wolfen-Vänersborg 1,040 km 
Stockholm-Mumbai 7,300 

13,519 
Nautical miles 
km 

Mumbai-Nashik 167  Km 
Vänersborg-Mumbai 6,800  

12,594 
Nautical miles 
Km 

Cuxhaven-Mumbai 6,500 
12,038 

Nautical miles 
km 

Wolfen-Cuxhaven 452  Km 

 
 

Land transport Europe: 

 All transportation is made with an average Swedish truck based on total national traffic 
activity for all truck sizes. The average vehicle weight is therefore 47 t and the average 
cargo capacity 31 t. 

 The fuel used is Diesel B5 (5% biodiesel, Swedish standard). 

 The main road type is motor ways. 

 The gradient i.e. the tilt of the road is 0%. 

 Shipment weight is 1 t (Maximum capacity). 

 Fuel consumption is 0.239 L/km due to chosen road type, fuel type, load factor and 
gradient. 
 

Land transport India: 

 All transportations are made with a truck with trailer (40-50 t). The average cargo 
capacity 33 t. 

 The fuel used is Diesel B0-EU (diesel with no biodiesel (RME)). 

 The main road type is rural roads (Sweden). 

 Euro class 1 is chosen (lowest standards for emissions in Europe). 

 The gradient i.e. the tilt of the road is 0%. 

 Shipment weight is 1 t (Maximum capacity). 

 Fuel consumption is 0.156 L/km due to chosen road type, fuel type, load factor and 
gradient. 

 

Sea transport: 

 Transport by ship is made with “General cargo ships” – ship with multi or single deck for 
general cargo. Various types of cargos can be shipped.  

 The typical size of the ship is set to 1000 DWT. 



II 
 

 Tier I is chosen for standard in NOx-emissions, i.e. ships constructed on or after 1 Jan 
2000. 

 The shipment weight is 1 t. 

 Fuel: HFO 2.7%S (highest content of sulfur in the heavy fuel oil) 

 Fuel consumption is approximately 2.4 kg HFO/nautical mile. 
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APPENDIX III – EMISSIONS FROM TRANSPORT 
The rest of the results from emissions from transport are presented in  

Fig. 14 to Fig. 20. This includes the emissions of CO2, SO2, CO, HC, NOx, N2O and particulate 
matter (PM) calculated from the Network for Transport and Environment (NTM) with the 
assumptions described in Appendix II – Distances and Assumptions on Transport.  
 

 
 

Fig. 14. CO2-emissions in kg CO2-eq per t transported textile material. The emissions are calculated for three alternative 
locations for a potential sorting facility. Methane emissions are included in the CO2-emissions. 
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Fig. 15. SO2-emissions in kg per t transported textile material. The emissions are calculated for three alternative locations 
for a potential sorting facility. 

 

 

Fig. 16. CO-emissions in kg per t transported textile material. The emissions are calculated for three alternative locations for 
a potential sorting facility. 
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Fig. 17. HC-emissions in g per t transported textile material. The emissions are calculated for three alternative locations for 
a potential sorting facility. 

 

Fig. 18. NOx-emissions in kg per t transported textile material. The emissions are calculated for three alternative locations 
for a potential sorting facility. 
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Fig. 19. N2O-emissions in g per t transported textile material. The emissions are calculated for three alternative locations for 
a potential sorting facility. 

 

 

Fig. 20. PM-emissions in kg per t transported textile material. The emissions are calculated for three alternative locations 
for a potential sorting facility. 

To assess the amount of PM emitted in total kg is not a practical approach concerning health 
risks that the particles impose. It is their size and numbers that matter, not their weight. 
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APPENDIX IV – PRIMARY DATA FOR ASSESSING THE ENVIRONMENTAL FACTORS 
The results of the environmental performance regarding the recovery techniques are based on 
the primary data listed in this appendix. Note that not all data listed here is used in the results 
section. Additionally, any calculations made during the study are also presented in this section.  

Incineration 

Data from the boilers using household waste as fuel is here preferable. If this is not possible, 
data from the entire facility of Högdalen is included. 
  

Energy input/output 

Substance Amount Unit Amount per ton of 
textile waste 

Source 

Input:     

Fuel for transport * 1125/11025 
39690000 

m3/MWH 
40 x 106 MJ 

165 MJ (for all waste – 
not only household 
waste from Stockholm) 

Fortum, 2010 

Oil-driven boilers 1332 m3 NDA Fortum, 2010 

Fuel gas purification   NDA  

Fuel (Textile waste : 
mixed fraction)  

1 t 1 t  

Output:    Fortum, 2010 
 
Bartl and 
Haner, 2009 
 
Intertek, 2011 
 
Laußmann et 
al., 2010 
 
Kuźina, 2010 
 
Walters et al., 
n.d. 
 
Gemtos & 
Tsiricoglou, 
1999 
 
Green 
Manufacturing 
Initiative, 2010 
 
Swedish EPA, 
2005 

Energy (both 
electricity and 
district heating) 

1186 MWH 
 
 
 
 
 
 
 
 
Comparing 
with heating 
values: 

5 MWH** 
17600 MJ/t 
 
10800 MJ/t (average 
value for household 
waste) 
 
17600 MJ/t (heating 
value of 80% of the 
textiles in 1 ton) 
 
17500 MJ/t cotton 
 
23500 MJ/t polyester 
 
15800 MJ (taking into 
consideration 90% 
efficiency) 

Total   15800 MJ  

Total (without 
transport) 

  15800 MJ  
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*Fuel needed for transportation of waste, ashes, chemicals and sand are included in this data 
according to Fortum (2010). Transport within Stockholm is however outside of this study’s 
system boundary.  
 
The fuel oil needed for the boilers is required for start, stop and support burning (Fortum, 2010).  
 
**In 2010 the production of heat and electricity from boilers taking in household waste reached 
1,186 GWH and the amount of household waste from Stockholm used as fuel was the same year 
504,417 t (Fortum, 2010). These figures are used to calculate the generated energy from 
incineration 1 t of textiles although the heating values of textile are not the same as for a 
mixture of household waste. The heating value for cotton is 17.5 MJ/Kg (Gemtos & Tsiricoglou, 
1999) and 23.5 MJ/kg for polyester according to Green Manufacturing Initiative (2010). To 
compare, the heating value for completely dry biomass is 18 MJ/kg (18000 MJ/t) and the 
average heating value for household waste incinerated at Högdalenverket is 10.8 MJ/Kg (10800 
MJ/t) (Stockholmregionens avfallsråd, 2007). The energy content of cotton and/or polyester 
material is thus double the average of mixed household waste from Stockholm.  
 

Material input/output 

Materials Amount Unit Amount per 1 ton of 
textile waste 

Sources 

Inputs:     

Outputs:     

Ashes (residue to 
landfill) 

11677 Tons 2.3 kg/t Fortum 2010 

Slag (residue to 
landfill) 

83579 Tons 17 kg/t 

Total   19,3 kg (2%)  

Ash content   26.5 kg (2.6%) 
 
Ash content of fibers 
only presented here. 
Buttons and zippers 
etc. can have high ash 
content, especially 
metal-based ones.  
Viscose is regarded as 
wood-based. Silk is 
given the same ash 
content as wool.  

Jernkontorets 
energihandbok, 2007 
 
Healy & Zieleman, 
1966 
 
Bartl and Haner, 
2009 
 
 

Total   26,5 kg (2,6%)  

Ashes are, according to the Swedish Waste Ordinance classified as hazardous waste (Fortum, 
2010).   
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Water Use 

Substance Amount Unit Amount per ton 
of textile waste 

Sources 

Total water 
consumption 
 
Water for the boiler 
process, recipient: 
sewer 
 
Water for the district 
heating net, recipient: 
land 

325,000 
 
 
200,000 
200 million 
 
 
44,000 
44 million 

m3  
 
 
m3  
L  
 
 
m3  

L 

640 L/t 
 
 
395 L/t 
 
 
 
87 L/t 

Fortum, 2010 

Total   650 L*  

The waste water in the form of slag and soot water is recognized as hazardous waste according 
to the Swedish Waste Ordinance and is sent to the treatment facility in Högbytorp (Fortum, 
2010).   
 
*The water consumption for combustion of 1 t of textile waste is an overestimation since the 
total water consumption was divided with the total amount of waste incinerated in the boilers 
fueled with MSW (504,417 t). Hence, the water requirements of 4 additional boilers (fueling with 
biofuels or oil) are accounted for. Two of the additional boilers are minor and are not regarded 
to contribute significantly to the error in water consumption. The other two contribute to an 
overestimation (Fortum, 2010).  
 

Chemical Use 

Substance Amount Unit Amount per 
ton of textile 
waste 

Source 

Activated carbon 40 Tons 0.08 kg/t Fortum, 2010 

Activated coke 20 Tons 0.04 kg/t 

Ammonium 25 % 3896 Tons 7.7 kg/t 

Natriumhydrophosphate 0.3 Tons 0.6 g/t 

Iron chloride 29 Tons 0.06 kg/t 

Calcium hydroxide 1834 Tons 3.6 kg/t 

Limestone 826 Tons 1.6 kg/t 

NaCl 81 Tons 0.2 kg/t 

Liquid caustic soda 50 % 1828 Tons 3.6 kg/t 

Hydrochloric acid 32 % 3.9 Tons 8 g/t 

TMT-15® 
(Chemical that deposits 
heavy metals from 
process water) 

15 Tons 30 g/t 

Total   16.9 kg 
 

 

 
The total amount of chemicals is divided with the total amount of waste that was used as fuel in 
2010 (504,417 t) (Fortum, 2010), leading to an overestimation of the chemical use.  
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Emissions to air 

Substance Amount Unit Amount per 
ton of 
textile 
waste 

Source 

CO2   785 kg See below 

NOx 41.03  mg/MJ 350 g Fortum, 2010 

Sulfur 0.55  mg/MJ 5 g 

Dust 0.45  mg/MJ 4 g 

Ammonium 0.37  mg/MJ 3 g 

Hydrochloric acid 0.3  mg/MJ 3 g 

Nitrous oxide 20.2  Tonnes 40 g 

    

Mercury 17.5  kg 0.03 g 

Ethylene chloride 47.7 kg 0.1 g 

Dibutylftalat 0.09 kg 0.0002 g 

Dibrometen 0.21 kg 0.0004 g 

DEHP 0.20 kg 0.0004 g 

Cadmium 0.89 kg 0.002 g 

Dioxins 0.178 g 4 x 10-7 g/t 

Emissions of heavy 
metals into air after 
purification: 

    

Lead, Pb 0.31 µg/Nm3 dry matter 11% O2 
 

 

Chromium, Cr 0.53  

Copper, Cu 1.17  

Nickel, Ni <0.49  

Cadmium, Cd <0.015  

Mercury, Hg 8.2  

Arsenic, As <0.2  

Manganese, Mn <0.3  

 
The numbers for emissions to air represents the total emissions from all the boilers of the plant 
at Högdalenverket. Hence, the emissions to air are overestimated since not all boilers are used 
for incineration household waste. The emissions from transport are not included in this table.  
The emissions of heavy metals are compliant with the requirements set by the Swedish 
Environmental Agency (Swedish EPA, 2002). 
 
CO2-emissions 
CO2-emissions from combusting textile household waste are calculated through the combustion 
reactions for polyester and cotton: 
 
Polyester (C10H8O4)n: 
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The relation 1:10 between polyester and CO2 gives: 
 

              
 

                       
 
The same calculation is applied for cotton (C6H10O5)n which leads to the CO2-emissions of 460 kg 
for the 0.284 t combusted. The total CO2-emissions from the cotton and polyester fractions in 1 t 
of mixed household waste thus is estimated to be 785 kg.  
 

Emissions to water 

During 2010, the plant emitted approximately 325,000 m3 of water from the process into the 
storm water reservoir from the treatment of household waste (Fortum, 2010). Out of this, 
200,000 m3 was from purified condensate, 70,000 m3 from reject and 55,000 m3 from roof and 
land run off (ibid.).  
 

Substance Amount Unit Amount per ton of 
textile waste 

Sources 

Ammonium 5.0 mg/l 6500 mg Fortum, 2010 

Cd 0.14 µg/l 180 µg 

Co 0.23 µg/l 300 µg 

Cr 29 µg/l 38000 µg 

Cu 8.5 µg/l 11000 µg 

Hg 0.076 µg/l 100 µg 

Ni 2.4 µg/l 3100 µg 

Pb 7.3 µg/l 9500 µg 

Zn 19 µg/l 25000 µg 

As 1.0 µg/l 1300 µg 

Thallium 0.1 µg/l 130 µg 

Dioxins and Furanes 0.006 mg/l 8 mg 

pH 8.7 mg/l 11000 mg 

SUSP 5.7 mg/l 7500 mg 

TOC (total organic 
coal) 

1.26  t 
3 g 

 

 

Polyester recycling 

 

Energy input/output 

The energy consumption for producing DTY is what mainly is used for knitting and weaving new 
clothing material (Tijaria, 2011). This yarn need roughly double the amount of energy in its 
production process compared to POY (Polygenta, 2011). Although DTY is mainly used for the 
production of new clothing material, the present study will stop the assessment at the 
production of POY.  
 



VI 
 

Substance/process Amount Unit Amount/t 
produced 
polyester 

Source 

Fuel for transport, 
Biodiesel B5 

  411.5 L NTM 

Fuel for transport, 
Biodiesel B0 

  90.47 L NTM 

Fuel for transport, 
HFO 2.7%S 

  15,740 kg NTM 

Energy for transport   662,576 MJ NTM 

Primary Energy 
demand (Polygenta 
amorphous PET) 

16000 MJ/t PET production 16,000 MJ/t Polygenta, 
2012 

Energy consumption 
for the spinning of 
POY from amorphous 
PET 

NDA  NDA  

Total non-renewable 
energy use 

39000 MJ/Ton of recycled PET 
fiber 

 Shen et al., 
2010 

Total (incl. 
transports) 

  >678,576 MJ/t  

Total (without 
transport) 

  >16,000 MJ/t 
(excluding 
spinning of POY 
from 
amorphous PET) 

 

 
Included in the primary energy demand value of 16,270 MJ/t is waste bottle transport, electricity 
grid mix (PET bottle to  flake), electricity grid mix (flakes to PET), ethylene glycol, landfilling (inert 
waste), thermal energy from heavy fuel oil (PET bottle to flake) and thermal energy from fuel oil 
(flakes to PET) (Polygenta, 2012).  
 
The energy consumption related to sorting, bailing and compacting of PET-bottles is very low 
compared to the energy needed in the recycling process (Shen et al., 2010). In the study, Shen et 
al. (2010) assume these energy demands to be negligible compared to the energy demand of the 
recycling. The study by Shen et al. (2010) includes the energy required for the production of 
chemicals, natural gas, LPG, fuel oil and diesel. This explains the great difference in the LCA 
conducted by Shen et al. (2010) and the LCA by Polygenta (2012). The data from Polygenta 
(2012) is used in the present study as it is better suited for the drawn system boundaries 
although the data from Shen et al. (2010) can serve as an indication of a more realistic value. 
Data from Shen et al. (2010) is however used in other regards i.e. emission etc. It is important to 
keep in mind the system boundaries for this data mentioned earlier.  
 
The LCA conducted by Polygenta (2012) include the transport of PET-bottles (500km) which is 
not in the scope of the current study, which adds to the energy for transport of 5750 MJ. Using 
NTMCa/cFreight Professional 3.0, it is concluded that transporting 1 t 500 km needs 
approximately 300 MJ. The included transportations in the LCA conducted by Polygenta (2012) 
are compensated for by 300 MJ in energy use.  
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In the collection step, the main environmental burden is from the air emissions and fuel 
consumption of transporting the bailed bottles from waste separation facilities to flake 
production facilities (Shen et al., 2010).  In the study performed by Shen et al. (2010) the bailed 
bottles are transported by truck for 100-350 km.  
 

Material  

Substance/process Amount Unit Amount/t 
produced 
polyester 

Source 

Input:     

PET/polyester     

Output:     

Waste from flake 
production (process 
waste and process 
loss – plastic residues, 
labels and packaging 
material) 

290 Kg/t produced recycled 
flake from PET-bottles* 

290 kg/t 
recycled flake 

Polygenta, 
2009 

Waste from after 
glycolysis and 
depolymerization step 

20 Kg Solid waste/t of 
recycled PET 

20 kg/t 
recycled PET 

Shen et al. 
2010 

Waste from after 
spinning and finishing 

30 Kg solid waste/t of 
recycled POY 

30 kg/t 
recycled POY 

Shen et al. 
2010 

Total   340 kg/t  

*colored and clear PET bottles. 
  
Shen et al. (2010) assumes that generated waste is incinerated with the assumed energy 
recovery rate of 43 percent (for Taiwan). This recovered energy will however not be obtained or 
consumed in Sweden. Had this waste been incinerated in Sweden, the energy recovery rate 
would have been significantly higher.  
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Water input 

Substance/process Amount Unit Amount/t 
produced 
polyester 

Source 

From collection of 
PET-bottles to the 
product amorphous 
PET. 

8,120 Kg/t amorphous PET 8120 kg/t Polygenta, 
2012 

Spinning of 
amorphous PET to 
POY 

  NDA  

Total   >8120 kg/t  

 

Chemicals 

Substance/process Amount Unit Amount/t 
produced 
polyester 

Source 

EG (ethylene glycol) 
for the glycolysis 
step to recycle 
chemicals.  

  NDA  

Spin finish oil for 
spinning step 

0.4 % of POY weight 4 kg/t Kulkarni, 
mkulkarni@polygenta.com, 
2013 

Total   >4 kg/t  

 

Emissions 

Substance Amount Unit/t recycled PET fiber Amount/t 
produced 
polyester 

Source 

From process:     

CO2 2.59 Ton CO2-eq. 2.59 ton CO2-
eq. 

Shen et al. 
2010 

Sb (Antimon  abiotic 
depletion) 

18 Kg Sb-eq. 18 Kg Sb-eq. 

SO2 (acidification) 14 Kg SO2-eq. 14 Kg SO2-
eq. 

PO4
3- 

(eutrophication) 
 

2.3 
 

Kg PO4
3—eq. 2.3 Kg PO4

3—

eq. 
 

Toxicity (human, fresh 
water aquatic 
ecotoxicity and 
terrestrial ecotoxicity) 

1064 1,4-DB eq. 1064 1,4-DB 
eq.* 

C2H4  (ethylene) 
(Photochemical 
oxidant formation) 

0.6 Kg ethylene-eq. 0.6 Kg 
ethylene-eq. 
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Compared to virgin PET-fiber production, recycled PET-fiber production from PET-bottles has a 
greater environmental impact regarding PO4

3-emissions related to eutrophication, fresh water 
toxicity and terrestrial ecotoxicity (Shen et al., 2010). Most of the freshwater aquatic toxicity 
originates from the incineration of solid waste from the flake production (Shen et al., 2010). 
According to the same source 90 percent of this toxicity can be traced to water emissions of 
small amounts of vanadium, commonly used in MSW incineration plants to treat NOx-emissions.  
 
The glycolysis step contributes most to the overall environmental profile according to Shen et al. 
(2010).  
 
Eutrophication, terrestrial ecotoxicity and photochemical oxidant formation are negligible in a 
global context according to Shen et al. (2010).  
 

The Re:newcell Method 

 

Energy input/output 

Substance Amount Unit Amount/t fiber 
produced 

Source 

Fuel for transport, 
Biodiesel B5 

  552,1 L NTM 

Fuel for transport, 
Biodiesel B0 

  0 NTM 

Fuel for transport,  
HFO 2.7%S 

  0 NTM 

Energy for transport   19,429 MJ NTM 

Shredding Low  low Wang 2010 
 

(Re:newcell*) NDA  NDA  

(Viscose production 
in Austria according 
to system boundary 
in Shen et al. 
(2010).**) 

70 
 
 

GJ/ton 
of fiber 
 
(19 GJ 
from 
NRE) 

70,000 MJ (incl. energy 
production, transports 
and production of 
chemicals) 

Shen et al. 2010 

Viscose production 173 GJ/t of 
fiber 

No information on 
what is included in this 
estimation.  

Bartl 2011 

Viscose production 
(BAT) 

20-30 GJ/t 
fiber  

20,000-30,000 MJ 
(25,000 MJ) 

European Commission, 
2007 

Viscose production in 
Austria according to 
system boundary in 
Shen et al. (2010) 
without energy for 
caustic soda 
production** 

70-14=56 GJ/ton 
of fiber 

56,000 MJ (incl. energy 
production and 
transports) 

Shen et al. 2010 

Pulp production and 
the process energy 

11 GJ/ton 
of fiber 

11,000 MJ (NRE) Shen et al. 2010 
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use of fiber 
production, (non-
renewable energy) 

Production of caustic 
soda (Swedish energy 
mix) 

14 
 

GJ/t of 
fiber 
From 
NRE 

 Shen et al. 2010 

Production of sulfuric 
acid  

NDA NDA   

Total (incl. transport)   75429 MJ 
 
 
44,429 MJ 

Without caustic soda 
production 
 
According to BAT  

Total (without 
transport) 

  56,000 MJ 
 
 
 
(70,000 MJ) 
 
 
(11,000 MJ NRE) 
 
 
 
 
25,000 MJ 

Without caustic soda 
production according to 
Shen et al. 2010 
 
With caustic soda 
production according to 
Shen et al. 2010 
 
According to Shen et al., 
2010. Including caustic 
soda production standing 
for about 1/3 of NRE use 
 
According to BAT 

*Assumed to be low as the Re:newcell process is a chemical one and there is no need for high 
temperatures or pressures (verified assumption through mail with Re:newcell). However the 
production of the chemicals used in the Re:newcell process is not included and since what 
chemicals are used is confidential information, no estimation on the environmental burdens 
their production brings can be made. 
 
**Including energy for production of chemicals and energy facilities production. Half the raw 
material transported from Austria and half from other European countries. Thus, overestimation 
for what is included in this study’s system boundary. 19 GJ of the total 70 GJ are from non-
renewable energy sources and the rest from renewable sources. More than half of the non-
renewable energy use comes from production of caustic soda (14 GJ). Note that energy use will 
decrease further taking into consideration production of other chemicals such as sulfuric acid, 
CS2 and NaOCl (sodium hypochlorite).   
 
Data taken from Shen et al. (2010) include transportations mentioned earlier and can thus be an 
overestimation as the viscose fiber production plant in this study is assumed to be located in 
Vänersborg.  
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Material input/output 

Substance Amount Unit Amount/t fiber Source 

Material input:     

Wood 2500 Kg/t   Lenzing 
Group, 2011 

Pulp (BAT) 1.035-1.065 t/t 1035-1065 kg European 
Commission, 
2007 

Cotton textiles   >1065 kg  

Total input   >1065 kg  

Waste, output:     

Reject NDA  NDA  

Scrap and rest-
products 

NDA  NDA  

Waste water from 
fiber production* 

    

Sodium sulfate from 
fiber production* 

    

Hazardous waste 
from viscose fiber 
production 
(BAT) 

0.2-2.0 Kg/t 0.2-2.0 kg European 
Commission, 
2007 

Total output   >0.2-2.0 kg  

*Impacts from these wastes are accounted for in the study conducted by Shen et al. (2010). 
 
The pulp needed to produce 1 t of fiber depends according to the European Commission (2007) 
the condition of the pulp. It is assumed that the regenerated cellulose from the Re:newcell 
process fits in this range accordingly.  
 
Since 40 percent of the wood used in the production is made out of cellulose, 40 % w/w dry 
matter is needed for the production (Lenzing Group, 2011). This means that 2.5 Tons of wood is 
needed to produce 1 ton of viscose fiber. This number will however not be included in this 
assessment as it is not relevant to textiles although stated as an example. The generated pulp 
from the Re:newcell process is assumed to contain 100 percent regenerated cellulose.  
 
Since there is no data on how much cotton based textile is needed to produce the pulp for 1 t of 
viscose fiber it is only stated that more than 1065 kg/t is needed although it reality it could be 
higher considering this indicates BAT and due to the fact that there will always be losses in the 
conversion from textile to pulp. Thus, 1065 kg is an understatement.  
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Water Use 

Substance Amount Unit Amount/t fiber Source 

Water use 
Re:newcell 

NDA  NDA  

Process and cooling 
water* 
 
Process and cooling 
water (BAT) 

445 m3 /ton fiber 445 000 L 
(120,000L/0.27 t) 
 
 
224,000-390,000 L 
(60,480-
105,300L/0.27 t) 
 

Shen et al. 
2010 
 
European 
Commission, 
2007 

Total   >120,000 L  

*90-95 percent of water use dominated by cooling water use.  
 
Since Re:newcell is a chemical process it is likely that significant volumes of water will be used in 
the large scale production. However if the water as well as the chemicals are recycled, it is 
impossible to determine the net use of water and how much water is necessary to add for 
losses. The numbers from the European commission of BAT (2007) ranges from 224,000-390,000 
liters and is said to depend on the type of condensation technology for the spinning bath and 
local aquatic conditions. Closed systems are assumed.  
 

Chemicals 

Substance Amount Unit Amount/t 
fiber 

Source 

Detergent for dirty 
textiles 

  NDA Gunnarsson, 2013 

Re:newcell. Activating 
chemicals  

  NDA  

Re:newcell. Dissolving 
chemicals 

  NDA  

Caustic soda, NaOH 
 
 
(BAT) 

950 
 
 
0.5-0.7 

Kg/t  
 
 
t/t 

950 kg 
 
 
500-700 kg 

Nieminen et al., 2007-system 
boundaries not specified 
 
Euopean Commission, 2007 

Sulfuric acid, H2SO4 

 
 
 
(BAT) 

1050 
 
 
 
0.6-1.03 

Kg/t  
 
 
 
t/t 

1050 kg 
 
 
 
600-1030 kg 

Nieminen et al., 2007 – system 
boundaries not specified 
 
European Commission, 2007 

Zink sulfate (BAT) 2-10 Kg/t 2-10 kg European Commission, 2007 

Spin finish (BAT) 3-5.3 Kg/t 3-5.3 kg European Commission, 2007 

Sodium hypochlorite, 
NaOCl (BAT) 

0-50 Kg/t 0-50 kg European Commission, 2007 

Carbon disulfide, CS2 
(make-up) 
(BAT) 

150 kg 
 
80-100 

Kg/t  
 
Kg/t 

150 kg 
 
80-100 kg 

Nieminen et al., 2007 – system 
boundaries not specified 
 
European Commission, 2007 

Total   >2895 kg  
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The Re:newcell activating and dissolving chemicals included here refers also to the make-up 
chemicals needed to replace unclean or low quality chemical flows, as the chemicals will be 
recycled to a great extent according to the company (Gunnarsson, 2013).  
 
Caustic soda, sulfuric acid and carbon disulfide are all chemicals used in the spinning of viscose 
fibers (Shen et al., 2010). The production of caustic soda and sulfuric acid cause the largest 
environmental impact in the LCA study conducted by Shen et al. (2010).The carbon disulfide is 
recycled in the viscose process, however approximately 100 kg is still needed as input to make 
up for the losses.  
 
The use of zinc, spin finish and sodium hypochlorite depends on the fiber specifications and the 
end-use of the fiber (European Commission, 2007). The use of hypochlorite is not always used 
depending on if alternative bleaching agents are used (European Commission, 2007). The use of 
carbon disulfide depends on the degree of recovery and thus on the recovery and washing 
technology (European Commission, 2007).  
 

Emissions 

Substance Amount Unit Amount/t 
produced fiber 

Source 

CO2-equiv. to air  
Viscose production 
according to system 
boundary in Shen et al. 
2010 

-0.25* Ton/ton fibers -0.25 t Shen et al., 
2010 

Sb-equiv. to air 
(Antimon  abiotic 
depletion)  
Mainly from 
production of caustic 
soda 

14 Kg Sb equiv./ton staple 
fiber 

14 kg Shen et al., 
2010 

SO2-equiv. to 
air(acidification) 

14 Kg SO2-equiv./ton staple 
fiber 

14 kg 
 

Shen et al., 
2010 

PO4
3- equiv. to air 

(eutrophication) 
1.2 Kg PO4

3—equiv./ton 
staple fiber 

1.2 kg Shen et al., 
2010 

Toxicity (human, fresh 
water aquatic 
ecotoxicity and 
terrestrial ecotoxicity) 

715 
(630 
human 
toxicity) 

Kg 1,4DB equiv./ton 
staple fiber 

715 kg Shen et al., 
2010 

C2H4 equiv. to air 

(ethylene) 
(Photochemical 
oxidant formation) 

0.5 Kg C2H4-equiv./ton staple 
fiber 

0.5 kg Shen et al., 
2010 

CFC11 equiv. ( ozone 
depletions) 

0.3 x10-4 kg CFC11-equiv./ton 
staple fiber 

0.3 x10-4 kg Shen et al., 
2010 

Zinc to water 30-160 g/t 0.030-0.160 kg European 
Commission, 
2007 

Total   740 kg  
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*Negative since the production sequestrates more carbon into the product than it emits. In 
reality not representative data for textiles as this data represents the forest agriculture required 
for the conventional viscose production. This is calculated with all heat coming from MSWI. 
Different heat sources changes the data.  
 
The factor mostly contributing the abiotic depletion impact in viscose production is the 
production of caustic soda, CS2 and sulfur production (Shen et al., 2010).  
 
The impact of toxicity originates mainly from production of caustic soda; pulp and external 
electricity use (Shen et al. 2010).  
 
The SO2 emissions are the main factor for photochemical oxidant formation and these emissions 
derive mainly from the production of SO2 needed in the pulp production and from energy use 
(Shen et al. 2010). The production of pulp from wood-based raw material will however not be an 
issue in the Re:newcell process and thus the emissions of SO2 would probably be lower 
(depending on what chemicals are used) than what is stated in the table above. This regards 
acidification impacts as well.  
 
Regarding eutrophication, also here, pulp production and production of caustic soda are the 
main contributors (Shen et al., 2010).  
 
The emission of zinc to water depends on how much zinc is originally used as well as the spin 
bath recovery technology (European Commission, 2007).  
 
In sum, the study conducted by Shen et al. (2010) shows that impacts regarding human toxicity, 
fresh water toxicity and eutrophication are relatively insignificant. Overall, the integrated pulp 
and fiber plant was assessed not to cause any significant contributions in the environmental 
categories studied (Shen et al. 2010). Although the production of chemicals are not originally 
included in the present study’s system boundaries, they seem to stand for the main part of the 
environmental burden in the viscose fiber production and most likely also for the Re:newcell 
process although the latter is unclear.  
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Insulation 

Energy input/output 

Substance Amount Unit Amount/t 
insulation 
material 

Source 

Fuel for transport, 
Biodiesel B5 

  607 L NTM 

Fuel for transport, 
Biodiesel B0 

  0 NTM 

Fuel for transport, 
HFO 2.7%S 

  0 NTM 

Energy for transport   21,360 MJ NTM 

Shredding Low  low Wang, 2010 

Heated to 175°C in 
oven 

  >1.2 MJ 
 
(Calculated 
through specific 
heat capacity of 
cotton and 
heating from 
20°C) 

Bonded Logic, 
2013 
 
Engineering 
Toolbox, n.d. 

Total   21,361.2MJ  

Total (without 
transport) 

  >1,2 MJ  

Overall very low energy demand needed in the process compared to the other recovery 
methods. Note though that energy required for production of chemicals (e.g. boric acid) is not 
included here as it is in the viscose fiber production following the Re:newcell process for 
example.  
 
Energy required for heating material to 175°C: 
The following heat transfer equation is used to determine the energy required when heating the 
insulation material in the oven: 

               

Where q is energy [kJ], 
 m is the mass in [kg], 
 Cg is the specific heat capacity for cotton [J/k°C] (Engineering Toolbox, n.d.), 
 Tf is the final temperature [°C] and 
 Ti is the initial temperature in [°C].  
 
The following values are used:  
 m = 1 t 
 Cg = 0.31 J/k°C 
 Tf = 175 °C 
 Ti = 20 °C (assuming room temperature for initial temperature) 
 
The energy demand of 1.2 MJ/t insulation material produced for heating purposes is calculated.  
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Material input/output 

Substance Amount Unit Amount/t 
insulation 
material 

Source 

Cotton fiber 80 % of product 800 kg Cotton from 
Blue to 
Green, 2013 

Synthetic plastic 
fiber and other 
cotton fibers 
(binding fiber) 

20 % of product 200 kg Cotton from 
Blue to 
Green, 2013 

Total   1000 kg  

 

Water input 

Substance Amount Unit Amount/t 
insulation 
material 

Source 

Boric acid production   NDA  

Synthetic fiber 
production 

  NDA  

No significant amount of water is needed for the process. However, water may be needed in 
great amounts in the production of boric acid solution as well as the synthetic fibers. 
 

Chemicals 

Substance Amount Unit Amount/t 
insulation 
material 

Source 

Boric acid solution   NDA Bonded 
Logic, 2013 

Total   NDA  

 
The boric acid solution is needed to make the insulating material flame retardant. As important 
as this function is in modern building material, it also can impose harm on the environment. The 
chemical has a low to moderate toxicity on aquatic organisms but could pose high toxicity on 
aquatic plant organisms (Miljösamverkan Västa Götaland, 2006).  
 

Emissions 

Substance Amount Unit Amount/t 
insulation material 

From treating with flame-
retardant 

  NDA 

From heating in oven   NDA 

No data on emissions from the insulation production from denim textiles are available.  
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Biogas 

Energy input/output 

Substance/process Amount Unit Amount/t 
biogas 

Source 

Fuel for transport, 
Biodiesel B5 

  607 L NTM 

Fuel for transport, 
Biodiesel B0 

  0 NTM 

Fuel for transport,  
HFO 2.7%S 

  0 NTM 

Energy for transport   21,360 MJ NTM 

Energy output from 
digestion of jeans 
(100% cotton)  
 
Two-stage digestion 
Highest yield in CSTR 

400 
 
 
 
96% of 
theoretical 
yield 

ml/g VS/day after 8 
days 

117,860 L 
(from 0.28 t 
cotton) 
 
4,230 MJ (from 
0.28 t cotton) 
 

Jeihanipour 
et al. 2012 
 
Svenskt 
Gastekniskt 
Center, 2011 
 
Bartl and 
Haner, 2009 

Total (incl. transport)   17,130 MJ  

Total (without 
transport) 

  +4,230 MJ  

The fuel needed for transport here refers to the transportation of sorted textile waste (sorted in 
Wolfen) to the biogas production plant which here is assumed to be located in the Stockholm. 
This assumption is based on that biogas plants can be located near the place where waste is 
produced since it is a rather uncomplicated process (Jeihanipour et al., 2012). Although the 
waste is collected and digested in Stockholm, the energy gained through this process is made 
irrelevant comparing to the energy needed for the transports.  
 
In the pretreatment phase (separation), energy is needed to heat and boil water and oil used for 
an oil bath (Jeihanipour et al., 2012 p. 129). A vacuum filter is used to separate the regenerated 
cellulose from the NMMO solution (Jeihanipour et al., 2012).  
 
The energy needed to produce the solvent NMMO is not included in this study. The inclusion of 
this production may change the results significantly. 
 
According to Tadasse et al. (2010) the energy requirements for this process in converting 
biomass to biofuels depends on the overall optimization of the saccharification/pretreatment 
process.  
 
Energy gained by digestion of the cotton fraction (284 kg): 
 
415 ml methane/g cellulose can be obtained according to Jeihanipour et al. (2012) which mean 
117.86 Nm3 of methane can be yielded by 284 kg.  
 
According to both the Swedish Energy Agency (2012) and (Svenskt Gastekniskt Center, 2011), the 
lower calorific value of biogas is 9.67 KWH/Nm3 biogas with a 97 percent methane content. 
Converting this into 100 percent methane gives the lower heating value of 9.97 KWH/Nm3. 
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This means that 1,175 KWH or 4,230 MJ worth of energy can be obtained by the cotton fraction.  
 

Material input/output 

No waste is assumed to be generated in the process of digesting cotton fibers due to lack of 
data.  
 

Water input 

Substance Amount Unit Amount for 
treating 0.28 
tons of cotton 

Source 

Total 3.7 L/(400 ml g VS/day) 
 
The experiment lasted for 
25 days 

43 m3 (100% 
cotton treated 
with NMMO) 
No water was 
added during 
the course of 
the experiment. 

Jeihanipour et 
al., 2012 

 

Water requirement for biogas production: 

3.7 L of water was used during the experiment in total. This was added during the start and no 
water was added during the course of the experiment. 400 ml methane/g VS during the time 
span of 25 days gives 0.37 L/L methane (after 25 days). This result in 43 m3 water required for 
the production of 117.86 Nm3 methane.  
 

Chemicals 

Substance Amount Unit Amount per 
ton of treated 
textile waste 

Source 

NMMO (85% water 
solution) for jeans 

6% w/w dry matter 
(grounded jeans) 

60 kg Jeihanipour et 
al., 2012 

Oil for oil bath low  low  

Total   60 kg  

 
The NMMO solution (50%) is concentrated to 85 percent before use for treatment of grounded 
jeans (Jeihanipour et al., 2012). The oil bath is needed to set a temperature of 120°C 
(Jeihanipour et al., 2012).  
 

Emissions 

The emissions of CO2-eq. from the digestion of textiles are calculated through the 1.7 percent 
leakage of methane; data from Avfall Sverige (2007). This is then transformed into CO2-
eqivalents using data from (Svenskt Gastekniskt Center, 2011).  
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