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Abstract 
Increasing resource efficiency by utilising secondary raw material is one of the key characteristics 
of a circular economy. Textile dust fibre, a waste generated from textile mechanical recycling has 
the prospect to be utilised as secondary raw material for producing novel material: textile paper 
suitable for packaging and other applications. A comparative Life Cycle Assessment (LCA) of 
carrier bags made from one ton of virgin paper, recycled paper and novel textile paper (~22584 
paper bags with grammage of 100 g/m2 and same dimensions for all 3 types of bags) showed 
that textile paper bag is more environmentally friendly in terms of carbon footprint. The largest 
environmental contributors were energy consumed in the pulping and paper making processes, 
followed by the use of adhesives and printing ink in the conversion process of paper to paper 
carrier bags.  

A comparative Techno-economic Assessment (TEA) was carried out for the operating cost of 
producing the three selected carrier bag types. The analysis conveyed that textile paper bags are 
more economically attractive, mainly due to the partial substitution of paper fibre with low-cost 
textile dust fibre. 

Furthermore, a simple tool was developed with an attempt to assess and compare materials 
suitability for the circular economy considering life cycle thinking and business perspectives. 
Assessment of textile paper using the Circular material assessment tool indicated that there is 
still scope for improvement on the following circularity characteristics of circular material: 
scarcity of raw material, local supply of resources, clean and non-toxic resources. Textile paper 
material scored high in the following circularity characteristics: secondary raw material, 
industrial symbiosis, recycling, resource efficiency in manufacturing and use. In the final step, the 
textile paper bag was eco-designed through the combined and iterative LCA and TEA approach 
with the aim to achieve improved scores as a circular material. 

In order to understand the overall sustainability advantages and trade-offs, further research is 
recommended on different textile dust fibre grades as well as textile paper performance based 
on mechanical properties. It is also recommended to investigate textile paper in other 
applications like one time fashion clothes, reusable paper bags as textile hangers etc. 

  
Key words: Circular economy, paper, textile, recycling, fibre, packaging, value chain, life cycle 
assessment, LCA, techno-economic assessment, TEA, eco-design, circular material, industrial 
symbiosis 
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1. Introduction 
Earth is a finite planet that has limited number of resources - soil, ecosystem services, clean air, etc. 
that are vital for our health and quality of life. These limited resources are being consumed much 
faster than they can be replenished. With current population of 7.5 billion people (Worldometers, 
2017), we already hear struggles to meet humanity demands for food, land and other natural 
resources, and also to manage the huge waste generated. With an expected population of 9.7 billion 
by 2050 (United Nations, 2015), the situation of resource scarcity could turn worse if not tackled 
sooner. Competition for resources is increasing, leading to scarcity of these resources and increase in 
their price. The economy of a country varies depending on the availability of the resources and their 
volatile prices. To encourage smart economic growth that is sustainable and inclusive there is a need 
to manage the available resources efficiently in a sustainable way throughout its lifecycle starting 
from extraction till the utilisation of waste.  

1.1. How can resource efficiency be improved? 
The 'take, make, dispose' concept in industrial development has infused much pressure on the 
resources making it a necessity to rethink material and energy use. In the past couple of decades, the 
resource efficiency has improved with a changing pattern for resource use. Recycling of paper, glass 
etc. has become more common in most parts of Europe. Circular economy concept developed from 
different school of thoughts such as: Cradle to Cradle, industrial ecology, performance economy, 
biomimicry, natural capitalism, blue economy and other (Ellen MacArthur Foundation, 2015). In 
particular, the circular Economy was developed by Ellen MacArthur Foundation including the 
“butterfly“ model of closed material loops representing an economical way of decoupling wealth 
from resource usage (van den Berg M.R., no date). 

A circular economy is one which is restorative and regenerative by design and aims to prolong the 
value and utility of the product, material, and components by making it flow in a closed material loop 
(Ellen MacArthur Foundation, 2015). The circular economy focuses on the means of reuse, repair, 
refurbish, and recycle existing materials and products.  

Circular economy does not only address the recovery of material and products at end of use but also 
influence the choice of material and design for disassembly during the product design stage. 
Manufacturing companies need to develop their core competencies towards product reuse, recycling 
and cascading techniques to take part in a circular economy. Choice and selection of material in 
product design play an important role in the circular economy. Apart from material selection, other 
areas that need to be addressed for the successful circular economy are standardized parts, designed 
to last products, design for easy end of life sorting, separation, reuse of product, design for 
manufacturing which takes into account possible uses of byproducts and waste, - apart from circular 
business models. 

1.2. Industrial Symbiosis – textile and paper 
In a circular economy, waste from one industry can be considered as secondary raw material and 
valuable resource by another industry imitating the natural cycles of the ecosystem and forming thus 
an industrial symbiosis.  The fashion and textile business is one of the industrial sectors which is 
highly unsustainable and resource inefficient, with lots of waste streams along its value chain that 
needs to transform to become sustainable (Setterwall Rydberg, 2016). The graphic paper industry is 
doomed to go idle due to the digitalization thereby creating new opportunity for utilizing these paper 
machines for other purposes. 

 The starting point of this master thesis is upgrading the waste streams of textile industry as well as 
finding new product applications for paper industry in terms of the mutual benefits for People, Planet 
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and Profit. A core of this work is innovative packaging material produced from a mixture of textile 
dust fibre (i.e. waste from mechanical recycling of textiles) and paper fibre (recovered or virgin wood 
fibre) that demonstrates an industrial symbiosis between the textile and paper industries. The 
technology required to produce this novel textile paper material is an existing infrastructure available 
in paper making industry. Thus, the possibility of utilizing the waste material, textile dust fibre from 
textile mechanical recycling, as a secondary raw material to produce novel textile paper is evaluated 
with respect to environmental and economic aspects, being also further eco-designed to reduce its 
impact.  
 
Textile retailers in Sweden have recently introduced an initiative “One Bag Habit” to contribute to 
reduced consumption of bags and increase the awareness of the negative environmental impacts of 
plastic bags. The plastic carrier bags are charged at these textile retailers and the surplus funds from 
there plastic bags are donated for various sustainable development causes (Hermansson, 2017). 
Several countries such as France and Italy have banned fossil based plastic bags due to the disaster 
caused to the marine life (Cereceda 2016; Adams 2011). A more environmental friendly bag made of 
biodegradable material is required for replacing these plastic bags. The novel textile paper material 
produced from biodegradable material could be an alternative for the plastic bags. Hence the textile 
paper material for packaging application is assessed and evaluated in this master thesis. 

1.3. Aim and objectives 
The aim of this master thesis is to assess whether textile paper can establish itself as a suitable 
material for packaging applications in a circular economy. The specific objectives of the study were: 

- developing a practical tool for assessing if a material can be defined as a circular material 
- identifying the waste streams in the textile and paper value chains that are suitable to be 

utilised as secondary raw material for a circular economy 
- assessing the potential environmental impacts of textile paper bags in comparison with the 

virgin paper bags and the recycled paper bags 
- evaluating the short-term and long-term economic benefits of textile paper bags 
- Eco-designing textile paper bag for a circular economy  

1.4. Outline of the report 
The thesis report is organized as follows:  
Chapter 1 contains aim and objectives of the study along with brief introduction of the study.  
Chapter 2 represents the extensive study on the state of the art.  
Chapter 3 provides an overview of the methodology followed in the study.  
Chapter 4 covers the detailed study of the value chains of both the textile and the paper industry 
along with the development of the new value chain for the novel material. 
Chapter 5 describes the analyzed product system along with its boundaries for the analysis. 
Chapter 6 discusses the results of the various assessments and the evaluation work carried out in this 
study. 
Finally, in Chapter 8 the discussions of the results are presented continued with the conclusion and 
future studies in Chapter 9 and 10 respectively. 
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2. Literature Review and State of Art 
This chapter reviews the literature on textile paper research and similar research is carried out for 
evaluating traditional paper used for packaging application.  

In 2016, Chroona (Chroona, 2016) investigated the possibility of fractionating the denim jean 
material (ca 90% cotton and ca 10% synthetic fibre) to obtain pure cotton fraction for regenerating 
into cellulosic fibres that could be used for manufacturing textiles again. It is observed that the textile 
dust fibre material generated as waste from mechanical recycling of denim material could be 
disintegrated. The cotton fibres were tried to be separated from the synthetic fibres through 
mechanical separation with the help of screening equipment currently utilised in the pulp and the 
paper industry. Based on experimental trials the best results for separation of fibres were achieved 
with a screening slot size of 0,2mm and refining rate of 200 kWh/t.  

Further investigation has been conducted at RISE Bioeconomy to understand the role of textile paper 
in a circular economy promoting industrial symbiosis. The concept of new paper manufacturing using 
the dust fibre generated while recycling discarded textiles was explored from the business 
perspective to form a new industrial symbiosis between the textile and paper industry. The pilot 
production line at RISE was used for producing textile paper. Based on the pilot production process 
developed, the techno-economic assessment and the environmental aspects of the textile paper 
were initially assessed (Karpenja et al., 2016). The current master thesis is a continuation of the 
research conducted by RISE containing more detailed environmental assessment, economic 
assessment and eco-design of textile paper for packaging application (carrier bag) as represented in 
Figure 1. 

 

Figure 1: Textile paper bag  

The Life Cycle Assessment (LCA) of the novel material - textile paper with the aim to identify the 
potential environmental impacts was carried out based on researches conducted previously for 
different types of carrier bags and grocery bags by Boustead Consulting & associates and 
Environment Agency (Chaffee & Yaros 2014;Edwards & Fry 2011). The former conducted life cycle 
assessment of three different types of carrier bag: 1) traditional polyethylene grocery bag, 2) 
compostable plastic bag, and 3) paper bag (made of 30% recycled fibre). The life cycle assessment 
was carried out for all life cycle stages of the grocery bag. The research concluded that the traditional 
polyethylene plastic bags have less environmental impacts than the compostable plastic bag and the 
paper bag (Chaffee and Yaros, 2014). In the current master thesis study, the potential environmental 
impacts and the techno-economic assessment of textile paper bag are compared with the impact of 
the 100% virgin paper bags and 100% recycled paper bags.  

The research conducted by Environment Agency on various types of carrier bags (HDPE, biopolymer, 
paper, LDPE, PP, cotton) in UK concluded that the dominant environmental impacts were due to the 
resource use and production stage in all types of carrier bags. The transport, secondary packaging 
and the end of life management had minimal influence on their performance. The research 
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concluded that the impacts can be reduced only by reusing the carrier bags as many times as possible 
either as carrier bags or as bin liners. The starch-polyester blend (biopolymer) bags was found to 
have the more impact compared to other bags on global warming potential and abiotic depletion 
due to the increased weight of material and higher production impacts (Edwards and Fry, 2011). The 
textile paper bag requires additional energy for pre-treatment of dust fibre before it is utilised for 
paper making (Karpenja et al., 2016). It is adequate to analyse the textile paper bag only from ‘cradle 
to gate’ perspective since the end of life management will have negligible impacts based on the 
conclusion of research conducted by environment Agency (Edwards and Fry, 2011). 

Another comparative LCA was performed by IVL for BillerudKorsnäs AB for shopping bags made from 
recycled paper and renewable LDPE.  The LCA concluded that the recycled paper bag produced at 
BillerudKorsnäs premises in Skärblacka mill (Sweden) had the lowest impact on global warming 
potential (GWP) due to the biofuels used in the paper mill in comparison to the fossil fuels utilized in 
other European recycling mills. The LDPE bag was considered to have lowest environmental impact in 
case of acidification, eutrophication and ground-level ozone formation potentials in comparison to 
the recycled paper bag due to the impact of material production and the production of chemicals 
used in the process of paper making (Dahlgren and Stripple, 2016). For assessing the textile paper 
bag, the upstream emissions from production of chemicals are appropriate to be considered due to 
their influence on the overall emissions as concluded in the research performed by IVL.  

Techno-economic assessment (TEA) is often used for evaluating new concepts from technological 
and economic perspectives (Lauer, 2008). TEA can be applied in parallel to the life cycle assessment 
by using the same system description and inventory details. Preliminary techno-economic 
assessment of textile paper was carried out by comparing the various raw material costs. It has been 
concluded that the total raw material cost is less than the standard paper fibre (from wood) cost due 
to the fact that the textile dust fibre was considered as a low-value waste that is currently 
incinerated. (Karpenja et al., 2016) 

Eco-design projects have been carried out in packaging sector on variety of packaging types, from 
industrial to food packages. Eco-design projects aims mainly at facilitating businesses to reduce their 
environmental impacts and improve eco-efficiency. At the end of eco-design projects, the eco-
designed product is usually evaluated for the carbon footprint using an LCA tool (Sanyé-Mengual et 
al., 2014). In this master thesis, the methodology followed for eco-designing the textile paper bag 
starts with evaluating products’ environmental and economic performance, brainstorming various 
eco-design strategies supported by the strategy wheel approach and finally evaluating the eco-design 
strategies based on economic and environmental impacts (Hemel, 1997). 

Material circularity indicator tool has been developed by Ellen Mac Arthur to evaluate product. This 
tool measures the extent to which linear flow is transformed into a closed material flow loop. (Frank, 
2006). This tool focuses on measuring only the resource efficiency, whereas circular economy 
concept is a blend of different principles such as renewable energy use, resource efficiency, industrial 
symbiosis, local resource supply etc. After analysing the above mentioned tool it was concluded that 
a simple, practical tool needs to be developed to assess if a material is a circular material, based on 
all the characteristics/principles of the circular economy, which was also a task in this master thesis. 
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3. Methodology 
It is widely known that 80% of a products impact on the environment can be influenced during the 
design stage (European Commission, 2012). Design plays an important role while developing a new 
resource/ cash flow in a circular economy. The methodology used for assessing the environmental 
impacts and the economic aspects of the new material flow are discussed further in this chapter. The 
methodology used in this study follows the developed framework as shown in Figure 2.  

 

Figure 2 : Methodology and framework 

As mentioned earlier, the textile paper material for carrier bags assessed in this study is made from 
the textile dust fibre (waste from mechanical recycling of discarded textiles) and wood fibre. The 
study starts with analysing the value chain of both the textile and paper industries to identify waste 
streams that have the potential to be used as a secondary raw material.  

A new value chain with detailed process flow is developed for production of the textile paper carrier 
bag material followed by the inventory analysis (material & energy balance) of the production 
processes, see the core of the Figure 2. In the second stage, assessment of the environmental and 
economic aspects is carried out using assessment tools Life Cycle assessment (LCA) and Techno-
economic Assessment (TEA) as shown in the next circle in blue colour in Figure 2.  Based on the 
assessment results, eco-design strategies are applied for product development from an economic, 
technical, market and environmental perspectives as shown in the next bigger circle in red colour. 
Circular economy as shown in the outer circle of the Figure 2 is a philosophy or a concept that is 
developed based on various other concepts. It hence serves as a framework for development of the 
novel textile paper material as a circular material.  
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3.1. Value Chains  
A value chain analysis is frequently carried out for assessing three important flows: materials, 
information and stakeholder relationship (Government of South Australia, 2009). The circular 
economy framework works towards improving the resource efficiency by closing the loop of the 
resource flow either through the technical cycle or the biological cycle. The focus of this study was 
mainly to: 

 Improve the resource efficiency and 
 To demonstrate a circular economy.  

The value chain analysis is an important approach to analyse and assess a material flow to identify 
waste streams along the value chain that can be redirected as secondary raw material to promote 
circular economy. 

The traditional value chains of the important sectors of this study i.e. the textile and the paper 
industries are analysed and the leakages in the value chains are identified in order to be further 
transformed into closed material flow loops, forming thus new resources and cash flows in a circular 
economy.  

A new value chain is designed for further analysing and investigating the possibility of promoting a 
circular economy. The value chain can also be analysed for identifying ways or measures to transit 
towards the inner circles of the circular economy (e.g. reuse) which are believed to retain the value 
of the material as high as possible. The value chain analysis helps in understanding a holistic view of 
the industrial sectors before narrowing it down for further detailed sustainability analysis.  

3.2. Life Cycle Assessment (LCA) 
The environmental performance of a product/ process can be improved only after analyzing when 
and where the environmental impacts occur along the life cycle of the product. The primary tool for 
assessing such environmental impacts of a product/ process is the Life Cycle Assessment (LCA) tool (J. 
O’Hare, 2015). LCA is a widely trusted methodology as it is standardized by ISO 14040:2006 (ISO, 
2016). The LCA is a systematic methodology that consists of four major steps:  

 Goal and scope definition 
 Inventory Analysis 
 Impact Assessment 
 Interpretation of results 

 
The life cycle of the textile paper, used for production of carrier bags is modelled using Gabi 7.3, a 
professional LCA simulation tool, to identify the potential environmental impacts of textile paper 
bags.  
 
LCA is well-recognized by industries as the most transparent and reliable tool for environmental 
assessment. The tool calculates and evaluates relevant environmental inputs and outputs of a 
product, process or service. LCA is also a useful tool for comparing environmental impacts of different 
products, processes or services. Environmental inputs and outputs refer to the natural resource 
demand and the emissions, and waste generated during the process or manufacture of the product.  
The Life cycle assessment is carried out in accordance with ISO 14044:2006.  
 
In this master thesis, a comparative environmental impacts assessment is also carried out between 
the new textile paper carrier bags versus the reference cases: virgin paper and recycled paper carrier 
bags. 
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3.3. Techno-economic assessment (TEA) 
In the circular economy, apart from the environmental aspects, the economic aspects of a new 
product or process equally play an important role. Techno-economic evaluation is carried out when a 
new technology is developed and can be carried out on short-term and long-term basis to 
understand the forecast of profits/ losses incurred once a new technology is implemented in real 
time.  

The assessment in the current study is based on cash flows related to operating cost for 
manufacturing textile paper carrier bag. The economic aspect of textile paper bag is compared with 
the traditional paper carrier bags, virgin and recycled paper-based. 

3.4. Eco-design 
Eco-design tool is often used for reducing the environmental impact of a product or a process 
without compromising the other aspects such as technical, market and economic aspects (Pigosso, 
Rozenfeld and McAloone, 2013). Currently there is directive available in the EU for eco-design of 
energy using products (Directive 2009/125/EC), but not for resource efficiency (European Council, 
2009). Since circular economy focuses on resource efficiency along with other aspects, there are 
discussions and suggestions proposed for updating the eco-design directive for resource efficiency 
(Bundgaard, Mosgaard and Remmen, 2017).  

The eco-design strategy is applied systematically as shown in the Figure 3. The environmental 
impacts and the economic cost incurred for the textile paper bag are analysed using the LCA & TEA 
tool respectively. Based on the results of the LCA & TEA, the eco-design strategy wheel is applied to 
identify various strategies to reduce the potential environmental impacts of the product and thereby 
the cost of textile paper bag. The eco-design strategies were brainstormed with a group of research 
experts within sustainable paper making. The eco-designed strategies developed on a 1) component, 
2) product and 3) system levels approach are evaluated with respect to the base case, i.e. textile 
paper carrier bag. Each eco-design strategy generated from brainstorming is assessed based on four 
different aspects:  

 Environmental 
 Economic 
 Market opportunities 
 Technical  

This multi-criteria analysis will allow for understanding the overall complexity of the studies system, 
leading to a deeper analysis of trade-offs when selecting the optimised eco-design solution. The 
strategies are further segregated into short, mid and long term. The environmental impacts and cost 
incurred are quantified for these eco-design strategies using iterative LCA & TEA. 
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Figure 3: Methodology followed for eco-designing textile paper carrier bags 

3.5. Tools for assessing circular materials 
Choice of materials play a major role in circular economy due to its properties such recyclability, 
durability, recoverability etc. The novel material needs to be analysed or evaluated if it is suitable for 
use in a circular economy. Currently there are no standardised guidelines for assessment of materials 
for use in a circular economy, and each material needs to be evaluated case by case. There are many 
terminologies that define a material from sustainability point of view such as: sustainable material, 
smart material, eco material, green material etc. Thus, as on date, there are limited definitions or 
tools for assessing the circularity of a material in a circular economy. A material apt for circular 
economy is termed as ‘circular material’ as mentioned in the title of this master thesis report.  

Characteristics of a circular material were brainstormed with material experts with a life cycle 
thinking and business perspective. It was subsequently followed with refining, consolidating of the 
identified characteristics by correlating with the concepts and principles of circular economy. A 
simple Circular material assessment tool is developed to evaluate if a material can be considered as a 
circular material. The tool is developed in a way to even facilitate comparison of different materials 
from the circularity aspect. 

3.6. Demonstrators 
A demonstrator can be developed for presenting the scientific research results in tangible terms. 
Demonstrators can also be used to promote commercialisation of research activities. Based on the 
stage of the research different categories of demonstrators are developed (Moultrie, 2015). In this 
study, demonstrators are developed in a workshop participated by bio based material experts and 
students) to generate different ideas and views to represent textile paper carrier bag as a circular 
material. An innovative hand-made paper from day to day laundry waste was experimented at home. 
The final demonstrators that represent textile paper carrier bag as a circular economy are presented 
in the results chapter.  

  

LCA & TEA results

Brainstorming: Generation of improvement 
options (using Eco-design strategy wheel)

Feasibility check (technical, economic, 
environment, market)

Segregating into short, mid and long term 
strategies

Quantification of environmental impacts and 
cost for the strategies
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4. Value chain analysis 
Understanding and re-assessing the material flow leakages in a value chain provides us with an 
opportunity to redirect these material leakages of a system into a circular loop (within the same 
system) or cascade (as raw material to another system) to prolong their utility and value. 

This chapter outlines and describes the traditional textile and paper value chains to identify the 
material leakages that can create opportunities to form a new cash flow or industrial symbiosis for 
the circular economy. A new value chain utilising the material leakages of textile value chain and the 
facilities of the paper value chain is synthesized and subsequently investigated to evaluate 
sustainability aspects (environmental and economic) of the new textile paper material for packaging 
application.   

4.1. Traditional textile value chain 
With the growing population and improvement in the living standards, the global demand for textile 
materials is increasing. The life cycle of textiles is shortened owing to the rapid change in the fashion 
trend (Lu and Hamouda, 2014). Fashion industry is the world’s second largest polluting sector after 
the oil sector (Ditty, 2015). Textiles (i.e. apparels and home textiles) are made from natural fibres, 
synthetic fibres or a blend of both. Production of natural and synthetic polymeric fibres has different 
environmental impacts. Natural fibres are made e.g. of cotton or wool and synthetic polymeric fibres 
such as polyester, nylon, and polypropylene are made from petroleum which is non-renewable. 
(Schmidt et al. 2016; Wang 2006). 

Cotton and polyester are two different types of fibres produced in large volumes globally. The global 
textile fibre consumption was 95.6 million tonnes in 2015, of which 25.2% was the share of cotton 
fibre in the market (Lenzing, 2016a). Irrigation of cotton in the conventional way requires huge 
amount of water and pesticides (NRDC, 2012). The supply of cotton fibre is declining due to the high 
water use and land use for irrigation (Lenzing, 2016b). In addition, the insecticides and pesticides 
used during cotton agriculture pollute the ground water and affect the neighbourhood. Since the 
natural cotton fibre is highly resource intensive and involves hazardous pollutants for environment, it 
is beneficial to recycle cotton to the maximum to conserve natural resources. Based on the Waste 
Framework Directive 2008/98/EC, we must always strive to move up in the waste management 
hierarchy from disposal, recovery to recycling, reuse and prevention of waste (European 
Commisssion, 2008).   

A quarter of the chemicals produced worldwide is used during textile manufacturing and is 
considered as the second most water polluting industry after agriculture (Ditty, 2015). Similar to all 
industrial sectors, the traditional textile value chain was more linear (i.e. take-make-dispose 
approach for resource use) and currently is transitioning into a circular flow with new technologies 
developing to promote re-wear, re-use, re-furbish, and recycling of textile materials. 

The waste leakages in a textile value chain along different stages of the life cycle are mainly from the 
pre-consumers stage (waste from garment manufacturing, wholesale & retail) and post-consumer 
stage (includes discarded textile post use from households or corporations etc.) (Palm et al., 2014b). 
This study emphasises on the post-consumer waste from textile value chain. However, other possible 
sources of secondary raw material along the life cycle stages are also identified and discussed.  

The traditional value chain of textile industry starting from raw material harvesting/extraction till the 
end of life including the post-consumer waste management is represented in Figure 4. Only the post-
consumer waste management flows are elaborated in the figure. The pre-consumer waste such as 
waste from yarn spinning, fabric production and textile manufacturing are not represented in the 
figure. The textile value chain begins with cotton harvesting or resource extraction for natural and 
synthetic textiles, respectively. The initial process of harvesting/extraction is identified as one of the 
process with major influence on the environmental impact. The harvested cotton undergoes ginning 
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where the fibres are separated from the seeds. These fibres are then transformed into yarn through 
a spinning process. These yarns are weaved or knitted into a fabric, which is bleached, printed or 
dyed for different colours and patterns. The produced fabric is cut to various shapes and designed 
into apparels and other products. The stitched and designed textiles are sold in the market by 
wholesalers and retailers (Palm et al., 2014b).  

Private consumers or corporate consumers can either buy a new textile  or purchase from second 
hand market (Palm et al., 2014b). These textiles are discarded by the consumers once they are worn 
out, damaged, or gone out of fashion. The condition or quality of the discarded textiles vary based on 
consumer’s habits, economic condition and type of collection infrastructures available (Palm et al., 
2014b). Major portion of discarded textiles are generally in reusable/re-wearable condition (Poore, 
2015).  

In Sweden, the per capita consumption of clothing and home textiles was around 15 kg in 2008, of 
which 8 kg of textile per person per year were discarded along with the municipal household waste 
and 3 kg textile per person per year were given to charities. The remaining 4 kg of textiles are either 
hibernating in the wardrobes of the consumers or are treated through other means of waste 
management such as recycling (Carlsson et al., 2011). Currently, in Sweden the life cycle of textiles is 
mostly linear (i.e. these products follow the path of take, make, use and dispose) with 50% of the 
textile waste still being incinerated along with the municipal waste even though they are reusable 
directly (Zamani et al. 2014; Schmidt et al. 2016). Most of the discarded textiles from corporate 
consumers (restaurants, hospitals, companies, schools, nursing homes etc.) are incinerated in Nordic 
region  (Tojo et al., 2012).  

In Sweden, the textile waste that ends up in the municipal waste is incinerated for recovery of 
energy. Incineration of textile waste poses environmental concerns due to the emission of dioxins, 
dust particles and acidic gases are harmful to the ecosystem. Also the disposal of residual ash 
containing toxic substance after incineration is a problem (Rahul Gadkari & M.C. Burji, 2013). 
Incineration is preferred due to two main reasons: there are no stringent regulations laid down for 
minimum percent of recycling of discarded textiles (Alan Osborn, 2012), due to lack of local collection 
and recycling facility, and to get a better return on investment on the expensive incineration 
infrastructure (Palm et al., 2014a). The amount of textiles that are hibernating in the wardrobes of 
the consumer without being used or disposed is unknown due to lack of monitoring techniques.  

The value chain of the discarded textiles after the post use phase is discussed below: 

Collection and Sorting: The normal waste collection and the textile collection requirements are quite 
different because the textile collection should be carried out in a clean and dry environment, so that 
these textiles are hygienic enough for reuse (Palm et al., 2014a). There are a number of actors 
involved in collections of the textile waste such as municipality, recyclers, private organisations and 
also retailers (Palm et al., 2014b). Some actors like charities collect only reusable textiles, whereas 
others collect all qualities of textiles.  

In Nordic region the discarded textiles are pre-sorted into three different segment post collection:  

a) Textiles that can be reused in the domestic market;  

b) Textiles that can be reused or recycled elsewhere and  

c) Textiles not suitable for reuse or recycling (Palm et al., 2014b). 

These textiles are further sorted based on the location in which it needs to be shipped, or based on 
the material category, quality etc. Currently the sorting of the discarded textile is a labour intensive 
process but new technologies such as advanced Near Infra-Red (NIR) for sorting different fibre 
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materials for recycling are being researched upon (Palm et al., 2014a). The sorted textiles are later 
sent for further processing such as reuse, recycling, exporting, incineration etc. 

 

 

Figure 4: Traditional textile value chain with cotton or crude oil as raw materials 

Reuse: Around 90% of reusable textiles from Europe are exported to Eastern Europe, Africa and Asia 
(Schmidt et al., 2016). The high quality discarded textiles are sold in the domestic market while low 
quality textiles are exported to developing countries for reuse. Reuse of discarded textiles ensure the 
maximum utilisation of the product and retains the value embodied in the material for longer 
duration. Based on circular economy, the reuse loop is the most powerful loop as it requires less 
resource (material and energy) consumption leading to less environmental footprint. A number of 
stakeholders such as charity organisations, private companies and even consumers involve 
themselves to promote reuse of discarded textiles to promote circular economy (Palm et al., 2014b). 
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Refurbish/Repair: Rarely does consumer find time or have skills to repair the damaged textiles. 
Hence these slightly worn out textiles that are often repairable are also part of the discarded textiles 
that are collected. These textiles are segregated and sent to some service organisations which repair 
these textiles by stitching and later resold in the second-hand markets. Some of the slightly worn 
textiles are also restyled by some consumers and used for other applications. (Palm et al., 2014b) 

Remanufacture: Discarded textiles that are no longer reusable and not soiled are down-cycled into 
new products such as rags, upholstery filling, cleaning material, insulations etc.  Every year in Europe 
around 11 000 tonnes of such textiles are converted into a new product (SOEX, 2017a). 

Recycle: There are many different ways in which a garment can be recycled: mechanical, chemical, 
thermal (incineration). Small amount of the collected end of life textiles are recycled due to the 
technical constraints or challenges in textile fibre separation, high cost of operation and lower quality 
of fibre obtained post recycling (Schmidt et al. 2016; Palm et al. 2014b).  

a) Mechanical recycling (recovered fibres):  Most of the discarded textiles that are collected in 
Europe undergo mechanical recycling. The new products made from the recycled materials 
are mostly down-cycled products (Palm et al., 2014b).  In this process of recycling, the textile 
structure or yarns are disintegrated using equipment such as cylinder raising or fear-nought 
opener machine. Some fibres get damaged (i.e. shortened by length) during this process of 
tearing up textiles for recycling. The recovered fibres of good quality are either used for 
spinning yarns or preferred to be used as insulation or filling materials.  
 
Textile dust fibres are waste from the mechanical recycling process and are the main focus of 
the study (Bartl, 2011). 
 
Mechanical recycling is currently carried out only on 100% cotton textiles in Nordic countries 
and is not suitable for cotton mixed with other fibre materials which constitute the major 
market share. Normally in mechanical recycling process, the chemicals available in the end of 
life textiles are passed on to the new down-cycled product (Schmidt et al., 2016). Hence 
sufficient knowledge and concentration of the type of chemical available in the textiles is 
highly appreciated. 

b) Chemical recycling: Chemical recycling is usually carried out on synthetic textiles or a mixed 
fibre textile to produce new fibres and then into new textiles(Schmidt et al. 2016; Palm et al. 
2014b). The quality of the fibres are better than that obtained through mechanical recycling 
and normally used for making car upholstery or household textiles (Schmidt et al., 2016).  
 

c) Thermal recycling/ incineration:  Thermal recycling is carried out to recover energy from the 
resource. Normally there are a lot of options for this type of recycling: textile waste directly 
burnt in incinerator, textiles are shredded and pressed to form pellets using in boilers and 
textile waste are anaerobically degraded for production of biogas or ethanol. It is observed 
that incineration of cotton fibre produces the least amount of energy recovery in the form of 
electricity and heat compared to polyester, mixed fibre and wool (Schmidt et al., 2016). 
 

Based on a research carried out on environmental benchmarking of fibres, it was observed that 
mechanically recycled cotton fibres are better than chemically recycled. This is due to the fact that 
mechanical recycling requires less land use, less energy production resulting thus in fewer 
greenhouse gas (GHG) emissions. Also the toxicity of mechanically recycled cotton fibres was less due 
to lower chemical usage (Environmental and Barbara, 2013). The mechanical recycling of cotton 
textiles are carried out to produce insulation materials (longer fibre lengths), which is circulated into 
the market for further use. Moreover, the textile dust fibre (shorter fibre lengths) is generated as 
waste during the mechanical recycling of textiles (SOEX, 2017a). The textile dust fibres are captured 
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at textile recycling facilities, since they may cause  respiratory problems for workers (Kobayashi et al., 
2004). The captured textile dust fibre wastes are normally incinerated along with the other waste. 
From the perspective of retaining the value of discarded textiles, it is preferable to mechanically 
recycle discarded textiles rather than the current scenario of incinerating or landfilling. When more 
textiles are diverted from landfill and incineration and sent to mechanical recycling, the generation of 
dust fibre will increase, providing a new waste material that could probably be used as resource in a 
circular economy (waste is resource). 

 

Figure 5: Current state map of the discarded textiles in Europe (2014-2016). Data adopted from (Circle Economy 2014; 
SOEX Group 2017) 

Mapping current state of post-consumer waste of textile value chain 

The current state map of material flows is assessed for the textile value chain in Europe to facilitate 
the identification of bottlenecks and weakness in the current value chain. It can be noticed from the 
Figure 5, that around 60 % of the discarded textiles in Europe are sent to incineration and landfill. 
These discarded textiles are disposed of along with the municipal waste. Around 40% of the 
discarded textiles are separately collected (not mixed with municipal waste), of which ca 32% are 
either sold in domestic second hand markets or exported to developing countries for reuse. The rest 
are made into cleaning cloths or rags,  and hardly around 3.4% of the discarded textiles are recycled 
mechanically into fibres for making insulation materials (Circle Economy, 2014). It can also be noticed 
that the material recycling stage generates waste i.e. textile dust fibre (no economic value), which is 
currently sent for incineration.  
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Even though the quantity of the dust fibre produced per ton of discarded textile is low nowadays, 
there is a high potential of around 60% to generate large amounts of dust fibre when the discarded 
textiles are diverted from incineration and landfill. This study describes the possibility of creating a 
new value from the waste stream of textile recyclers in a sustainable way that promotes circular 
economy.  

Policies and regulations for separate collection of textiles need to be enforced to divert the flow of 
discarded textiles from landfills/ incineration towards reuse and recycling to retain the utility value of 
the textile material for longer duration. Other waste streams identified for further use are the waste 
streams of dust fibres produced during washing textiles in laundries during use phase and the waste 
produced during the re-spinning of fibres after the mechanical recycling process. However, these 
waste streams need further assessment or investigation on their availability, re-processability, reuse 
and other sustainability aspects.     

4.2. Traditional paper value chain 
The paper value chain starts with wood felling from forests as can be seen in Figure 6. The forest 
resources are not only mainly used for making paper but also for construction and as source of 
bioenergy. Only 13% of the world’s wood harvest is utilised for paper manufacturing, rest are used 
for energy and construction (Twosides, 2016a). The forest woods are considered renewable as long 
as the rate of felling trees is equivalent to the rate of growing new trees. But there has been a 
controversy that, it takes 50 years or more for the growing tree to replace the carbon sink from the 
felled tree (Neslen, 2016). Forest in EU are subject to many laws and regulations for a Sustainable 
Forest Management (European Commission, 2017b). The felled trees are transported to the pulp mill 
or an integrated mill (pulp and paper mill) for further processing. There are Best Available 
Techniques (BAT) available for production of pulp, paper and board (European Commission 2017a; 
Suhr et al. 2015). The European pulp and paper industry reduced the CO2 emission by 22% from 2005 
to 2013 and is considered as the single industrial user and producer of renewable energy (Twosides, 
2016b).  

The are several grades of paper produced in a paper mill such as graphic paper, sanitary and 
household papers, packaging materials and paperboard (Eurostat, 2016). Around 90.9 Million tonnes 
of paper products are produced per year in EU of which around 43% constitutes of the packaging 
papers and boards, ca 41% graphic papers, 9% hygiene paper, 7% other paper and board (CEPI, 
2016). Some of the paper products such as newspaper and packaging materials are made from 100% 
recycled fibre (Twosides, 2016d). Paper in Europe is recycled 3.5 times per year, and after certain 
usage, it cannot be recycled further and hence sent to incineration for energy recovery (Twosides, 
2016c) .  

Mapping current state of paper value chain 

Europe is the world leader with respect to paper recycling followed by North America(Cepi, 2016). 
The paper value chain in Europe has vastly progressed in recycling since 1998, when the recycling 
rate was 50% (Cepi, 2016). Current recycling rate of paper is 72% (Cepi, 2016). Around 22% of the 
paper consumption related to hygiene and wall paper cannot be recycled(European Recovered Paper 
Council, 2015). Hence the recycling rates of paper in Europe have already reached the near maximum 
limit that can be achieved. The paper value chain in Europe has shown high circularity with closed 
loops and is one of the best examples of the circular economy (European Recovered Paper Council, 
2015). In EU, 40% of the packaging waste constitutes of the paper and the cardboard packaging, of 
which 84% is recycled (EPRS, 2015). Forecasts have shown that the production of paper packaging 
would further increase by 3-4 %, whereas the share of the communication papers which is about 49% 
of the total production of paper would drop by 4 to 5 % by end of 2020 (Stawicki and Read, 2010).  
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The probability of identifying waste leakages ca 6% (Cepi, 2016) of paper value chain in Europe is less 
since the recovery rate of the material is almost reached its practical maximum limit. However, it is 
noticed that the demand for communication paper is reducing due to digitalisation. The paper 
machine used for manufacturing communication paper could go idle as a result of digitalisation. 
There is an opportunity to utilise the idle paper machine to the maximum for new product 
manufacturing. Benefit of using the idle machines is largely governed by the machine age and its 
efficiency.  

 

 

Figure 6: Traditional paper value chain. Data adopted from (Cepi, 2016;European Recovered Paper Council, 2015) 

4.3. Textile paper value chain 
Based on the material leakages identified in the traditional value chain for the textile and the paper 
industry in the previous sections, a new value chain is developed to inspire an industrial symbiosis 
between the textile and the paper industries.  

The material leakages in the traditional textile value chain were found to be the dust fibre generated 
from material recyclers, and the discarded clothes sent to landfill and incineration. To reduce the 
landfill and incineration of discarded textiles, separate collection for discarded textiles need to be 
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developed that can divert these leakage streams to closed material loop such as reuse, recycling etc.  
By diverting the discarded textiles from incineration and landfilling, the utility of the value of the 
resource is increased as it prolongs the resources lifetime through the circular loops. All the 
discarded textiles would undergo recycling at some point in future when their properties do not 
support reuse or refurbish. Hence the scope of generating huge volumes of dust fibre (waste from 
textile mechanical recycling) is high. 

For this study, leakage from textile recyclers are considered where the dust fibre waste is extracted 
and used as secondary raw material along with paper fibres for manufacturing textile paper in an 
existing paper mill. Due to digitalisation, the demand for graphic paper has reduced resulting in 
reduced utilisation of paper mill capacity. However, demand in packaging sector is still increasing and 
a need for having an environmental friendly and economic packaging is highly appreciated. A paper 
bag (carrier bag) made from textile paper would be a relevant and beneficial product that 
demonstrates industrial symbiosis with cascading of textile fibres in a circular economy.  

The new value chain promoting circular economy is created for the novel material textile paper by 
merging the traditional textile value chain with the paper value chain as shown in Figure 7. Based on 
the preliminary lab experiments conducted for manufacturing the textile paper (Chroona, 2016), the 
textile dust fibre waste at the textile recyclers needs to be pre-treated for achieving required 
specifications (e.g. fibre homogeneity) before they can be blended with paper fibre to form the new 
material in a paper mill. The detailed pre-treatment process before mixing paper fibre with textile 
dust fibre is shown in Figure 8.  

The textile dust fibre initially needs to undergo the pulping process where the fibres are suspended 
in water. Later refining of this suspended dust fibre solution occurs where the fibres are 
disintegrated into smaller fibres < 4mm. The refined dust fibre solution is later screened to separate 
the cotton fibres from the synthetic fibre based on length and flexibility. The screening equipment 
has a rotor surrounded by screens with slots size of 0.2 mm. The refined dust fibre solution is 
screened into two fractions: the fine fraction that proceeds to the next process and the coarse 
fraction which is again sent back for refining.  

The paper fibre could be either the virgin paper fibre or the recycled paper fibre and only needs to 
undergo mild refining process.  

The dust fibre solution and the paper fibre solution can be subsequently mixed at different 
proportions based on the quality required for the packaging material. The final process is feeding this 
mixture to the wire section of the paper machine followed by pressing and drying to produce the 
textile paper material (Chroona, 2016). 

The textile paper material can be manufactured with varying quality and colour by changing the input 
material (dust fibre quality & virgin/recycled paper fibre) and with varying the composition of the 
blend of textile dust fibre and paper fibre (50:50, 30:70, 70:30). Different permutations and 
combinations of the material and composition have resulted in varying grades of paper which have 
been assessed for the environmental impacts and economic aspects in this master thesis.  

Advantages and limitations of cotton fibre 

Pure cotton dust fibres have properties for better paper making formation. Since most of the textiles 
today are made of blend of different materials, it is highly difficult to obtain pure cotton dust fibre 
until the textile recyclers have better technology to segregate the fibres based on material type. 
Another limitation is that the cotton fibres are longer than the wood fibres and hence it needs to be 
refined to small fibre before use in paper making (Griffin, 2011). 
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 On the other hand, when it becomes feasible to extract and segregate pure cotton dust fibre, there 
are various properties that could provide advantage. Firstly cotton fibres are known to be stronger 
than the wood fibres and hence they are more durable and last longer under extreme environmental 
conditions (Southworth, 2017). Secondly, the cotton fibres do not tend to become yellowish over 
time as the wood fibres and hence can be used for longer duration (Paper, 2009). Cotton is rapidly 
renewable than the wood and much cheaper in cost than the wood fibres (Griffin, 2011), however 
the environmental impacts associated with harvesting of cotton is more compared to forest wood 
(Green choices, 2017). Using 100% cotton dust fibre would prevent the infiltration of synthetic 
microfibers into marine bodies from waste water produced during the paper making processes. 
Researches have claimed that only 60% of the micro fibres produced during washing of synthetic 
textiles are captured in the local waste water treatment plant (Hartline et al., 2016). These synthetic 
microfibers, a pervasive pollutant in the aquatic and terrestrial habitats affect the ecosystems and 
human health.
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Figure 7: Textile paper value chain concept 
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Figure 8: Detailed textile paper production processes value chain 
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5. Description of system for assessment 
This chapter describes the paper carrier bag system that is assessed for potential environmental 
impacts using Life Cycle Assessment (LCA) and economic aspects using techno-economic assessment 
(TEA).  

5.1. Goal and scope of study 
This section outlines the goal and scope of the study along with some key assumptions and 
limitations. For the LCA and TEA assessments, a number of assumptions have been made with regard 
to studied system boundaries, processes and values for different production processes. 
 
The LCA and TEA assessments cover the lifecycle stages from cradle i.e. collection of virgin/secondary 
raw material until factory gate i.e. manufacturing carrier bag. The goal of this assessment study is to 
conduct a comparative life cycle assessment (LCA) and techno-economic assessment (TEA), to 
compare and assess the potential environmental impacts and economic benefits associated with the 
different sources of raw material for carrier bag application. The novel textile paper carrier bag is 
compared with the traditional paper carrier bags i.e. reference cases:  

 virgin paper bags and  
 recycled paper bags  

in both the assessments, LCA and TEA. Attributional types of LCA and TEA are carried out using 
mostly European average data. An attributional study assumes that the world is static and the studied 
product does not influence other technical systems. The study maps the average impact of the 
analyzed product or process per functional unit.  
 
The major intended audiences for this study are paper mills, textile recycling centers and textile 
brand owners who have the opportunity to form an industrial symbiosis that establish a circular 
economy. Other audiences for this study include the textile retailers, the discarded textile collection 
logistics, the pulp mill and paper bag converters etc.   
 
The LCA and TEA results will serve as an input to eco-design work with the aim to develop new 
environmentally friendly and circular material for packaging application. 

5.1.1. Function of the product system 
The paper carrier bags analyzed in this study have two primary functions - carrying good and 
marketing (i.e. promoting brand). The carrying capacity of the bag is assumed to be lesser than that 
of the traditional grocery bags as it is considered as a carrier bag for textile purchasing. These paper 
carrier bags are assumed to have the following waste management options: landfill, incineration for 
energy recovery or recycling bags into paper. 

5.1.2. Function unit and cases under analysis 
The functional unit describes the function of the system under analysis and also serves as a reference 
unit for comparison. The environmental impact from a LCA is usually related to a product or the 
function of the product system. In this study the function of the carrier bag is assumed to be in terms 
of volume that could be carried. Hence the bag size and grammage is considered to play a major role.    
The functional unit for the LCA and TEA is chosen in a way for the paper carrier bags so that it can be 
comparable to varying raw material and their respective compositions.  
 
 
The functional unit of the LCA and TEA assessments is “Paper carrier bags (33.02cm x 15.24cm x 
40.64cm with grammage of 100 g/m2) produced from 1 ton of paper (equivalent to 22584 bags)”. 
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Three different cases of paper carrier bags are analyzed for a comparative study. The different cases 
are mentioned in Table 1. 
 
Table 1: Functional unit specification and different cases under comparison 

Cases Major raw material Grammage 
g/m2 

Size 
L*W*H (cm) 

22584 units of 
bags 

Reference case 1: 
Virgin paper bag 

Virgin paper pulp 100 33.02 x 15.24 x 
40.64 

 
Reference case 2: 
Recycled paper bag 

Recycled paper pulp 100 33.02 x 15.24 x 
40.64 

 
New case: 
Textile paper bag 

50% Virgin paper pulp 
+  50% textile dust 
fibre 

100 33.02 x 15.24 x 
40.64 

 
 
Processes considered for this study is from 'cradle to gate'. In this case the cradle for virgin paper 
bags is from forestry harvesting, while the cradle for recycled paper bags starts from the collection of 
discarded waste paper. The cradle meant for the textile paper bag is collection of discarded textiles 
from the collection facilities such as retailers or charity organizations and forestry harvesting for the 
virgin pulp.   

5.1.3. System boundaries 
The system boundary for this study covers the entire production of raw material until manufacturing 
of paper bags and excludes the use phase and the end of life phase of the paper bags. The cradle to 
gate assessment for the virgin paper bags includes wood harvesting/felling, energy generation, 
chemicals production, paper manufacturing, conversion of paper into bags and transportation. The 
processes accounted for recycled paper bag production start from waste paper collection and 
recycled paper sorting instead of forestry harvesting until the paper bag production.  
 
For the textile paper bag, processes starting from the collection, sorting and recycling of discarded 
textiles until the production of paper bags are considered within the system boundary. The water 
treatment process and sludge disposal of most of the processes (except for those already available in 
the environmental Ecoinvent database) are not considered in this study and hence not within the 
defined system boundary. The key differences in the process flow for these different cases along with 
the system boundary are shown in Figure 9. 
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Figure 9: System boundary for this study 

Geographical boundaries: All the processes defined within the system boundary are limited to the 
geographical boundary of Europe. The processes are described in detail in the following sections. 

5.1.4. Product system description 
This section provides a detailed description of the paper bag life cycles considered for this study. This 
section explains the difference between the product systems of textile paper bag and the reference 
cases of virgin paper bags and recycled paper bags, respectively.  
 
The major processes considered for the environmental assessment (LCA study) of the paper bags are 
raw material extraction, manufacturing of paper and conversion of paper into paper bags. The 
conversion process to convert paper to paper bags is considered to be the same for all the three 
cases of bags (virgin paper, recycled paper and textile paper) under comparison. The major 
differences considered between the cases are mentioned in Table 2 and Figure 10.  
 
Table 2: Description of the cases which are analysed 

Cases Raw Material Geographic location for 
Sources of raw material 

Reference case 1 100% Virgin paper pulp Sweden 

Reference case 2 100% Recycled paper pulp France 

New case 50% Textile dust fibre + 50% Virgin paper pulp Germany and Sweden 
(respectively) 
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The techno-economic assessment (TEA) starts by considering the market cost of raw material (pulp, 
dust fibre, auxiliaries etc.) used for paper production and does not include the detailed cost of the 
extraction/production of these raw materials. The operating costs of transportation, paper 
production, converting paper into paper bags are included. 
 

 
Figure 10: Description of product system 

The description of the reference cases and the new case considered for the life cycle assessment are 
further explained in detail below.  
 

A) Reference case 1: Virgin paper bags 
The virgin paper bag life cycle starts with the felling of wood, followed by Kraft pulp process in non-
integrated pulp mill located in Sweden. The virgin paper pulp is afterwards transported to a paper mill 
in Sweden where the virgin paper is produced. The virgin paper produced is later transported to a 
locally located conversion unit. The conversion unit converts the paper into paper bags. The Figure 11 
shows the system boundary of the reference case 1.  

 
Figure 11: Life cycle of virgin paper bags 
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Virgin pulp mill (assumed to be located at Sweden) 
Ecoinvent database of “RER: sulfate pulp production, totally chlorine free (TCF) bleached” is 
considered for virgin pulp mill in this analysis since it represents the latest technology and average 
database of producing virgin pulp in European countries. The data gathered for the Ecoinvent 
database (RER: sulfate pulp production, totally chlorine free bleached) consist of the average data of 
several Scandinavian producers and one Finnish producer. The database includes the production of 
sulfate pulp with TCF bleaching process - inclusive of the transport to the pulp mill, wood handling, 
pulping and bleaching, drying process, energy production onsite, recovery cycles of chemicals and 
internal waste water treatment.  
 
Transport distances 
The transports were modelled with different truck capacities as shown in the Table 3. All trucks used 
diesel fuel with latest technology engine (EURO 6). All transportation was assumed to be fully loaded 
while going to the destination but return trip was considered to be empty. All the transportation 
considered in this study is within European region.  
 
Table 3: Transport details for reference case 1 

Transport Mode of 
transportation 

(payload) 

Distance 
between source 
and destination 

(km) 

Data source 

Transport of 
auxiliaries, wood to 

pulp mill 

Truck 32 t (80%) 

Rail (20%) 

80-100 

20 

Ecoinvent database 

Transport of virgin 
pulp to paper mill 

RER transport, freight, 
lorry >32 metric ton, 

EURO6 

157 Assumption 

Transport of virgin 
paper to conversion 

unit 

RER transport, freight, 
lorry >32 metric ton, 

EURO6 

100 Assumption 

 
Other processes are common in all three paper bags cases and are described in detail in the latter 
half of this section.  
 

B) Reference case 2: Recycled paper bags 
The life cycle of recycled paper bag starts with collection of waste paper followed by manual sorting 
of recovered paper. The sorted waste paper is transported to a non-integrated recycled pulp mill in 
France. The sorted waste paper is deinked, screened and bleached to form recycled paper pulp. The 
recycled pulp is air dried and transported to the paper mill located in Sweden where recycled paper is 
produced. The recycled paper is later transported to the conversion unit where it is transformed into 
paper bags. The Figure 12 shows the system boundary of the reference case: recycled paper bag.  
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Figure 12: Life cycle of recycled paper bags 

Collection and Sorting of recovered paper 
Ecoinvent database “Europe without Switzerland: treatment of waste paper, unsorted, sorting 
ecoinvent” is considered for the collection and sorting process. This database is an aggregate 
database and includes the waste paper collection process. The database includes the following 
stages: transportation efforts for collection as well as further transportation to the paper sorting 
plant, energy and material for sorting collection paper, treatment of waste fractions and subsequent 
transport to the paper production site. The database corresponds to the typical technology used in 
Europe around 2005. Special lorry is considered for the collection of paper and average lorry for the 
other transportation needs.  
 
Recycled pulp mill (assumed to be located at France) 
The recycled pulp mill is assumed to be located in France for this study. The recycled pulp mill is 
assumed to have a production capacity of 150,000 metric tons of deinked recycled pulp. The pulp mill 
has advanced deinking technology which removes 100% of the contaminants and inks while 
preserving the quality of the cellulose fibre. The pulp follows a chlorine free whitening process. 
 
Deinking is a process in which the recovered paper fibres are brightened by removing the colored 
substance or decolorizing them. The main objective of the deinking process is to increase the 
brightness and cleanliness of the paper pulp. To detach the ink from the fibres deinking chemicals 
such as NaOH and sodium silicate are added. The detachment of the ink already starts in the re-
pulping stage of recycled paper. The dispersed ink is separated from the fibres through flotation 
method. (Suhr et al., 2015) 
 
Transportation distances 
The transports were modelled with different truck capacities as shown in Table 4. All trucks used 
diesel fuel with latest technology engine (EURO 6). All transportation was assumed to be fully loaded 
while going to the destination but return trip was considered to be empty. All the transportation 
considered in this study is within European region.  
 
Table 4: Transport details of reference case 2 

Transport Mode of transportation 
(payload) 

Distance (km) Data source 

Transport of collected 
waste paper to the 

paper sorting 

Transport lorry 32 t 

Transport lorry 21 t 

6.44 

250 

 

Ecoinvent database 

Transport of sorted 
paper to the recycled 

pulp mill 

Transport lorry 32  

Transport, freight, rail 

0.05 tkm 
(ton*km) 

0.2 tkm 

Ecoinvent database 

(includes the transport to 
the paper mill) 
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Transport, van <3.5 t 0.00198 tkm 

Transport of recycled 
pulp to the paper mill 

RER transport, freight, lorry 
>32 metric ton, EURO6 

1570 Assumed 

Transport of recycled 
paper to conversion 

unit 

RER transport, freight, lorry 
>32 metric ton, EURO6 

100 Assumed 

 
Other processes are common in all three paper bags cases and are described in detail in the latter 
half of this section.  
 

C) New case: Textile paper bags 
The textile paper bags are manufactured from 50% textile dust fibre and 50% virgin paper pulp. The 
textile dust fibre is generated as waste from textile recycling. The virgin pulp is produced in a non-
integrated pulp mill. The two raw materials are mixed in a paper mill to produce pulp for paper 
making. The produced textile paper is later transported to a conversion unit located within a distance 
of 100 km. The conversion unit converts the paper into paper bags. The Figure 13  shows the system 
boundary of the new case: textile paper bags.  

 
Figure 13: Life cycle of textile paper bags 

Collection of discarded textiles 
The product system considered in this study starts with the process of collection of discarded textiles 
post-consumer use phase from collection points such as retailers, municipalities, charity 
organizations etc. The consumer drops off their discarded textiles at any of the local collection points 
and hence the respective transportation distances to drop of discarded clothes is assumed to be 0 km 
and their impacts are considered as negligible in this study. The transport of collected discarded 
textiles from the collection point to the sorting facility is considered in this assessment. The collection 
process in this study is limited to geographical boundary of Stockholm. 
 
Global logistic solution provider collects the discarded textiles from Stockholm and transports it to 
textile recyclers in Germany. These logistic providers have huge network with different textile retailers 
in around 60 countries. The customers are encouraged to drop off the discarded textiles at the 
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retailer’s store (point of sale) by rewarding them with incentives. The take back system for discarded 
textiles promotes circular economy by retaining the value of the discarded textile materials through 
reuse and reprocessing. It is assumed that averages of 14 tons of discarded textiles are dropped off by 
each truck at the sorting/ textile recycling facility with total delivery of 25-30 trucks per day.  
 
Recycling of discarded textiles 
The textile recycling is assumed to be carried out in Germany and consists of different processes as 
shown in Figure 14. The discarded textiles are usually sorted manually based on the material type, 
quality and fashion. Some of the textiles are segregated for reuse and sold in second hand market. 
Other worn textiles not fit for reuse are sorted and sent for recycling. Discarded textiles that are not 
fit for recycling or reuse i.e. usually the soiled textiles are incinerated for energy recovery.  
 

 
Figure 14: Textile recycling processes 

a) Sorting of discarded textiles 
There are very few organizations that deal with discarded textile recycling. One such organization 
which collects and sorts used textiles for further reuse and recycling is located in Germany. The 
sorting process is manually carried out along with the help of conveyors and hoists. At these sorting 
facilities, many fashion goods such as textiles and shoes find a new value through re-wear, reuse and 
recycle.   
 
Fashion goods are sorted into various categories based on the type of goods, color, quality and 
material. There are around 420 different categories into which textile goods are sorted (SOEX, 
2017b). Research on automated sorting using Near Infrared (NIR) spectroscopy technology is still 
under progress (LeBlanc 2016). The best quality textiles are resold in second-hand local markets and 
some are even exported to other countries for resale. The textiles that cannot be re-worn are either 
used for making different low value products such as cleaning material or are recycled into insulation 
fibres. Annually around 11000 tons of used textiles are converted into new products at textile 
recycling in Germany (SOEX, 2017a). 
 

b) Mechanical Recycling of discarded textiles 
The mechanically recycled fibres are of low quality and strength compared to the fibres produced by 
chemical recycling of textiles. Currently, only synthetic fibres are chemically recycled through melting 
and re-spinning, whereas the technology for chemical recycling of cotton fibres is still under research. 
The chemical recycling process is energy intensive compared to the mechanical recycling process. 
Hence in this study the mechanical recycling of discarded textiles is considered which is currently 
carried out worldwide. 
 
Mechanical recycling of textiles undergoes a number of processes for transition from fabric to fibre –
cutting, shredding, carding and other processes. Small tufts are opened into individual fibres in 
carding machines. The tufts are held on one surface and another surface combs the tufts to form 
individual fibres. There is a large cylinder with carding cloth having metallic pins and wires which do 
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the carding process. Stripping rollers with pins remove the fibre stuck to the cylinder. 
 
Since the textile consists of different fibre mix, it becomes difficult to separate the fibres based on the 
type of material. Bonded Logic converts denim material into insulation fibre used as insulation for 
homes appliances & cars, prison mattresses etc. through mechanical recycling process (Bondedlogic, 
2017). The mechanical recycling produces 3 different outputs: A) insulation material, B) dust fibre 
wastes that fills up in the air and C) rejects such as plastic, metallic parts designed in the textiles. 
  
The dust fibre wastes are generated in small quantity (~5% of the total weight of the textile recycled) 
(Poore, 2015).These dust fibre could cause serious respiratory problems when inhaled by laborers in 
the factory (Kobayashi et al., 2004). To avoid the health impacts of the laborers these dust fibres are 
extracted through a proper ventilation system and compressed into dust briquettes that are later sent 
to paper or concrete industries (Poore 2015; SOEX 2017a). The dust fibres generated from the 
mechanical recycling of discarded textiles can be either utilized for producing insulation fibres, for 
concrete manufacturing or can also be incinerated with or without energy recovery along with the 
municipal waste (SOEX, 2017a). This study assesses the use of dust fibre for new textile paper 
manufacturing.                                                                                                                                                                                                                                                  
 

c) Dust fibre briquetting 
The value of the dust fibre generated from mechanical recycling is captured by forming it into 
briquettes. The briquetting process is carried out for compressing the dust fibre for easy handling. 
The two parameters that play a major role during briquetting process are temperature and pressure. 
A good briquette needs to have moisture between 10-18% to avoid breaking. A low moisture material 
needs to have higher pressure for briquetting which is quite uneconomical (Kers et al., 2010). A 
moisture content of 18% is considered for this assessment. 

 
Pre-treatment in Paper mill 
The dust fibre requires some pre-treatment process prior using them for paper making process. The 
textile dust fibre from the textile recycling is longer than the cellulose fibre and hence it is essential to 
refine the fibres to sufficient length to have better weaving properties during the paper formation. 
The dust fibres undergo slushing, refining and screening operation as shown in Figure 15. The paper 
fibre undergoes normal slushing and refining process as a pretreatment process.  
 

 
Figure 15: Pre-treatment of dust fibre and paper pulp at paper mill 

a) Pre-treatment of textile dust fibre 
Dust fibre Slushing 
In this process, the dust fibres briquettes are suspended in water to allow for the free motion of the 
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individual fibres. The solution containing water and the dust fibre is constantly stirred in a 
disintegrator called as Hydra Pulper. The Hydra pulper consists of agitators for stirring the mixture and 
disintegrating them. The slushing operation could be performed in a batch or continuous mode 
(pulppapermill, 2013). There are three types of pulpers used in the paper mill: Hydrapulper, Drum 
hydrapulper, broke hydrapulper (pulppapermill, 2013). 
 
Dust Fibre Refining 
The mean length of the dust fibre generated as a waste during mechanical recycling is around 
1.41mm. The dust fibres are refined to efficiently reduce the long fibres to enable better paper 
formation in the paper mill and to increase the strength of the produced textile paper. It is observed 
through lab experiments conducted by RISE that the strength of the textile paper produced from dust 
fibre increases with decreasing the length of the fibre by refining (Chroona, 2016). However, the 
shorter the dust fibres are produced by refining, the more the energy is consumed for refining 
(Chroona, 2016). Hence, an optimized fibre length of 0.92mm is chosen which consumes refining 
energy of 200 kWh/t. Refining at 200 kWh/t produced fibres no longer than 4mm. (Chroona, 2016) 
 
Dust Fibre Screening 
Mechanical separation of solids in a pulp and paper industry is normally carried out using a screen or 
hydro cyclone. The principle of operation of both processes is different. Separation occurs in screen 
based on the length and flexibility, whereas hydro cyclone works on the principle of density and 
specific area. Based on lab experiment conducted by RISE for dust fibre, the screening process 
provided better results for dust fibre screening. Screening of dust fibre produced clean dust fibre pulp 
suitable for papermaking process. (Chroona, 2016) 
The screening equipment called as pressure screen has a rotor which prevents flocculation of the 
fibre and keeps them suspended in water. The rotor is placed inside screen housing with perforated 
holes and rotates together along with the rotor. The feed of the dust fibre pulp enters from the top of 
the screen housing towards the center of the rotor, where it is accelerated and centrifuged towards 
the cylindrical screen housing plates. The rejects that cannot pass through the perforated holes in the 
screen move downwards to the reject valve. Only a fraction of the fine fibres manage to pass through 
the holes in the screen used for paper making. The plugging of the holes is prevented by the rotor 
due to the turbulence created during rotation. The rotor also aids in orienting the length of the fibres 
along the direction of rotation improving the fractionation. (Smook, G, 2002) 
A perforated barrier with slots of 0.20mm is found suitable to screen the dust fibre. The reject rate 
using this screening equipment is around 22%. These rejects (20%) from the screening process is 
refined again in the refiner to produce smaller fibres suitable for papermaking. Negligible waste (2%) 
is produced during the process of screening of dust fibres. (Chroona, 2016) 
 

b) Pre-treatment of paper fibre 
Slushing of air dried paper pulp 
Since a non-integrate pulp and paper mill is considered in this study, the pulp received at the paper 
mill is air dried pulp and hence needs to be slushed with water to create a pulp solution for paper 
making. The slushing is assumed to be done in a tank with the help of agitators to keep the fibres 
suspended in water.  
 
Paper fibre refining 
Refining of the paper fibre is carried out only to suspend the paper fibre in the water to improve the 
papermaking characteristics and not for reducing the length of the paper fibres (Venditti, no date). 
Less energy is consumed for refining of the paper fibres. Based on lab experiment conducted by RISE 
for refining paper fibres, the energy required for refining of virgin paper pulp is 75kWh/t. The energy 
required for refining recycled paper pulp is lower at 40 kWh/t (Chroona, 2016). 
 
Mixing (Dust fibre and virgin paper pulp) 
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The pre-treated textile dust fibre pulp and the paper fibre pulp are mixed in the ratio of 50:50 for 
producing the new case of textile paper bags. The mixing is carried out in a huge tank using agitators. 
The mixing is carried out to achieve an even consistency of the pulp mixture and to keep the fibre 
suspended in water before it is fed into the paper machine. The energy consumed during this process 
of mixing is 18 kWh/t of pulp (Bjärestrand, 2017). 
 
Transport distances 
The transports were modelled with different truck capacities as shown in the Table 5 .All trucks used 
diesel fuel with latest technology engine (EURO 6). All transportation was assumed to be fully loaded 
while going to the destination but return trip was considered to be empty. All the transportation 
considered in this study is within European region.  
 
Table 5: Transport details of new case- textile paper bags 

Transport Mode of transportation 
(payload) 

Distance 
(km) 

Data source 

Collection of discarded 
textiles from retailers 

etc. 

- 0 Not considered for this study 

Transport of discarded 
textile to textile 

recyclers 

RER transport, freight, 
lorry 16-32 metric ton, 

EURO6 

1192 Assumption based on the location 
of the textile recycler in Germany 

Transport of dust fibre 
from textile recyclers 

to paper mill 

RER transport, freight, 
lorry 16-32 metric ton, 

EURO6 

1192 Assumption based on the location 
of the paper mill in Sweden 

Transport of virgin 
pulp to paper mill 

RER transport, freight, 
lorry >32 metric ton, 

EURO6 

157 Assumption based on the location 
of the paper mill in Sweden 

Transport of textile 
paper to conversion 

RER transport, freight, 
lorry >32 metric ton, 

EURO6 

100 Assumption based on the location 
of the conversion unit in Sweden 

Other processes are common in all three paper bags cases and are described in detail below. 
 
Common process stages of life cycle in all cases 
 
Paper Mill (assumed to be located at Sweden) 
The paper machine where the paper is formed determines most of the properties of the paper 
produced. A non-integrated paper mill with production capacity of 150000 tons/year is considered 
for this study (Suhr et al., 2015). A paper machine is a dewatering machine consisting of the head 
box, wire section, press section and the drying section. A fast paper machine with speed > 1300 
m/min and energy consumption of 100 kWh/ton of paper is considered for the study. The paper 
machine processes considered in this study are the stock preparation, head box, wire section, press 
section and the drying section. The finishing operations such as winding, reeling, slitting and 
packaging is not considered in this study due to the lack of data or information on the energy 
consumption. Coating process is not considered for this study as they are assumed to be not required 
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for the paper packaging applications under study. In the stock preparation process, the air dried pulp 
is slushed and refined before being fed into the paper machine. The textile dust fibre is pretreated 
during the stock preparation and undergoes slushing, refining and screening processes as described 
earlier. 
 
The chemicals added during the stock preparation are potato starch at the rate of 10 kg/ton of paper, 
defoaming agent – 3kg/ton of paper and sodium bicarbonate – 2kg/ton of paper. It is assumed that 
pulp with 0.8% solid content (fibre) enters the paper machine and leaves the pressing section of the 
paper machine with 50% solid content. The drying process occurs in steam heated cylinders enclosed 
in a hood.  The drying section of the paper machine removes the balance water content through 
supply of hot steam in the drying cylinders finally producing paper with solid content of 93% and 7% 
water. A paper produced with a grammage of 100 g/m2 is considered for the assessment. 
 
Conversion (paper to paper bags) 
Transforming the paper roll manufactured in the paper mill into finished products is called as paper 
converting. The average size of the paper bags considered for this study is 33.02cm x 15.24cm x 
40.64cm. The paper undergoes a number of processes such as: creasing, folding, gluing and printing 
to produce a paper bag.  The paper is assumed to be fed into a paper bag making machine with 
operation speed of 50-70 bags/min and power consumption of 14 kWh. The production of inks and 
dyes used for printing information on the paper bags is included in the scope of study and same for 
all the 3 cases of paper bags under study. However in real scenarios, the type of inks and dyes used 
vary depending on the different requirements.  

5.1.5. Allocation procedures 
There were two multi output allocation issues identified in the paper bag life cycle as summarised in 
the Table 6. The solution to the allocation problems are discussed below: 
Table 6: Allocation issues 

Process 
Reference case 1 

Virgin paper bag 

Reference case 2 

Recycled paper bag 

New case 

Textile paper bag 

Textile recycling - 
Sorting - - 

Outputs 

Reuse -75% 

Recycle- 22% 

Incineration-3% 

Textile recycling – 
Mechanical recycling - - 

Outputs 

Insulation fibre-94% 

Dust fibre-5% 

Waste-1% 

 
Textile recycling – Sorting: the allocation in the sorting process is performed using the mass 
allocation. The main environmental impacts in this process are related to energy consumption as well 
as transportation of collected discarded textiles. The environmental impacts associated with the 
sorting process were allocated as function of the amount of textile for recycling (22%) was obtained.  
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Textile recycling – Recycling: the allocation in the mechanical recycling process is performed using 
the mass allocation. The main environmental impacts in this process are related to energy 
consumption as well as transportation of dust fibre. The environmental impacts associated with the 
recycling were allocated as function of the amount of textile dust fibre (5%) obtained from 
mechanical recycling process. 

5.1.6. Assumptions and limitations 
The Table 7 below summarises the key assumptions and limitations made in this study. 
Table 7: Key assumptions and limitations 

 

Field of assumption 

 

Assumption & limitations description 

Discarded textiles  The source of discarded textile is assumed to be from Stockholm 

Textile dust fibre  It is assumed that the textile dust fibre is from denim material which has 
90% cotton and 10% synthetic fibres.  

 

Textile Sorting & Recycling 
plants 

 

 The textile sorting and recycling facility is assumed to be located in 
Germany. The inventory data regarding sorting and recycling is assumed 
based on the data publicly available on the internet. The process of sorting 
is assumed to be performed manually. 

 The amount of dust fibre generated during mechanical recycling of textiles 
is assumed to be 5% of the total weight of textiles recycled mechanically. 

Pulp Mill 

 The pulp mills considered in this study is a non-integrated pulp mill.  

 -The virgin pulp mill is assumed to produce bleached Kraft pulp. The virgin 
pulp mill database originates from Ecoinvent database (reference) and 
assumed to be located in Sweden. The virgin pulp mill data is the same in 
the both cases: the reference case 1: virgin paper bags  and the new case: 
textile paper bags 

 The recycled pulp mill is assumed to be located in France and producing 
deinked paper pulp. The data is specific to the facility located in France. 
The recycled paper mill is considered in the reference case 2: recycled 
paper bags 

Paper mill  Paper mill considered is a non-integrated paper mill located in Sweden 
(with a capacity of 150000 tons of paper/year).(Suhr et al., 2015)  

Transportation 

 All transportation cases in this study are assumed to be EURO 6 standard, 
European road transport using trucks with varying capacities. (Ecoinvent 
database) 

 Transportation distances and capacity are based on specific cases and 
locations of the facility. Reverse logistics is not considered for any of the 
transport processes in this study and it is assumed that the trucks return 
with empty load.  

 The packaging material used for transporting is excluded from the life cycle 
assessment due to lack of information. 

Electricity  The electricity consumption in all the facility is dependent on the grid 
supply in that specific or assumed location. 

 

Conversion to paper bags 

 The paper to paper bag conversion unit is assumed to be located in 
Sweden (within a distance of 100 km from the paper mill) producing 
around 50-70 bags/min.  

  The emissions of textile paper making process are assumed to be similar to 
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Emissions of  paper making 
process 

the virgin paper mill and are based on the data from Ecoinvent database 
(Ecoinvent XXXX). The chemical content of the textile dust fibre is not 
taken into account in this study.  

Paper Bags 

 All the paper bags cases analyzed in this study have the same grammage 
and size 
Grammage: 100 g/m2 
Size: 33.02cm x 15.24cm x 40.64cm 

5.1.7. Impact categories and impact assessment method 
The characterization factors from CML2001-Jan. 2016 (Centre of Environmental Science of Leiden 
University) are used in this study. They are the most frequently used characterization factors while 
performing an LCA. The impact categories analyzed in this study are shown in Table 8. 
 
Table 8: Impact categories analysed in the assessment (VanDuinen and Deisl, 2009) 

Name Unit Description 
Global Warming Potential 
(GWP 100 years), excl. 
biogenic carbon (or carbon 
footprint) 

kg CO2-Equiv. Climate change is also referred to as global 
warming. Global warming refers to the increase 
in the average temperature of the Earth’s 
surface, due to a potential increase in the 
greenhouse effect, caused by anthropogenic 
emissions of greenhouse gases (carbon dioxide, 
methane, nitrous oxide, fluorocarbons (e.g. 
CFCs and HCFCs), and others). The GWP is also 
referred to as Carbon foot print in this report, 
which is the total amount of carbon dioxide 
released into the atmosphere as a result of 
various activities or processes. 

Abiotic Depletion (ADP 
fossil) 

MJ Resource depletion can be defined as the 
decreasing availability of natural resources. The 
resources considered in this impact are fossil 
and mineral resources, excluding biotic 
resources, and associated impacts such as 
species extinction and loss of biodiversity. ADP 
fossil impact category considers fossil resources 

Acidification Potential (AP) kg SO2-Equiv. Air acidification consists of the accumulation of 
acidifying substances (e.g. sulphuric acid, 
hydrochloric acid) in the water particles in 
suspension in the atmosphere. Deposited onto 
the ground by rains, acidifying pollutants have a 
wide variety of impacts on soil, groundwater, 
surface water, biological organisms, ecosystems 
and materials (buildings). 

Eutrophication Potential (EP) kg Phosphate-
Equiv. 

Eutrophication is a process whereby water 
bodies, such as lakes or rivers, receive excess 
chemical nutrients – typically compounds 
containing nitrogen or phosphorus – that 
stimulate excessive plant growth (e.g. algae). 
Nutrients can come from many sources, such as 
fertilizers applied to agricultural fields, erosion 
of soil containing nutrients, deposition of 



 

34 
 

nitrogen from the atmosphere, and sewage 
treatment plant discharges. 

Photochem. Ozone Creation 
Potential (POCP) 

kg Ethene-Equiv. This pollution results mainly from chemical 
reactions induced by solar light between 
nitrogen oxides and volatile organic compounds 
(VOC), commonly emitted in the combustion of 
fossil fuels. It provokes high levels of ozone and 
other chemicals toxic for humans and flora. 

 
These impact categories were chosen for this study considering common expected emissions during 
the life cycle of paper products. Since paper industry uses a large amount of water, the impacts 
related to water, i.e. Eutrophication and acidification are considered in this study. Also, the paper mill 
consumes a lot of energy for pulping and the drying process and hence its energy intensive. The 
impacts related to the energy use i.e. carbon footprint/ Global Warming Potential and the abiotic 
depletion are considered for the assessment. Additionally, other impact categories included for the 
assessment are: 
 
Name Unit 
Primary energy demand from ren. and non-ren. resources (net cal. value) MJ 
Total freshwater consumption (including rainwater) kg 
 
Impact categories related to toxicity are complicated impact category with no coherent framework 
for characterizing the toxicological impact pollutants. These toxicity related impact categories are 
excluded from this study. 

5.2. Life cycle inventory analysis and assessment 
This section outlines the data collection methodology and the modelling details. The input and 
output process data for each process considered in the Life Cycle Assessment (LCA) are presented in 
the Appendix A. Where possible, the actual inventory data corresponding to process obtained from 
specific companies is utilized. When actual data is unavailable it is complemented with the average 
inventory data available in the Ecoinvent database or with the data taken from literature reviews or 
based on expert estimations.  

5.2.1. Data collection 
The LCA study is performed by using GaBi, the professional LCA software, issued by Thinkstep. The 
software is a tool for modelling and evaluation of LCA studies, which is connected to well-established 
environmental databases such as Ecoinvent. Ecoinvent is the world’s leading database with up-to-
date Life Cycle Inventory (LCI) data (Ecoinvent 2006).  

All environmentally related inputs and outputs are specified for each process in the Appendix A. For 
the most of LCA studies, the environmental data is a combination of primary and secondary data 
sources. The primary data are those obtained from specific facilities as a primary source of 
information and is calculated for that particular facility. Secondary data are those obtained from 
published sources such as literature, other LCI studies, general statistics, databases etc. 

Majority of the data collected for this study are secondary data due to the fact that this novel 
material (textile paper) is still under research and not a material available in the market. The 
secondary data is collected from various sources such as Best Available Techniques of paper making 
(Suhr et al., 2015), Ecoinvent databases , from experts in paper-making, company websites, 
experimental data etc.) for different process. The sources of inventory data are given in Table 9. 
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Table 9: Source of inventory data 

Processes Source of data 

Virgin paper pulp Ecoinvent database: RER- sulfate pulp production, totally 
chlorine free bleached 

Collection & sorting of recovered 
paper 

Ecoinvent database: Europe - treatment of waste paper, 
unsorted, sorting 

Recycled paper pulp Environmental data sheet of Greenfield pulp mill, France, 
recovered paper  

Best Available Techniques: for production of pulp, paper and 
board  

Paper Mill Best Available Techniques: for production of pulp, paper and 
board  

Experiments conducted at RI.SE (pre-treatment processes) 

Collection of discarded textiles Websites and articles  

Sorting and recycling of discarded 
textiles 

Internet website and articles  

Conversion Internet website and articles  

Transportation Ecoinvent database: RER - transport, freight, lorry * metric ton, 
EURO6 

5.2.2. Gabi modelling 
The processes modelled in GaBi are shown in Figure 16, Figure 17 and Figure 18, for different cases. 
Two top level plans were created to model the different process flows of carrier bags: virgin paper 
bag, recycled paper bag and textile paper bag. The two reference cases and the new case were 
modelled by creating parameters in scenario analysis to vary the proportion of the dust fibre and the 
paper fibre as shown in the table below. The environmental impacts of incinerating textile dust fibre 
are estimated using the GaBi plan modelled as shown in Figure 17, assuming that the calorific value 
of discarded textiles are equivalent to the calorific value of textile dust fibre waste. 

Table 10: Raw material for different cases under study 

Case % Dust fibre % virgin paper fibre % recycled paper fibre 

Reference case 1: virgin paper bag 0 100 - 

Reference case 2: recycled paper bag 0 - 100 

New Case: textile paper bag 50 50 - 
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Figure 16: Process plan of the Virgin paper bags life cycle and the textile paper life cycle (product system of reference case 1 and new technology) 

For the assessment of virgin paper bag, the amount of dust fibre required is set to 0% & virgin paper pulp is set to 100% in the scenario modelling. For the 
assessment of textile paper bag, the amount of dust fibre is set to 50% & virgin paper pulp is set to 50% in the scenarios modelling. 
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Figure 17: Process plan of the recycled paper bags life cycle (product system of reference case 2, which is also used for analysis of eco-designed scenario cases) 

For the assessment of recycled paper bag, the amount of dust fibre required is set to 0% & recycled paper pulp is set to 100% in the scenario modelling. For 
eco-designing, the amount of dust fibre & recycled paper pulp is to different proportion in the scenarios modelling. 
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Figure 18: Process plan for incineration of textile dust fibre 

For the assessment of incineration of textile dust fibre, the calorific value of discarded textiles is considered equivalent to the calorific value of the textile dust 
fibre. 
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6. Results 
This chapter discusses the results of sustainability assessment of the textile paper bags in comparison 
to the virgin and recycled paper bags. The potential environmental impacts of the bags are discussed 
followed by the techno-economic assessment. Furthermore, the eco-design strategies that could 
further reduce the environmental impacts as well as the operating cost for manufacturing paper bags 
are analysed, and concluded with the description of the practical tool and final assessment of the 
textile paper as a circular material.   

6.1. Life cycle assessment (LCA) 

6.1.1. Interpretation and presentation of LCA results  
This section presents the environmental results of the textile paper bag in comparison to the virgin 
and the recycled paper bags. The environmental impacts are estimated for paper bags (22584 units) 
made from 1 ton of packaging paper. The three packaging paper bag cases are compared with each 
other to identify the environmental benefits and disadvantage that the new material - textile paper 
demonstrates. 

The following environmental impact categories and their sources or stages in product life cycle are 
discussed in detail. 

 Global warming potential (GWP) 
 Primary Energy Demand (PE) 
 Eutrophication potential (EP) 
 Acidification (AP) 
 Abiotic depletion potential (ADP fossil) 
 Photochemical ozone creation potential (POCP)  

 

The reference cases of virgin and the recycled paper bags have the same system boundaries as the 
textile paper bags for ease of comparison. The comparison was performed for the different material 
used for manufacturing the paper bags. The virgin paper bags are made from virgin paper pulp, the 
recycled paper bags are made from recovered paper pulp and the textile paper bags are made from 
50% textile dust fibre and 50% virgin paper pulp.  

Results of the LCA was normalised to identify the significant impact categories contributing to the 
environmental issue. Normalisation is an optional step in LCA to rank the impacts of the system 
according to ISO 14040/44. The normalisation results correspond to reference system with “the total 
inputs and outputs for a geographical  given area over a given reference year on a per capita basis” 
(Aymard and Botta-genoulaz, 2016). The reference system used for the analysis was: CML2001 - Jan. 
2016, EU25+3, year 2000, excl. biogenic carbon (region equivalents), which represents the impact of 
a European in 2000 of the 25 European Union countries of 2006 + Iceland, Norway and Switzerland). 
(CML2000, 2015) 

The normalised results obtained from the LCA for the three cases of paper bags are shown in Figure 
19 and Table 11. 
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Figure 19: Normalisation results between all three cases 

 

Table 11: Normalisation results for all three type of paper bags a) virgin paper b) recycled paper c) textile paper 

 Virgin 
paper 

Recycled 
paper 

textile 
paper 

Marine Aquatic Eco toxicity Pot. (MAETP inf.) 2.79E-08 1.7E-08 2.57E-08 
Freshwater Aquatic Eco toxicity Pot. (FAETP inf.) 1.78E-09 1.41E-09 1.78E-09 
Human Toxicity Potential (HTP inf.) 1.52E-09 1.51E-09 1.38E-09 
Abiotic Depletion (ADP fossil) 4.87E-10 5.64E-10 4.53E-10 
Photochemical. Ozone Creation Potential (POCP) 4.6E-10 4.07E-10 3.49E-10 
Acidification Potential (AP) 4.36E-10 3.51E-10 3.2E-10 
Global Warming Potential (GWP 100 years), excl 
biogenic carbon 2.29E-10 2.49E-10 2.18E-10 
Eutrophication Potential (EP) 1.88E-10 1.08E-10 1.65E-10 
Terrestric Ecotoxicity Potential (TETP inf.) 1.1E-10 1.15E-10 7.77E-11 
Abiotic Depletion (ADP elements) 2.41E-11 9.62E-11 1.51E-11 
Ozone Layer Depletion Potential (ODP, steady state) 1.53E-11 1.63E-11 1.12E-11 
Global Warming Potential (GWP 100 years) -  -   - 
 
As can be seen from the above normalisation result (arranged according to the magnitude of the 
environmental impacts caused by the system), the top three impact categories are related to the 
toxicity, which is a complicated impact category with no coherent framework for characterising the 
toxicological impact pollutants. As mentioned earlier, these toxicity related impact categories are 
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neglected in this study. The subsequent five potential impacts categories: Abiotic depletion, 
photochemical Ozone Creation potential, Acidification potential, Global Warming Potential and 
Eutrophication Potential, as expected to be high in case of paper bags are further analysed and 
shown in Table 12 .  

Table 12: Overall environmental impact values for the three paper bag cases 

Impact Category Unit 
Virgin 

paper bag 

Recycled 
paper 

bag 

Textile 
paper 

bag 
CML2001 - Jan. 2016, Abiotic Depletion (ADP 
fossil) MJ 17080 19789 16891 

CML2001 - Jan. 2016, Acidification Potential (AP) 
kg SO2-
Equiv. 7.33 5.90 5.61 

CML2001 - Jan. 2016, Eutrophication Potential 
(EP) 

kg 
Phosphate-

Equiv. 3.48 2.00 2.57 
CML2001 - Jan. 2016, Global Warming Potential 
(GWP 100 years), excl biogenic carbon 

kg CO2-
Equiv. 1198 1299 1163 

CML2001 - Jan. 2016, Photochem. Ozone 
Creation Potential (POCP) 

kg Ethene-
Equiv. 0.80 0.70 0.67 

Primary energy demand from ren. and non ren. 
resources (net cal. value) MJ 63064 35879 45291 
Primary energy from non-renewable resources 
(net cal. value) MJ 23063 32752 23457 
Total freshwater consumption (including 
rainwater) kg 10787050 13580774 12686763 
 

The environmental results of the three paper bag cases are analysed in detail for each impact 
category in the subsequent sections. The impact is associated to each stage in the life cycle and 
described in detail. 
 
Global Warming Potential (GWP/ Carbon footprint) and Primary energy demand  
The graph below represents the global warming potential of the three paper bag cases under 
analysis. The textile paper bag has the lowest global warming potential compared to the reference 
cases: virgin paper bag and recycled paper bag.  
The primary energy demand for the textile paper bag is lower than the virgin paper bag whereas it is 
higher than that of the recycled paper bag due to the additional energy consumption for the pre-
treatment of textile dust fibre. It is common to have the trend of Global warming potential directly 
proportional to the trend of primary energy consumption. But in this case the trend seems to vary for 
the virgin and the recycled paper bags due to the following reasons: 
 

- Recycled paper pulp is assumed to consume electricity from grid supply in France, which is 
has higher environmental impacts compared to the Swedish electricity mix for virgin pulp 
mill. The recycled pulp mill in France consumes 90% of its energy consumption from fossil 
sources. The global warming potential of biomass is lower than that of the fossil resources. 

- Secondly the virgin pulp mill assumed in this study for both the reference case 1: virgin paper 
bag and the new case: textile paper bag; produces its own energy (65% of the total demand) 
by burning wood bark and other type of biomass generated as waste during the pulping 
process. The rest of the energy (35%) for the virgin pulp mill originates from fossil sources.  
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- Transportation related emissions are high in case of recycled pulp as the only supplier 
available in Europe is assumed to be located in France. The virgin paper bag is assumed to be 
manufactured in Sweden with local resource supply (i.e. forest) and hence shows lower 
global warming potential.  

 
A)                                                                               B)                      

 
Figure 20 : A) Global Warming Potential (GWP) and B) Primary Energy Demand (PED) of the three paper bag cases 

The impact of the global warming potential is generated due to combustion of fuels at the paper mill 
and the pulp mill. The global warming potential is high in the conversion stage of paper into bags due 
to the following reasons: 1) production of chemicals such as phenolic resin and ABS used in the glue 
production required for making paper bags and 2) production of printing inks. 
 

 
Figure 21: Detailed analysis of the GWP of the three paper bag cases. TR – transportation, disc. textiles – discarded 
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Figure 22: Detailed analysis of the Primary Energy Demand of the three paper bag cases 

As can be noticed in Figure 21, the recycled paper bags cause additional global warming impact due 
to the transportation of recycled pulp from France to paper mill in Sweden.  
The textile paper bag has lower global warming potential (GWP) than the virgin paper bag although 
there are additional processes related to the textile dust fibre such as collection of discarded textiles, 
recycling of discarded textiles and transport of dust fibre, along with the additional energy use for 
the pre-treatment of dust fibre.  
The overall results show that the new material textile paper bags have lower carbon footprint / GWP 
compared to the recycled and the virgin paper bag cases.  
 
Abiotic depletion  
The abiotic depletion is linked to the energy consumption (electricity and natural gas) during each 
stage of the life cycle. The textile paper bags have lower abiotic depletion compared to the reference 
cases of virgin and recycled paper bags as can be seen in Figure 23.  
 
Process contributing to the higher abiotic depletion in the case of the recycled paper bag compared 
to the virgin paper bag is due to the transportation fuel consumed for delivering recycled pulp from 
France to paper mill in Sweden.  
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Figure 23: Abiotic Depletion Potential (MJ) 

 The process with the highest energy consumption contributing to higher abiotic depletion is the pulp 
mill, paper mill and the conversion process. The textile paper bag has lower abiotic depletion than 
the virgin paper although there are additional energy consuming processes for the textile paper bag 
such as collection/recycling of discarded textiles, transport of dust fibre from Germany to paper mill 
(Sweden) and the pre-treatment stages of dust fibre in the paper mill. The abiotic depletion of textile 
paper bag in the pulp mill as shown in Figure 24 is low due to the reduced pulp demand (substitution 
of 50% pulp with textile dust fibre). 
 

 
Figure 24: Detailed Abiotic depletion potential (process wise) 

Eutrophication potential 
The eutrophication potential is linked to the water emissions from disposal of rejects in different 
stages of the life cycle. These water emissions are mainly emitted in the pulp mill, paper mill and the 
conversion process. The Eutrophication potential of the textile paper bag is higher than the recycled 
paper bag but lower than the virgin paper bag as can be seen in the Figure 25. 
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Figure 25- Eutrophication Potential (EP) [kg Phosphate-Equiv.] 

 In the paper mill  process, the waste water content of the textile paper bag case is not known and 
hence the normal emissions as in the virgin paper mill is considered for the textile paper mill. The 
textile dust fibre could potentially contain hazardous substances such as detergent, perfume 
remainings or other substance if not cleaned prior recycling of textiles or prior paper making. These 
potential hazardous substances in textile dust fibre need to be handled in any probabilities either 
during the paper making process or prior it. Since the amount of paper pulp used in the textile paper 
bag is low, the eutrophication potential is lower than the virgin paper bags.  
 

 
Figure 26: Eutrophication Potential (EP) [kg Phosphate-Equiv.] in detail and process-wise. 

The other process contributing to the Eutrophication potential in the case of textile paper is the 
Collection/recycling of discarded textiles and the transport of the dust fibre to the paper mill. As a 
whole, further research needs to be conducted to identify the potential hazardous substances in the 
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dust fibre or separate cleaning process for dust fibre needs to be included prior to mixing it in the 
pulp solution.  

Acidification Potential 

The acidification potential of the textile paper bag is lower if compared to the reference cases of 
virgin paper and recycled paper, as shown in Figure 27 . This environmental impact is mainly 
generated due to the use of combustion fuels containing higher sulphur content leading to release of 
SO2 in the atmosphere. 
 

 
Figure 27: Acidification potential (kg SO2-Equiv.) 

The major process contributing to the acidification potential in the case of paper bags are the pulp 
mill, the paper mill and the conversion process as shown in Figure 28. 
 

 
Figure 28: Acidification potential (kg SO2-Equiv.) in detail processwise 

On the overall, the acidification potential is significantly lower for the textile paper bags compared to 
the reference cases of virgin paper bags and the recycled paper bags.   
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Photochemical Ozone Creation Potential 

High concentration of ozone is toxic to human beings. Nitrogen oxides alone are not the major cause 
of high ozone concentration levels. Hydrocarbon emissions that occur from incomplete combustion 
or from solvents are also another cause. The Photochemical Ozone Creation Potential (POCP) is lower 
for the textile paper bags compared to the virgin and recycled paper bags, as shown in Figure 29. 

 

Figure 29: Photochemical Ozone Creation Potential (kg Ethene-Equiv.). 

The major processes contributing to POCP are the pulp mill, conversion process and the paper mill as 
shown in Figure 30. 

 

Figure 30: Photochemical Ozone Creation Potential (kg Ethene-Equiv.) in detail processwise 
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The water foot print analysis is just a preliminary analysis due to insufficient data availability. Further 
detailed analysis is needed to derive the actual footprint of the product system.  

Water is normally used as cooling medium and also for processes in pulp and paper mill. The total 
fresh water used to produce paper bags made from 1 ton of paper is shown in Figure 31. The textile 
paper bag consumes higher amount of freshwater than the virgin paper bags but comparatively less 
fresh water than the recycled paper bags. 

 

Figure 31: Total freshwater consumption (including rainwater) in Kg 

Based on the Ecoinvent environmental data used for modelling the virgin pulp mill in the reference 
case 1: virgin paper bags and new case: textile paper bags, production of 1kg of sulphate pulp (TCF) 
requires: 

 36 kg of cooling water and 
 21 kg of process water.  

The recycled pulp in turn requires: 

 8kg for producing 1 kg of recycled paper pulp.  

Majority of the water in the virgin paper mill is recirculated for reuse whereas in the recycled pulp 
mill the water from deinking cannot be treated and reused again. Hence the water consumption in 
the recycled pulp mill is higher. 

As can been seen in the Figure 32, the paper mill consumes more water for producing textile paper 
bag since, additional water is consumed for pre-treating dust fibre when compared to the water 
consumed for pre-treating the virgin and recycled pulp.  
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Figure 32: Total freshwater consumption (including rainwater) in Kg - process wise 

6.1.2. Incineration vs material recycling 
The global warming potential of three scenarios were analyzed in GaBi for concluding whether 
incineration of textile dust fibre is environmentally more preferable than using the dust fibres as a 
source of secondary material for manufacturing textile paper bags. Each scenario was analyzed for 3 
product lives of paper bags considering the average paper fibre recycling rate of 3.5 times in Europe 
(European Recovered Paper Council, 2015).  
 

 
Figure 33: Scenario 1: Virgin paper bag  and Scenario 2: recycled paper bag 

 
Scenario 1:  Virgin paper bags used one time and later incinerated for energy recovery. The textile 
dust fibre is also incinerated for energy recovery. Refer Figure 33. 

0

2000000

4000000

6000000

8000000

10000000

12000000

14000000

Collection
(disc. textiles)

Recycling
(disc. textiles)

TR:
tex. recycler-

paper mill

Pulp mill TR:
pulp mill-paper

mill

Paper mill TR:
paper mill-
conversion

Conversion
(paper bags)

To
ta

l f
re

sh
w

at
er

 c
on

su
m

pt
io

n 
(in

cl
ud

in
g 

ra
in

w
at

er
) K

g

Virgin Paper Recycled paper Textile paper



 

50 
 

Scenario 2:  Virgin paper bag is used once and later recycled (twice) to produce recycled paper bags 
and finally incinerated for energy recovery after the third product life span. The textile dust fibre is 
incinerated for energy recovery in this case. Refer Figure 33. 

 

Figure 34: Scenario 3: textile paper bag in a circular economy 

Scenario 3: Textile paper bag is manufactured using virgin paper pulp and textile dust fibre and later 
recycled (twice) to produce recycled paper bags. Finally, the textile paper bag is incinerated for 
energy recovery after the third product life span. Refer Figure 34. 

Table 13: Global warming potential of three scenarios (#- GWP of incinerating 1 paper bag, N/A – not applicable) 

Stages 

Global Warming potential (kg CO2-Equiv.) 
Scenario 1 

Virgin paper bag 
Scenario 2 

Virgin to Recycled paper 
bag 

Scenario 3 
Textile paper bag 

Product life 1 1198 1198 1163 
Incineration of Product 1 #(GWP of incinerating 

1 paper bag) 
N/A N/A 

Product life 2 1198 1299 1299 
Incineration of Product 2 #(GWP of incinerating 

1 paper bag) 
N/A N/A 

Product life 3 1198 1299 1299 
Incineration of Product 3 #(GWP of incinerating 

1 paper bag) 
#(GWP of incinerating 

1 paper bag) 
#(GWP of incinerating 

1 paper bag) 
Incineration of dust fibre 3 times x 85 (GWP of 

incinerating dust fibre 
required for 1 paper 

bag) 

3 times x 85 (GWP of 
incinerating dust fibre 
required for 1 paper 

bag) 

N/A 

TOTAL GWP 
Excluding transport 

3849 + 3(#) 4051 + 1(#) 3761 + 1(#) 
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As can be noticed from the Table 13, the global warming potential is lower when using dust fibre as 
secondary source of raw material for producing textile paper bags (scenario 3) compared to the 
incineration of dust fibre (scenario 1 and 2).  

6.2. Techno-economic assessment (TEA) 
The techno-economic Assessment (TEA) is carried out for the newly developed conceptual process 
for manufacturing textile paper bags as discussed in the value chain chapter. This assessment is used 
to compare the cost of producing shopping bags made of different paper grades. The operating cost 
of manufacturing textile paper bags is compared to the cost of manufacturing the virgin and recycled 
paper bags. 
 

 
Figure 35: System boundary for the Techno-economic study 

The Figure 35 represents the system boundary for the techno-economic assessment. The main 
processes considered for this study includes transportations (TR), pretreatment of dust fibre 
(slushing, refining, screening), pretreatment of pulp (slushing and refining), mixing of dust fibre 
together with pulp, paper making and conversion to paper bags.  
The pretreatment process inventories are based on the experimental data carried out at RISE 
Bioeconomy (Chroona, 2016). The inventory details of the paper-making process is based on Best 
Available Technologies (Suhr et al., 2015) in standard paper-making and expert estimations (Anders 
Mähler, 2017) as there were no experimental data available.  
The detailed mass and energy balance for the process shown in Figure 35 is performed to account for 
energy and raw material quantities in the economic analysis. The conversion process to convert paper 
into bags are average data and assumed to be similar for all the three paper bags considered in this 
study. 
 
The major costs normally evaluated while performing a techno-economic assessment are (Lauer, 
2008): 

1. Investment cost/capital cost that includes the planning, consulting, administration, insurance, 
infrastructure, location, building etc.  

2. Operating cost that includes energy and raw materials cost, labor cost, maintenance cost and 
other costs. 

 
Investment cost/ capital cost 
The new textile paper bag manufacturing does not involve any major investment cost. Textile paper 
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bags can be manufactured at existing paper mills and conversion units. The planning, consulting, 
administration, insurance and building costs are assumed to be same as the virgin and recycled paper 
bags manufacturing.  
With regard to the infrastructure cost, most of paper mills have the equipment needed for the 
slushing, refining and screening of cellulose fibres. The only newly included process for 
manufacturing textile paper is the pretreatment of textile dust fibre, which can be carried out using 
existing equipment at paper mill. In order to handle two separate flows, dust fibre and paper pulp 
fibre, investments on new set of these equipment’s are required depending on the capacity of 
specific paper mills. Since this economic assessment is a comparative study of textile paper bags with 
virgin and recycled paper bags manufacturing, the investment/ capital cost is not considered as this is 
assumed to be the same for all three paper grades. 
 
Operating cost 
The operating cost for production of different paper grades is quite different, mainly due to variations 
in raw material use, transportation distances, energy consumption and consumption of other 
auxiliaries etc.  
 
Raw material cost: The cost of raw materials vary for the three different grades of paper. Nowadays, 
the cost of textile dust fibre is lower if compared to the cost of virgin or recycled pulp.  
 
Energy cost: The textile paper bag manufacturing has an additional processing stage – pre-treatment 
of dust fibre, if compared to the virgin and recycled paper bags manufacturing processes. The 
pretreatment of dust fibre consists of several energy consuming processes: slushing, refining and 
screening. The slushing process is also carried out for paper fibres. The major difference in energy 
consumption is during the refining stage, as shown in Table 14. The screening process is carried out 
only for the textile dust fibre, to remove longer fibres, unwanted material, and also to remove 
knotted fibres which are not suitable for optimal paper formation.  
 
Table 14: Energy use in refining 

Refining Energy consumption (kWh/ton) Source 
Virgin Pulp 75 Data from experiments conducted by RISE 
Recycled pulp 40 Data from experiments conducted by RISE 
Dust fibre 200 Data from experiments conducted by RISE 
 
The average European energy cost of 30 €/MWh, as in 2016-2017, is considered in the study (Nord 
pool, 2017). 
 
Cost of chemicals: As there are no experimental data on the chemicals usage for the textile paper 
bag, inventory details based on expert knowledge and Best Available Techniques (BAT)(Suhr et al., 
2015) are considered for this study. To provide equivalent tensile strength and burst index to the 
textile paper bags compared to the virgin and the recycled paper bag, extra dosage of starch might be 
required. But for the current economic assessment, the chemicals cost is considered to be the same 
in all three types of paper bags. The costs of various chemicals used for the assessment are given in 
the Table 15. 
 
Table 15: Chemical cost 

Chemicals Process Cost (€/ton) Source 
Potato starch paper mill 1372 (Alibaba, 2017) 
Sodium bicarbonate paper mill 201 (Alibaba, 2017) 
DTPA, diethylenetriaminepentaacetic acid paper mill 2286 (Alibaba, 2017) 
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acrylonitrile-butadiene-styrene copolymer, ABS Glue production 1829 (Alibaba, 2017) 
Paraffin Glue production 960 (Alibaba, 2017) 
phenolic resin Glue production 1033 (Alibaba, 2017) 

 
Labor cost: The labor cost is assumed to remain the same in all cases as no extra labor is needed to 
supervise or carry out the pre-treatment of dust fibre and could be managed with already available 
internal labor. 
 
Transport cost: Since the raw materials recycled pulp and dust fibre are not local sources of 
resources, the transport cost is important and therefor included  in this study. The transportation is 
assumed to be truck transport/lorry with varying capacities and diesel is considered as a fuel. The 
average cost of diesel (average cost of diesel in Sweden, France and Germany) considered for this 
study is 1.23 €/liter (fuel-prices-europe, 2017).  
Table 16: Transport cost 

Transport Process Truck Capacity Mileage Distance travelled 
(Km) 

Dust fibre from textile 
recycler (Germany) to 
paper mill (Sweden) 

16-22t 2.6 litres/100 tkm 
(GaBi database) 

946 

Transport of virgin pulp 
(Sweden) to paper mill 

(Sweden) 

32 t 1.7 litres/100 tkm 
(GaBi database) 

157 

Transport of recycled 
pulp (France) to paper 

mill (Sweden) 

32 t 1.7 litres/100 tkm 
(GaBi database) 

1570 

Paper from paper mill 
(Sweden) to 

Conversion (Sweden) 

32 t 1.7 litres/100 tkm 
(GaBi database) 

100 

 
Economic assessment 
Based on the techno-economic assessment, the operating cost for producing virgin paper bag is 4% 
higher than the operating cost of producing recycled paper bags . The operating cost of producing the 
textile paper bags is the least (26% and 30% lesser than operating cost of producing recycled and 
virgin paper bag respectively) . 
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Figure 36: Operating cost of different paper bag types estimated based on the resources 

 

Figure 37 Operating cost of different paper bag types estimated based on the processes.  

As can be seen from the Figure 36, the major operating cost for paper bag manufacturing is 
contributed by the raw material, energy and chemical cost. From the Figure 37, it can be observed 
that the major operating cost is contributed by the pulping process. The costs of transportation, 
conversion, paper mill processes, and pre-treatment process are negligible, if compared to the 
pulping process cost. 

  The major difference in cost between different paper bags is due to the raw material cost as shown 
in Figure 38. 
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Figure 38: Separate estimation of: a) Raw material costs and b) Energy costs in the three cases. 

The raw material dust fibre is currently available at lower cost than virgin or recycled pulp cost . Since 
textile paper bag solution (the base case) substitutes 50% of the virgin pulp with textile dust fibre, the 
overall operating cost of manufacturing textile paper carrier bags is lower if compared to the costs of 
virgin and recycled paper bags. 
 
However, the energy consumed in production of the textile paper bags is somewhat higher than 
energy required for production of the traditional virgin and recycled paper bags, as shown in Figure 
38. This is due to the need of extra stage of pre-treatment of dust fibre before it can be mixed with 
the pulp.  
 
As shown in Figure 39, the cost of transportation of recycled paper bags is higher. This is due to the 
transportation of the recycled pulp from the only recovered pulp mill in Europe located in France. The 
textile paper bags rank second best in the separate transportation cost analysis due to the 
transportation of the dust fibre from the textile recycler located in Germany.  

 
Figure 39: Transportation costs for the three paper bag cases. 
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The contribution of the transportation and energy costs to the overall operating costs is negligible if 
compared to the raw material cost of fibres. The operating cost of textile paper bags is lower than 
that of virgin and recycled paper bags. 
 

  

Figure 40: Break even cost analysis for textile dust fibre. Dust fibre cost can increase by number of times before it 
exceeds the cost of paper fibres i.e. becomes more expensive in terms of operating costs.  

In the current scenario, the textile dust fibre is a waste from mechanical recycling of discarded 
textiles that is incinerated without no other applications or use. A break-even analysis on cost of dust 
fibre is carried out to analyse the point at which the operating cost of textile paper bags equals or 
exceeds the operating cost of virgin and recycled paper bags. As shown in Figure 40, it is estimated 
that the cost of dust fibre can increase a number of times before it reaches the operating cost levels 
of virgin and recycled paper bags. There is a large attractive margin in the dust fibre cost within 
which economic benefits can be obtained. 

Limitations of TEA 
1. Lack of primary economic data for the new textile paper technology resulted in preliminary 
economic assessment. The economic data also varies on the country basis and the economy of scale 
of manufacturing. 
2. Actual contingency costs are not available as it is a new technology that is yet to be realized.  
 

6.3. LCA and TEA conclusions 
The aim of this study was to assess the potential environmental impacts of the new case: textile 
paper bag in comparison to the reference cases: virgin paper bag and recycled paper bag.  
 
In accordance with the results discussed in previous LCA and TEA result sections, it is clear that the 
new case: textile paper bags show lower environmental impacts in the Acidification potential, Abiotic 
depletion potential and Global warming potential impact categories compared to both reference 
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cases. The Eutrophication Potential and Primary energy demand for the textile bags are lower than 
the virgin paper bags but higher than that of the recycled paper bags. 
 
Table 17: Summary of LCA results 

Current scenario High Medium Low 

Global Warming potential 
(GWP) 

Recycled paper Virgin Paper 
 

Textile Paper 

Abiotic Depletion  
(ADP fossil) 

Recycled paper Virgin Paper 
 

Textile Paper 

Acidification Potential (AP) Virgin Paper Recycled paper Textile Paper 

Eutrophication Potential 
(EP) 

Virgin Paper Textile Paper Recycled paper 

Primary Energy 
(PE) 

Virgin Paper Textile Paper Recycled paper 

Photochem. Ozone 
Creation Potential (kg 
Ethene-Equiv.) 
 

Virgin Paper Recycled paper Textile Paper 

Total freshwater 
consumption (kg) 

Recycled paper Textile Paper Virgin Paper 

 
The unexpected result of higher global warming potential of recycled paper bag compared to the 
virgin paper bag was further analysed by considering local transport of all resources including local 
recycled pulp supply. The summary of the LCA results for all paper bag cases with local resource 
supply is shown in Table 18. 
 
Table 18: Summary of LCA results (with local supply of all resources, within Sweden) 

With local supply of 
resources High Medium Low 

Global Warming potential 
(GWP) 

Virgin Paper 
(1185,69 kg CO2-

Equiv.) 

Recycled paper 
(1181,35 kg CO2-

Equiv.) 

Textile Paper 
(1008 kg CO2-Equiv.) 

Abiotic Depletion (ADP 
fossil) Recycled paper Virgin Paper Textile Paper 

Acidification Potential (AP) Virgin Paper Recycled paper Textile Paper 

Eutrophication Potential 
(EP) Virgin Paper Textile Paper Recycled paper 

Primary Energy (PE) Virgin Paper Textile Paper Recycled paper 

 
The processes contributing to the potential environmental impacts along the lifecycle of the textile 
paper bag are: pulp mill, paper mill, conversion process and collection of discarded textiles. These 
processes are considered for improvement during the next analysis phase of eco-design.   
Utilising textile dust fibre as a secondary source of raw material is more environmental friendly in 
terms of global warming potential when compared to incineration of textile dust fibre. The global 
warming potential of using textile dust fibre for manufacturing textile paper is lower by 3% and 10% 
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when compared to references case of producing virgin and recycled paper bags (considering textile 
dust fibre as incinerated). 

On the other hand, the techno-economic assessment produced a straight forward result conveying 
that the production of textile paper bag is 30% and 26% less expensive than the traditional virgin and 
recycled paper bags respectively. The environmental and economic results of the assessment are 
combined and represented in the same graph as shown in the Figure 41. As can be noticed in the 
graph the textile paper bag showed clear advantage over the two traditional paper bags with respect 
to the global warming potential and the operating costs. 

 

 

Figure 41: Comparison of textile paper bag with the traditional paper bags using LCA (Carbon Footprint/GWP results) and 
TEA results 

6.4. Eco-design of paper bags 
Eco-design tool is being increasingly used by businesses in the product design stage to improve the 
environmental footprint of the product. Application of eco-design strategies influence environmental 
footprint of the product as well as improve the business economics through resource efficiency, 
optimized energy use etc. In this chapter, the potential environmental impacts of the new textile 
paper bag is assessed and analyzed using the eco-design tool LCA (i.e. life cycle assessment). The 
entire life cycle perspective of the textile paper bag is considered for the eco-design process. The LCA 
and TEA results are used to further identify and apply the appropriate eco-design strategy to reduce 
the environmental footprint of the product. 
 
As analyzed during the LCA, the processes that contribute mostly to the environmental impacts are: 

 pulp mill,  
 paper mill,  
 conversion to paper bags and  
 collection of discarded textiles.  
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The major reasons for the impacts were the use of steam and electricity in the paper mill, the use of 
toxic chemicals in the adhesive and the printing inks used during the conversion process, and the 
transportation distance covered for delivery of discarded textiles to textile recyclers. From the TEA 
results, the major cost contributors are identified as the pulp, chemicals, energy and transport.  
 
Generation of improvement options 
Based on the potential environmental impacts identified in the life cycle assessment, the 
improvement options are explored along with experts and researchers using the eco-design strategy 
wheel on a product component level, product structure level and the product system level. The 
identified eco-design strategies are listed in Appendix C. 
 
Feasibility study 
The improvement options generated in the previous stage are assessed in a feasibility study. The 
feasibility of implementing the improvement option from technical, economic, environmental and 
market perspectives is analyzed. Action plan for realizing the improvement option is also segregated 
into short-term (ST), mid-term (MD) and long-term (LT) action plan as shown in the Appendix C. 
 
Quantification of environmental impacts and the operating cost 
The new environmental impact (i.e. Global Warming Potential) and the economic aspect of realizing 
the improvement options during eco-design are iterated using the LCA and TEA tools. Only some of 
these eco-design strategies could be assessed for the environmental impact and cost due to lack of 
sufficient information or data. These eco-design strategies are in turn quantified using the iterative 
LCA and the TEA. The quantification results are compared to the initial results of the LCA and TEA of 
paper bags as shown in Figure 42 and Figure 43. 
 
Short-term eco-design strategies: 
 
Table 19: Short-term eco-design strategy - environment and economic quantification 

S 
No Eco-design strategy number and title 

Dust 
fibre: 
Paper 
fibre 

Grammage 
g/m2 

Paper 
fibre 

Source of 
dust fibre 

P 

1.10 - Increase dust fibre proportion of 
textile paper carrier bag from 50% to 70% 
thus reducing the paper fibre proportion 
from 50% to 30% 

70:30 100 Virgin 
pulp Germany 

Q 
2.1- Reducing the grammage of the textile 
paper carrier bag from 100 g/m2 to 80 
g/m2 

50:50 80 Virgin 
pulp Germany 

R 
1.10 and 2.1- Increasing the dust fibre 
proportion to 70% and also reducing the 
grammage of the paper to 80 g/m2 

70:30 80 Virgin 
pulp Germany 
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Figure 42: Short-term eco-design strategy - environment and economic quantification 

As shown in Figure 42, the short-term eco-design strategy of increasing the proportion of dust fibre 
from 50% to 70% reduced the global warming potential of the textile paper bag and also reduced the 
operating cost by 16.9%. Another improvement option of reducing grammage of the paper bags from 
100 g/m2 to 80 g/m2 would tend to reduce the strength and deteriorate the properties of the paper 
bags. Starch is usually added during the paper making to increase the strength of paper. Reducing 
the grammage of paper to 80 g/m2 (without addition of starch) decreased the global warming 
potential by 17% and the operating cost was reduced by 15.3%.  

Long-term eco-design strategies: 
 
Table 20: Long-term eco-design strategy (with virgin paper pulp)- environment and economic quantification 

S 
No Eco-design strategy number 

Dust fibre: 
Paper 
fibre 

Grammage 
g/m2 

Paper 
fibre 

Source of 
dust fibre 

X 1.9 - Using local supply of dust fibre within 
200 km area, instead of dust fibre being 
produced in Germany. 

50:50 100 Virgin 
pulp 

Within 
200km 

Y 1.9 and (1.10 and 2.1) – Using local supply 
of dust fibre, with 70% dust fibre 
proportion and grammage of 80 g/m2 

70:30 80 Virgin 
pulp 

Within 
200km 
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Figure 43: Long-term eco-design strategy (with virgin paper pulp)- environment and economic quantification 

As can be seen in Figure 43, long-term strategies of having local supply of dust fibre could reduce the 
global warming potential by 12% and operating cost by 2%. Even further reduction in global warming 
potential (by 31%) is seen when the short-term strategies (70% dust fibre proportion and grammage 
of 80 g/m2) is combined with the long-term strategies: local supply of dust fibre. Combination of eco-
design strategies provided better results as shown Figure 43, where the global warming potential and 
operating cost reduced by 31%. 

Table 21: Long-term eco-design strategy (with recycled paper pulp) - environment and economic quantification 

S. No Eco-design strategy  Dust fibre: 
Paper fibre 

Gram-
mage 
g/m2 

Paper 
fibre 

Source of fibre 

A 1.1 – Replacing virgin pulp with 
recycled paper pulp 50:50 100 Recycled 

pulp 

Dust fibre- 
Germany 

Paper fibre- 
France 

B 

1.1 and 1.10 -  Increase dust fibre 
proportion of textile paper carrier 
bag from 50% to 70% and thus 
reducing the paper fibre 
proportion from 50% to 30% 

70:30 100 Recycled 
pulp 

Dust fibre- 
Germany 

Paper fibre- 
France 

C 1.1 and 1.9  - Local supply of 
recycled pulp 70:30 100 Recycled 

pulp 

Dust fibre- 
Germany 

Paper fibre- 
within 157 km 

D 1.1 and 1.9  - Local supply of 
recycled pulp and dust fibre 70:30 100 Recycled 

pulp 

Dust fibre- 
within 200 km  

Paper fibre- 
within 157 km 

E 

1.1 and 2.1- Reducing the 
grammage of the textile paper 
carrier bag from 100 g/m2 to 80 
g/m2 

50:50 80 Recycled 
pulp 

Dust fibre- 
Germany 

Paper fibre- 
France 

F 
1.1 and 1.9 and 2.1 – Local supply 
of resources (recycled pulp and 
dust fibre) and reducing grammage 

70:30 80 Recycled 
pulp 

Dust fibre- 
within 200 km  

Paper fibre- 
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of the paper, increasing proportion 
of the dust fibre 

within 157 km 

 

 

Figure 44: Long-term eco-design strategy (with recycled paper pulp) - environment and economic quantification 

Even when recycled paper pulp is used for producing the textile paper pulp, eco-design strategies 
could be applied on long-term to reduce the global warming potential and the operating cost as 
shown in Figure 44. 

The eco design strategies are assessed for other environmental impact categories and the results can 
be located in Appendix C: Eco design strategies. These eco-design strategies also reduced other 
environmental impacts, in addition to the global warming potential as shown in the graphs in this 
section.  

On the overall, it is concluded that the following strategies show potential to decrease the global 
warming potential and the operating costs when applied on a long-term and short-term basis. 

1. Reducing the grammage of the paper bag 
2. Increasing the proportion of the dust fibre in comparison to the paper pulp fibre 
3. Replacing the virgin pulp with recycled pulp (not much change is noticed in the global 

warming potential except for the operating cost) 
4. Using local supply of resources for the dust fibre and the paper pulp 

Of the eco-design strategies that could not be quantified in the current study, the following 
strategies could provide opportunity to improve the product foot print based on the circular 
economy concepts and other literature studies. 

1. Producing textile paper in an integrated pulp and paper mill  
2. Using paper bags multiple time before they are thrown as waste (reuse concept of circular 

economy) 
3. Using bio-based printing inks, adhesives etc. i.e. creating thus pure non-toxic flows in the 

circular economy 
4. Using renewable source of energy for textile paper bag production throughout its lifecycle 

(circular economy principle)  
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6.5. Circular materials 
This section describes the characteristics of a circular material and a practical circular material 
assessment tool that could be used for assessing if a material is fit to be in a circular economy or not.  

6.5.1. Characteristics of circular material 
There are different terminologies in which materials are classified today. Terminologies such as eco 
materials, sustainable materials, smart materials, green materials came up from different concepts 
and philosophies. In this section circular materials are defined as those materials or products that 
have the relevant characteristics to flow in the closed material flow loops as described in the concept 
of circular economy. The characteristics of the circular material are adopted from online eco-design 
tool (Farreny, Gasol and García-Lozano, 2014) and also by correlating it with the different school of 
thoughts from which the circular economy concept developed. The characteristics are identified from 
a life cycle perspective of the product and the business perspective. The different stages considered 
along the life cycle of the material/ product is raw material, manufacturing, use, end of life. The 
identified characteristics are shown in the Figure 45 and discussed below.  

 

Figure 45: Characteristics of a circular material. 

The characteristics in the raw material stage are (Farreny, Gasol and García-Lozano, 2014): 

a) Scarcity: It refers to the existence of the resources in sufficient quantity that are needed for 
the product and the services.  

b) Durable: The resource should have inherent properties aimed to extend the lifetime of the 
products in circulation in the economy 

c) Secondary raw material: It refers to the proportion of secondary raw material from pre-
consumer or post-consumer stages as resources for making new products 

d) Recyclable/ biodegradable: It refers to the ability of the material to be segregated and 
captured from waste streams for further processing or use / the material must be 
decomposable by micro organisms 

e) Clean/ non-toxic: It is the degree to which the resource is non-toxic and clean (i.e. does not 
affect micro-organisms) 

f) Locally produced resources: The origin of the resources should be from local, domestic 
region to reduce transportation distances. 

The characteristics in the manufacturing stage are (Farreny, Gasol and García-Lozano, 2014): 
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a) Processability: Refers to the ease with which the resource can be processed into product or 
service. Less process complexity is better. 

b) Resource efficient: Refers to the capability of the production process to use minimal resource 
(material and energy) and less waste generation 

c) Renewable energy use: Refers to the capability of using renewable energy source for 
manufacturing the product 

d) Non-hazardous chemicals use: Refers to the usage of non-hazardous auxiliaries for the 
production process to maintain a clean and non-toxic flow 

The characteristics in the use phase are (Farreny, Gasol and García-Lozano, 2014): 

a) Functionality: Refers to the quality of being suited to serve a purpose/function well 
b) User perception: Refers to the appreciation of the product for its value and quality by the 

user 
c) Resource efficient: Refers to the ability to use material wisely without wastage 
d) Renewable energy use: Refers to the capability of using renewable energy source during the 

use phase of the product 
e) Processability (repairable): Refers to the availability of spare parts during the repair stage 
f) Service life (durability): Defined by the durability of the product, environment and use 

condition during the service life of the product. Could be designed to last long or could be 
fast fashion goods 

The characteristics in the end-of-life stage are (Farreny, Gasol and García-Lozano, 2014): 

a) Reusability: Refers to the capacity to use the product again for the same function or different 
function 

b) Closed loop: Refers to the path followed for closing the loop by processing the waste 
generated: Reuse, repair, recycling, energy recovery etc. The closer to the inner circle of 
reuse, higher the score. 

c) Pure and non-toxic flows: Refer to the absence of toxic and hazardous substance during the 
end of life treatment stages 

d) Separability: Refers to the ability to separate different components/materials to manage 
them in different manner 

e) Recyclable/Biodegradable: It refers to the ability of the material to be segregated and 
captured from waste streams for further processing or use / the material must be 
decomposable by micro organisms 

The characteristics from the business perspective are: 

a) Industrial symbiosis: Refers to the level of Interaction between organisation to share 
utilisation of certain equipment and also use waste flows of one organisation as resource by 
another organisation 

b) Product service system: Refers to the possibility to sell service or function instead of selling 
products 

c) Profitable: Refers to the creation of new cash flows in the economy and being profitable 
 

6.5.2. Circular material assessment tool 
Based on the characteristics identified in the previous section, a simple practical tool to assess 
circular material is developed. In this tool, each characteristic of the material is assessed using a scale 
of 1-5, where: 

 5 stands for no room for improvement,  
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 4- small room for improvement,  
 3-some room for improvement,  
 2- big room for improvement,  
 1-enormous room for improvement as shown in the Figure 46.  

The assessment can be evaluated by group of experts and the average rating can be evaluated 
to have a qualitative assessment. The assessment is finally plotted on a spider diagram as shown 
in Figure 46, to identify the area where further focus is needed to improve the circularity of the 
material. This tool can also be used for comparing two different materials to identify the most 
circular material.   
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Figure 46: Framework of the Circular material assessment tool
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6.5.3. Assessment of textile paper bag as circular material 
The textile paper bag is assessed as a circular material using the practical tool: Circular material 
assessment tool and the reason for the various scores for each characteristic are discussed below. 
The characteristic of textile paper bag is discussed in detail below to understand the assessment 
results. 

Raw Material Perspective (Average score: 2.67) 

1. Scarcity (Score 2) - Currently only 11 tons per month of dust fibre are generated from the textile 
recycling in Europe. However, by diverting the huge flow of discarded textile from incineration 
(30%) and landfill (30%), there is a scope for generating additional large amount of dust fibre 
when there are new laws and regulations enforced to promote circular economy. 

2. Durable (Score 4) - Cotton has longer fibres than wood fibre, being also stronger. Formation of 
the paper depends on the length of fibre: shorter fibres weave better to form paper, however 
this reduces the strength properties of paper. Hence there should be a trade-off between length 
of fibre which decides the strength and quality of paper. The shorter the fibre needs to be 
produced by refining, the more energy is consumed. The cotton fibres are more durable than 
wood fibres and do not turn yellow as there is no lignin content as in the wood fibre. 

3. Secondary raw material (Score 3) - The textile paper is made of virgin paper fibre and discarded 
textile fibre. There is still scope for replacing the virgin paper fibre with the recycled paper fibre. 
Thus, 50% of the raw material is from secondary source. 

4. Recyclable/Biodegradable (Score 3) – Since the fibres are cellulose-based fibres from forest and 
cotton, these are recyclable back into paper and biodegradation route could also be considered. 
The further room for improvement could be switching to bio-based printing ink and glue used in 
the conversion process. 

5. Clean/non-toxic (Score 2) - The hazardous chemicals in the dust fibre due to the textile dyes and 
detergents is currently unknown. Hence the water treatment process or another relevant 
treatment should be robust enough to remove the hazardous substances during the paper 
making process. Alternatively, in the future, the textile production will use only non-hazardous 
chemicals, which will also lead to the pure and non-toxic waste streams. Thus, there is further 
room for improvement in this case. 

6. Locally produced resources (Score 2) - Discarded textiles and paper can be recovered from local 
area and can be collected, sorted and used as secondary raw material for manufacturing the 
textile paper. Currently there are only few textile recyclers, e.g.  in Germany and limited supply 
of recycled paper pulp in Europe. 

Manufacturing perspective: (Average score: 3.25) 

1. Processability (Score 4) - The textile paper can be manufactured in a similar way as the normal 
paper making process. Only pre-treatment of dust fibre is an additional process that is required. 
But these processes can be performed in already existing paper mill. Only the water treatment 
process needs to be analysed because the type of sludge from dust fibre is unknown. 

2. Resource efficient (Score 4) - There is no waste produced during the manufacturing of the textile 
paper bag except for the 2% waste generated in the screening which consist of plastics or metal 
pieces. Otherwise the manufacturing process is resource efficient. Even water and energy used in 
the paper making process is recovered and reused as long as possible similar to the pulp and 
paper mill. 

3. Renewable energy uses (Score 3) - The energy grid of Sweden is more environmental friendly 
due to high utilization of hydropower. Hence there is possibility of manufacturing the textile 
paper bag if the paper mill chosen is an integrated mill which produces its own energy. 

4. Non-hazardous chemicals use (Score 2) - More chemicals are used for making the virgin paper 
pulp than the recycled paper pulp (reference?). It is highly beneficial in terms of environmental 
impacts to use recovered paper pulp as raw material to produce cleaner, non-toxic paper. 
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However, the hazardous contents available in the dust fibre and its influence during the water 
treatment are unknown. Less chemicals are needed for cotton fibre during manufacturing as less 
amount of lignin in cotton fibre. 

Use perspective: (Average score: 3.5) 

1. Functionality (Score 3) – The textile paper bag provides the same function as the other common 
paper bags except that the carrying capacity of the bag is lower. This can be increased with 
increased use of starch during paper making. The application of textile paper bag is considered in 
this study as paper carrier bags for clothes and similar articles, being not relevant as grocery 
bags. 

2. User perception (Score 3) - The textile paper bag provides a new feel and looks of the paper and 
provides the customer with an exciting feel for the ecological print in the paper bag. The bag has 
the potential for multi-function design, e.g. converting the bag into a hanger or a fast fashion 
material for clothes in its second life. 

3. Resource efficient (Score 5) - There is no waste produced during use phase. Even after the end of 
life the bag can be recycled back into paper and kept in circulation in the economy for long time. 

4. Renewable energy use (Score – N/A) - No energy/ material are required during use phase of a 
textile paper bag. It is a fast consumer good, and used for short time, being recycled back to form 
paper again. 

5. Processablity (repairable) (Score – N/A) - A paper bag being a low value product does not 
require much focus on having a modular design to facilitate repair. The design of paper bag could 
be such that the bag handles could be replaced once it gets worn out. 

6. Service life (Score 3) - The strength of the textile paper bag should be in the range of the virgin 
and the recycled paper, and could be increased by increasing the starch content or by adding 
other strength-adding chemicals. 

End of life perspective: (Average score: 2.8) 

1. Reusability (Score 3) - The reusability of the textile paper bag can be increased by designing a 
second product life possibility, e.g. as a hanger for clothes or a fast fashion material for clothes. 
The strength of the paper is an important parameter then.  

2. Closed loop (Score 4) - The textile paper can be recycled and circulated back into the economy, 
but the probability of reuse or staying in the inner circle is lower. 

3. Pure and non-toxic flows (Score 2) - It is unknown what kind of chemicals or hazardous 
substances are present in the raw material dust fibre. It could be a mix of various detergents 
used by the consumers during use phase and the chemicals used for dying textiles and printing 
inks. 
Separability (Score 2) - Separation of dust fibre and paper fibre during the end of life is not an 
efficient process nowadays. But probably there is no need for segregation as both the materials 
have similar properties of recycling and biodegradability. 

4. Recyclable/Biodegradable (Score 3) - The textile paper bag can be recycled into paper again. 
After recycling for certain number of times, the fibres can shorten. The hazardous content of 
textile dust fibre is not known and hence there is a potential risk of introducing the textile paper 
in the recycling process. The potential solution is manufacturing of textile paper at recovered 
paper mills or similar facilities that are experts in handling different types of secondary materials. 

Business perspective: (Average score: 3.5) 

1. Industrial symbiosis (Score 4) - A new interaction between the textile recyclers and the paper 
industry is created where the flow of textile dust fibre waste is utilized as a secondary raw 
material for manufacturing textile paper bags. The dust fibre which is normally incinerated is 
given a new value in terms of raw material for further use in the economy. 
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2. Product service system (Score N/A) - No straightforward further improvement possible in this 
case of application as paper bag as it is a fast consumer products. 

3. Profitable (Score 3) - Brand image of the textile retailers could increase. The cost of the textile 
paper bags is lower if compared to cost of the virgin and recycled paper bags. 

The textile paper bag is assessed and scored for each characteristic from a life cycle perspective and 
business perspective under the current scenario without the implementation of short-term and long-
term eco-design strategies. 

6.5.4. Possible future scenario of textile paper bag inspired by SDGs 
An additional, possible future scenario of textile paper bag with most of the eco-design strategies 
already implemented based on the inspiration from the Sustainable Development Goals (SDGs) is 
analysed. The scores for the eco-designed scenario is improved for the following characteristics 
associated to the SDGs: scarcity, secondary raw material, recyclable/biodegradable, clean/non-toxic, 
locally produced resources, resource efficient, renewable energy use, processibility, service life, 
reusability, separability, industrial symbiosis, product service system and profitability.   

The comparative score of textile paper bag in current and eco-designed scenario is shown in Figure 
47. With the use of clean energy, better technology and infrastructure, economic growth, protection 
of ecosystems and responsible consumption, the possibility of improving the textile paper bag as 
circular material is high.  
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Figure 47: Assessment of textile paper bag as a circular material
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6.6.   Demonstrators 
The final objective of this master thesis was to develop demonstrators for textile paper carrier bag as 
a circular economy. A workshop was conducted to gather innovative ideas to demonstrate textile 
paper carrier bag as a circular material. The participants of the workshop were students (working on 
different projects related to the circular economy) and supervisors of the TechMarkArena.  Different 
ideas generated during the workshop are shown in Figure 48. 

 

Figure 48: Workshop held for demonstrating textile paper bag as a circular material. 

A trial of making hand-made textile paper at home was performed by the author of this master 
thesis, utilizing: a) the lint waste generated in the laundry dryers at household and b) the old 
newspapers. The paper produced with varying proportions of lint and old newspapers are shown in 
Figure 49.  

The picture a) represents the raw materials used for manufacturing the hand-made textile paper: lint 
and old newspaper. The picture b) shows the slushed and refined lint and paper fibre in water. 
Picture c) shows the drying process after paper formation at room temperature. The picture d) 
represents the textile paper made from various proportion of lint: 0%, 30%, and 50%. 
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Figure 49: Homemade textile paper 

From own ideas as well as ideas generated from the workshop, the final demonstrators were made 
using the textile paper material as shown in the Figure 50. The picture a) represents a carrier bag in 
the shape of a blouse that demonstrates the textile, carrier bag and the new material textile paper. 
In the similar way, the picture b) represents a carrier bag made in the form of a skirt. The picture c) 
represents a carrier bag with recyclability logo that could influence the behaviour of the customer for 
proper waste management. The picture d) represents a carrier bag converted into a textile suitable 
for as one-time fashion promoting the multi-functionality of the bag.  

 

Figure 50: Various demonstrators for textile paper carrier bag as a circular material. 
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7. Discussion 
Value chain 

As mentioned earlier around 60% of the discarded textiles in Europe end up in landfill or are 
incinerated for energy recovery. The environmental impacts will increase if the system does not 
change because the need for the virgin material increases. It is also as obvious as stated in the result 
that the carbon footprint is lower (by 7% when compared to recycled paper bag) when the textile 
dust fibre is used as secondary raw material than when it is incinerated. Hence more stringent 
policies to divert the discarded textiles from incineration to recycling should be enforced which in 
turn would increase the use of secondary raw material, hence promoting circular economy. 
Increasing the awareness to the public about resource efficiency could reduce the amount of textiles 
hibernating in the wardrobes of the consumers.  

Most of the textiles are manufactured from a blend of different fibre materials (cotton, synthetic, 
etc.). Segregation techniques (that can separate different fibres based on material type and quality) 
to obtain 100% pure cotton fibre needs to be developed or textiles re-designed. The availability of 
100% cotton dust fibre would improve the paper formation when used for manufacturing textile 
paper. Using 100% cotton dust fibre for paper making would also reduce the possibility of infiltrating 
synthetic microfibers into the water bodies which is currently one of the environmental impacts 
harming the aquatic lives.  

Often the waste streams of pre-consumer and post-consumer stages are identified during the 
analysis of a value chain. In case of the textile value chain, waste stream from the use phase is 
identified that might have better prospect of being utilised as a circular material. The lint generated 
in the laundry dryers is similar to the dust fibre generated as waste from textile recycling. Further 
research needs to be carried out to understand the properties of the lint fibre and identify suitable 
applications where they could be utilised. 

Life Cycle Assessment (LCA) 

The major process contributing to the environmental impacts are the paper mill, pulp mill, 
conversion of paper to paper bags and the collection of discarded textiles. The paper mill and the 
pulp mill are energy intensive processes, whereas the conversion to paper bag uses printing inks and 
adhesives - chemicals containing toxic substances, which are harmful to the environment or humans.  

The virgin pulp mill considered in the life cycle assessment produced the energy required for the 
pulping process by incineration of the biomass (bark and lignin) that was generated as waste in the 
process. However, the recycled pulp mill considered in this study used 90% of the energy consumed 
for the pulping came from non-renewable sources and was the only available supplier in Europe. The 
global warming potential of the virgin paper bags and also the textile paper bags using 50% virgin 
pulp showed less environmental impact compared to the impact of recycled paper bags due to the 
energy origin and the transportation distance from the only recycled pulp supplier to the paper mill. 
It was observed that the trend of the global warming potential and the primary energy were not 
directly proportion due to the above mentioned reason, i.e. the sources of energy demanded in the 
virgin and the recycled pulp production were different.  

Significant changes in environmental impact results might be noticed when carrying out LCA for 
integrated and non-integrated paper mills, as the former has higher resource efficiency due to better 
recovery of waste streams for energy generation.  

It is also observed that, even when the textile paper bag manufacturing required additional process 
of pre–treating the dust fibre, the overall global warming potential was lower than that of the virgin 
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and recycled paper bags. The energy required for pre-treating dust fibre was negligible if compared 
to the energy used in the pulping and the drying processes at the paper mill. The environmental 
impacts of local supply of all required resources (dust fibre, pulp, chemicals etc.) conveyed that the 
textile paper bag has much lower environmental impacts than both reference cases: virgin paper bag 
and the recycled paper bag.  

The type of pulp and paper mills (either integrated or non-integrated), geographic location and the 
sources of energy consumed in the process have high influence on the global warming potential or 
the carbon footprint. One of the limitations to the life cycle assessment was the lack of information 
on the chemical content of the dust fibre generated from textile recycling. The emissions to water 
were considered to be same for the virgin paper bag and the textile paper bag. The environmental 
impact results may vary if the actual emissions generated from manufacturing of textile paper bag 
are considered.  

On the overall, using renewable source of energy, secondary source of raw material, having local 
resource supply reduced the environmental impacts. It can be noticed that these are some of the 
important characteristics of the circular economy.   

Techno-economic assessment (TEA) 

The results of the techno-economic assessment states that the textile paper bag is less expensive to 
produce in terms of operating costs compared to the virgin and the recycled paper bags. However, 
the investment cost may vary with specific paper mill, depending on the availability of the 
equipment’s and facilities required for dust fibre pre-treatment. In addition, the maintenance cost 
also could vary depending on the age of the facility and the equipment.  

Since the textile paper is the new material and manufacturing concept, the actual cost of 
manufacturing operation can be different than the preliminary estimated cost in this master thesis, 
due to contingency factors and also the economy of scale. The costs considered in the analysis are 
based on the current global economy. Since these costs are dynamic, the overall operating cost could 
vary depending on the time and the geographic location.  

The major cost contributors in the assessment were the market cost of paper pulp (virgin and 
recycled), cost of operating paper mill and the paper to paper bag conversion cost. Nowadays, the 
textile dust fibre is incinerated with energy recovery and available at lower market cost compared to 
the paper pulp. The cost of dust fibre may vary depending on various qualities. The cost of dust fibre 
can increase to certain number of times beyond which it is not economically profitable compared to 
the virgin and the recycled paper bags.  

Eco-design 

All eco-design strategies could not be quantified for their environmental and economic aspects due 
to lack of sufficient data and further technological research needed. The eco-design strategies that 
proved to reduce the environmental impacts were: reducing the grammage of the paper, using 
recycled paper pulp instead of virgin pulp, using locally supplied resources etc. Reducing the 
grammage of the paper would tend to reduce the strength properties of the paper produced. Hence 
it must be complemented by addition of more starch or strength-adding chemicals. However, the 
starch cannot be added after some point as it starts to foam the pulp solution leading to improper 
formation of paper. A trade-off between the minimum grammage and maximum amount of starch 
addition should be decided. This requires further experiments and trials to be conducted.  

One of the eco-design strategies that promised to reduce the environmental impact is replacing 
virgin paper pulp with recycled paper pulp. Currently the market availability for the recycled paper 
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pulp is limited, with only one supplier in Europe. It would take sufficient time to implement this 
strategy.  

The technical strength properties of using recycled paper pulp instead of virgin paper pulp needs to 
be further researched upon, as the strength of recycled fibres tend to be lower than the strength of 
virgin fibres. In addition, having a local supply of resources would also be a long-term action as textile 
recycling facility and recycled pulp market is not found in abundance at a global scale.  

The eco-design strategy to increase the proportion of dust also showed promising decrease in the 
environmental impact and the economic aspects. However, textile recycling and the dust fibre 
generated in current scenario are limited because most of the discarded textiles are incinerated or 
landfilled along with the municipal waste. This strategy could also take long time to be implemented 
post enforcement of recycling regulations and establishment of textile recyclers all around the world.  

On the overall, the textile paper bag is more environmental friendly and provides economic benefits 
in the current scenario. The technical strength properties such as burst index, tensile strength etc. of 
the new novel material need to be further investigated and compared with the reference carrier 
bags. Depending on the technical strength properties of the textile paper, it could be utilised for a 
wide range of applications. The circular material rating of textile paper carrier bag will increase, if 
source of raw material is from local supply, renewable energy is used during its life cycle, clean and 
non-toxic dust fibre is used, and abundant supply of dust fibre is available. 
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8. Conclusion 
Textiles waste must be diverted from incineration and landfill to retain the value of the material 
longer in the economy. The dust fibre waste from textile recycling can find better use in packaging or 
other applications as a circular material. The textile paper bag has lower environmental impact than 
virgin and recycled paper bags. The textile paper requires lower operating cost in manufacturing 
processes if compared to the virgin paper and recycled paper operating costs due to the lower cost 
of textile dust fibre. The investment cost and the maintenance cost of the facility for manufacturing 
the textile paper could vary depending on specific conditions of a paper mill. Using textile paper bags 
helps to promote textile recycling, textile brand owners image as they can market their sustainability 
with the help of such bags made from secondary raw material from textiles. Textile paper material 
would increase its rating as circular material, if source of raw material is from local supply, renewable 
energy is used during its life cycle, clean/ non-toxic dust fibre is used, and abundant supply of dust 
fibre is available. 
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9. Recommendations 
The circular material assessment tool is developed from a qualitative perspective however it covers 
the entire life cycle of the product under assessment. The framework for scoring is dependent on 
certain weights (1 to 5) which are used as trade-offs for compensation and commensurability. It is 
common to expect a bias while scoring different materials.  Certain characteristics of the circular 
material might be uncertain or judged subjectively due to lack of data or research and hence there is 
a risk for misleading conclusions. It is necessary to combine this tool with a quantitative tool to 
evaluate circularity of a product or material. A robust tool to quantify each characteristic of the 
circular material would provide better results. 

The Life Cycle Assessment (LCA) of the textile paper bag was limited due to unavailability of primary 
data and chemical content of textile dust fibre as well as wastewater emission data related to the 
textile dust fibre contents. Hence, further analysis is recommended.  The pulp and paper making 
processes’ inventories considered in the life cycle assessment were average European datasets from 
the established Ecoinvent database. More accurate assessment of environmental impacts can be 
performed if inventories related to specific site are recommended to be obtained.  

The possibility of utilising lint (generated in the laundry dryers) as secondary raw material for 
manufacturing textile paper need to be further explored in terms of strength properties, availability 
etc.  

The economic aspects of the operating costs were considered in this study. A more detailed 
economic assessment can be carried out by including investment costs based on the availability 
infrastructure at pulp and paper mills. 
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Appendix A: Inventory details for LCA 
a) Collection of discarded textiles 

Time-related coverage 2009-2016 
Geographical coverage Stockholm to Germany 
Technology coverage Latest standard- EURO 6 

Other notes 
-Average payload capacity considered as 14t per truck 
-Allocated to 50% of load as the return trip is empty 

 

Inputs Flow name Value Unit Notes/Source 

 Discarded textiles [Textile] 1.00 t 
 

 

RER: transport, freight, lorry 
16-32 metric ton, EURO6 
[allocatable product] 1192 tkm 

Average distance between 
Stockholm to German recycling 
centre – 1192 km (Google maps, 
2017) 

Outputs  Flow name Value Unit Notes/Source 
Discarded textiles [Textile] 1.00 t 

  
b) Sorting of discarded textiles 

Time-related coverage 2015-2016           
Geographical coverage Germany           
Technology coverage Latest           

Other notes 
Assumed the electricity of the track system as similar to the Fretex recyclers 
in Norway (Schmidt et al., 2016) 

 

Inputs Flow name Value Unit Notes/Source 
  Discarded textiles [Textile] 1 t 

   Electricity [Others] 70 kWh 70 kWh (Schmidt et al., 2016) 
Outputs  Flow name Value Unit Notes/Source 

  textiles for recycling [Textile] 0.22 t 

22% recycled (fibre pulling 14% + 
8% other recycling+ reuse) (SOEX 
Group, 2017) 

  
Other discarded textiles 
[Textile] 0.75 t 

Rewear 60% + wipers 15% (SOEX 
Group, 2017) 

  
Other waste (non-textile) 
[Auxiliary flow] 0.030 t 3% waste (SOEX Group, 2017) 

 
 

c) Recycling discarded textiles 

Time-related coverage 2009-2015           
Geographical coverage Germany           
Technology coverage Latest           
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Other notes 
Assumed that 5% is dust fibre generated during material recycling 
Tearing machine used at textile recycling assumed to be M/1900 

 

Inputs Flow name Value Unit Notes/Source 

 Electricity [Others] 57.5 kWh 

Electricity for tearing - 57,5kWh/ 
ton of textiles (Dell’Orco & 
Villani, 2015) 
Electricity consumption during 
cutting; Baling; extraction of dust 
fibre is not included due to lack 
of information 

 textiles for recycling [Textile] 1 t   
Outputs  Flow name Value Unit Notes/Source 

 Dust fibre [Textile] 0.05 t 
Assuming 5% of the textile 
becomes dust fibre  

 Insulation fibre [Textile] 0.94 t 94% is insulation fibre 

 
Other waste from recycling 
textiles [Textile] 0.01 t 1% is waste (plastics, metals etc.) 

 
d) Briquetting of dust fibre 

Time-related coverage         
Geographical coverage  Europe       
Technology coverage  Latest       

Other notes 
 Briquetting machine considered RUF 200 
18% water content assumed in the dust fibre briquettes       

 
Inputs Flow name Value Unit Notes/Source 
  Dust fibre [Textile] 1 kg Assuming for 1 kg of dust fibre 

  Electricity [Others] 0.056 kWh 

Based on RUF 200; 15 hp for 440 
pound per hour (RUF US Inc., 
2017) 

  
Water (process water) 
[Operating materials] 0.18 kg 

18% moisture added for 
briquetting (Kers et al., 2010) 

Outputs  Flow name Value Unit Notes/Source 

  

dust fibre briquettes 
[Materials from renewable 
raw materials] 1.18 kg Mass balance 

 
e) Transport of dust briquettes 

Time-related coverage         
Geographical coverage  Germany to Sweden       
Technology coverage  Latest EURO 6       

Other notes 
 -Average payload capacity considered as 5.79t - 15.79t per truck 
-Allocated to 50% of load as the return trip is empty       
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Inputs Flow name Value Unit Notes/Source 

  

dust fibre briquettes 
[Materials from renewable 
raw materials] 1.00 t   

  

RER: transport, freight, lorry 
16-32 metric ton, EURO6 
[allocatable product] 946.00 tkm 

Distance between textile 
recyclers to Swedish paper mill = 
946 km (Google maps, 2017) 

Outputs  Flow name Value Unit Notes/Source 

  

dust fibre briquettes 
[Materials from renewable 
raw materials] 1.00 t   

 
f) Virgin pulp mill 

Time-related 
coverage 1997-2000 
Geographical 
coverage 

Data from Finnish database and from several Scandinavian producers used as 
European average data 

Technology 
coverage Modern Average technology 

Other notes 

This module includes the production of sulphate pulp with the TCF bleaching 
process - including transports to the pulp mill, wood handling,   chemical pulping 
and bleaching, drying process, energy production on-site, recovery cycles of 
chemicals internal waste water treatment. 

 

Inputs Flow name Value Unit Notes/Source 
 - - - - 
Outputs  Flow name Value Unit Notes/Source 

  
RER: sulfate pulp [allocatable 
product] 1.00 t  Ecoinvent database 

 
g) Transport of Virgin pulp to paper mill 

Time-related coverage         
Geographical coverage Pulp mill (Sweden) to Paper mill (Sweden)       
Technology coverage  Latest EURO 6       

Other notes 
 -Average payload capacity considered as 19.20t 33.20t per truck 
-Allocated to 50% of load as the return trip is empty       

  
Inputs Flow name Value Unit Notes/Source 

  
RER: sulfate pulp [allocatable 
product] 1.00 t   

  

RER: transport, freight, loryy 
>32 metric ton, EURO6 
[allocatable product] 157 tkm 

Distance between pulp mill and 
paper mill 157 km (Google maps, 
2017) 

Outputs  Flow name Value Unit Notes/Source 
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RER: sulfate pulp [allocatable 
product] 1.00 t   

 
h) Sorting of recovered paper 

Time-related coverage  1993-2014       
Geographical 
coverage 

Data from the European Paper & Pulp industry, used as European 
average, Europe without Switzerland       

Technology coverage Current, typical technology used in Europe around 2005       

Other notes 

 Ecoinvent database: Europe without Switzerland: treatment of 
waste paper, unsorted, sorting ecoinvent 
This module includes the efforts for sorting collected paper (energy, 
materials), the treatment of the waste fractions extracted plus the 
subsequent transport to a paper production site.       

 

Inputs Flow name Value Unit Notes/Source 

  - -  - 
Output
s  Flow name Value Unit Notes/Source 

  
RER treatment of waste paper, unsorted, 
sorting 1.00 kg  Ecoinvent database 

 
i) Recovered pulp mill 

Time-related coverage  2016           
Geographical coverage  France           
Technology coverage  Latest           
Other notes  Non-integrated recycled pulp mill with deinking process           

 

Inputs Flow name Value Unit Notes/Source 

  DE: bentonite, at processing [additives] 4 kg 
Based on BAT (Suhr et 
al., 2015) 

  
FR: electricity, medium voltage, at grid 
[supply mix] 774 kWh 

Environmental data 
sheet (GREENFIELD SAS, 
Château-Thierry, 2017) 

  
Recovered Paper [Materials from renewable 
raw materials] 1200 kg 

Based on recycled pulp 
mill (Arjowiggins, 2017) 

  
RER: DTPA, diethylenetriaminepentaacetic 
acid, at plant [organics] 3 kg 

Based on BAT (Suhr et 
al., 2015) 

  
RER: hydrogen peroxide, 50% in H2O, at 
plant [inorganics] 25 kg 

Based on BAT(Suhr et 
al., 2015) 

  
RER: natural gas, high pressure, at consumer 
[fuels] 1038 kWh 

Environmental data 
sheet (GREENFIELD SAS, 
Château-Thierry, 2017) 

  RER: soap, at plant [Surfactants (tensides)] 8 kg 
Based on BAT (Suhr et 
al., 2015) 

  
RER: sodium hydroxide, 50% in H2O, 
production mix, at plant [inorganics] 10 kg 

Based on BAT (Suhr et 
al., 2015) 
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RER: sodium silicate, spray powder, 80% 
[allocatable product] 25 kg 

Based on BAT (Suhr et 
al., 2015) 

  
RER: sulphuric acid, liquid, at plant 
[inorganics] 10 kg 

Based on BAT (Suhr et 
al., 2015) 

  
Sodium dithionite [Inorganic intermediate 
products] 10 kg 

Based on BAT(Suhr et 
al., 2015) 

  Talc [Minerals] 15 kg 
Based on BAT(Suhr et 
al., 2015) 

  Water (process water) [Operating materials] 8320 kg 

Environmental data 
sheet (GREENFIELD SAS, 
Château-Thierry, 2017) 

Outputs  Flow name Value Unit Notes/Source 

  
Recovered Paper Pulp [Materials from 
renewable raw materials] 1 t 

Based on recycled pulp 
mill (Arjowiggins, 2017) 

  
AOX, Adsorbable Organic Halogen as Cl 
[ecoinvent long-term to fresh water] 0.0036 kg 

Environmental data 
sheet (GREENFIELD SAS, 
Château-Thierry, 2017) 

  
BOD in waste water to external WWTP 
[Production residues in life cycle] 0.09 kg 

Environmental data 
sheet (GREENFIELD SAS, 
Château-Thierry, 2017) 

  Carbon dioxide [Inorganic emissions to air] 192 kg 

Environmental data 
sheet (GREENFIELD SAS, 
Château-Thierry, 2017) 

  CH: ash from deinking sludge [Waste] 1 kg 
Based on BAT (Suhr et 
al., 2015) 

  
COD, Chemical Oxygen Demand [ecoinvent 
long-term to fresh water] 2.29 kg 

Environmental data 
sheet (GREENFIELD SAS, 
Château-Thierry, 2017) 

  
Nitrogen [Inorganic emissions to fresh 
water] 0.091 kg 

Environmental data 
sheet (GREENFIELD SAS, 
Château-Thierry, 2017) 

  Nitrogen oxides [Inorganic emissions to air] 0.224 kg 

Environmental data 
sheet (GREENFIELD SAS, 
Château-Thierry, 2017) 

  
Phosphorus [Inorganic emissions to fresh 
water] 0.01 kg 

Environmental data 
sheet (GREENFIELD SAS, 
Château-Thierry, 2017) 

  Solids (suspended) [Particles to fresh water] 0.142 kg 

Environmental data 
sheet (GREENFIELD SAS, 
Château-Thierry, 2017) 

  Sulphur dioxide [Inorganic emissions to air] 0.002 kg 

Environmental data 
sheet (GREENFIELD SAS, 
Château-Thierry, 2017) 

 
Waste water [Other emissions to fresh 
water] 8220 kg 

assuming 10% moisture 
in adt pulp 

 
 

j) Transport of recycled pulp to paper mill 

Time-related coverage         
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Geographical coverage Recycled Pulp mill (France) to Paper mill (Sweden)       
Technology coverage  Latest EURO 6       

Other notes 
 -Average payload capacity considered as 19.20t 33.20t per truck 
-Allocated to 50% of load as the return trip is empty       

 

Inputs Flow name Value Unit Notes/Source 

  

Recovered Paper Pulp 
[Materials from renewable 
raw materials] 1.00 t   

  

transport, freight, loryy >32 
metric ton, EURO6 [allocatable 
product] 1570 tkm 

Distance between recovered 
pulp mill and paper mill 1570 km 
(Google maps, 2017) 

Outputs  Flow name Value Unit Notes/Source 

  

Recovered Paper Pulp 
[Materials from renewable 
raw materials] 1.00 t   

 
 

k) Pulping of dust fibre 
 

Time-related coverage  2016       
Geographical coverage  Stockholm       
Technology coverage  Based on Data from experiments conducted by RISE Bioeconomy       
Other notes  Pulping consistency : Fibre 3,25% and water 96,75%       

 
Inputs Flow name Value Unit Notes/Source 

  

dust fibre briquettes 
[Materials from renewable 
raw materials] 1 t 

 

  Electricity [Others] 73 kWh 

Electricity of agitators-69,6 kWh 
+ pump 3,4 kWh (Bjärestrand, 
2017) 

  
Water (process water) 
[Operating materials] 29.77 t 

Water content required- 96,75% 
Fibre content (3,25%) 
(Bjärestrand, 2017) 

Outputs  Flow name Value Unit Notes/Source 
  Dust Fibre solution [Textile] 30.77 t Mass balance 

 
l) Refining of dust fibre 

Time-related 
coverage  2016       
Geographical 
coverage  Stockholm       
Technology 
coverage  Based on Data from experiments conducted by RISE Bioeconomy       
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Other notes 
Refining textile dust fibre to average length of 0,92 mm and non-
existence of fibres longer than 4 mm      

 
Inputs Flow name Value Unit Notes/Source 
  Dust Fibre solution [Textile] 30770 t   

  Electricity [Others] 247.4 kWh 

Electricity of refining 200kWh/t + 
pump 3,40 kWh/t+ refining of 
screening rejects 44 kWh/t 
(Bjärestrand, 2017) 

  
screened dust fibre rejects 
[Textile] 10.862 t 

Rejects from screening which is 
next stage process (20%). 
(Bjärestrand, 2017) 

Outputs  Flow name Value Unit Notes/Source 

  
refined dust fibre solution 
[Textile] 41.630 t Mass balance 

 
m) Screening of dust fibre 

Time-related 
coverage  2016       
Geographical 
coverage  Stockholm       
Technology 
coverage  Based on data from experiments conducted by RISE Bioeconomy       

Other notes 

-Screening of dust fibre using screen with slots of size 0,2 mm.  
-Rejects from screening (20%) are recirculated back to refining stage, 
and 2% are waste      

 
Inputs Flow name Value Unit Notes/Source 

  Electricity [Others] 42.3 kWh 
Electricity of screening 32,5 + 
pump 9,75 (Bjärestrand, 2017) 

  
refined dust fibre solution 
[Textile] 41.63 t from previous process 

  
Water (process water) 
[Operating materials] 76.37 t 

Water newly added (13,63 t) + 
recirculated water from output 
of screening (62,74 t) 
(Bjärestrand, 2017) 

Outputs  Flow name Value Unit Notes/Source 

  
screened dust fibre rejects 
[Textile] 10.86 t 20% rejects (Bjärestrand, 2017) 

  
Screened dust fibre solution 
[Textile] 43.78 t Mass balance 

  
Screened dust fibre waste 
[Textile] 0.620 t 2% waste (Bjärestrand, 2017) 

 
Water (process water) 
[Operating materials] 62.74 t 

Recirculated water back to input 
of screening (Bjärestrand, 2017) 

 
n) Pulping of virgin/ recovered paper pulp 
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Time-related coverage  2016       
Geographical coverage  Stockholm       
Technology coverage  Based on data from experiments conducted by RISE (bioeconomy)       
Other notes  Pulping consistency : Fibre 4,5% and water 95,5%       

 

Inputs Flow name Value Unit Notes/Source 

  Electricity [Others] 26 kWh 

Data from experiments 
conducted at RISE (inclusive of 
pump energy consumption 2.8 
kWh/t) – (23,2 +2,8) kWh/t 
(Bjärestrand, 2017) 

  
RER: sulphate pulp, TCF 
bleached, at plant [pulps] 1 t  Assumed to be air dried pulp 

  
Water (process water) 
[Operating materials] 21.22 t 

Solids 4,5% , water 95,5% 
(Bjärestrand, 2017) 

Outputs  Flow name Value Unit Notes/Source 

  

pulped paper pulp [Materials 
from renewable raw 
materials] 22.22 t Mass balance 

 
o) Refining of virgin paper pulp 

Time-related coverage  2016       
Geographical coverage  Stockholm       
Technology coverage  Based on data from experiments conducted by RISE (bioeconomy)       
Other notes Refining done at 75 kWh/t       

 
Inputs Flow name Value Unit Notes/Source 

  Electricity [Others] 75 kWh 

Data from experiments 
conducted at RISE (Bjärestrand, 
2017) 

  

pulped paper pulp [Materials 
from renewable raw 
materials] 22.22 t 

 Data from experiments 
conducted at RISE (Bjärestrand, 
2017) 

Outputs  Flow name Value Unit Notes/Source 

  

refined paper pulp [Materials 
from renewable raw 
materials] 22.22 t Mass balance 

 
p) Refining of recovered paper pulp 

Time-related coverage  2016       
Geographical coverage  Stockholm       
Technology coverage  Based on data from experiments conducted by RISE Bioeconomy       
Other notes Refining done at 40 kWh/t       
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Inputs Flow name Value Unit Notes/Source 

  Electricity [Others] 40 kWh 

Data from experiments 
conducted at RISE (Bjärestrand, 
2017) 

  

pulped paper pulp [Materials 
from renewable raw 
materials] 22.22 t   

Outputs  Flow name Value Unit Notes/Source 

  

refined paper pulp [Materials 
from renewable raw 
materials] 22.22 t Mass balance 

 
q) Mixing of pre-treated dust fibre pulp and the paper pulp 

Time-related coverage  2016       
Geographical coverage  Stockholm       
Technology coverage  Based on data from experiments conducted by RISE (bioeconomy)       
Other notes Mixing electricity consumption is 18 kWh/t of dust fibre       
 

Inputs Flow name Value Unit Notes/Source 

  Electricity [Others] 18 kWh 

Data from experiments 
conducted by RISE -1,5 kWh for 
each chest, 15kWh for screen 
and pump (Bjärestrand, 2017) 

  

refined paper pulp [Materials 
from renewable raw 
materials] 22.22 t   

  
Screened dust fibre solution 
[Textile] 43.78 t   

  
Water (process water) 
[Operating materials] 181.5 t 

for dilution to 99,2% 
(Bjärestrand, 2017) 

Outputs  Flow name Value Unit Notes/Source 

  

Textile paper pulp [Materials 
from renewable raw 
materials] 247.5 t  Mass balance 

 
r) Paper Mill (Virgin paper / Textile paper with virgin paper pulp) 

Time-related 
coverage 

 1993 (data related to emissions) + Best available techniques (BAT) - paper 
mill 2015 edition       

Geographical 
coverage European average       
Technology 
coverage 

Partial Ecoinvent database for the emissions - technology of one Swiss 
producer        

Other notes 

Data of non-integrated paper mill considered for emissions 
The emissions related to textile paper considered same as the virgin paper 
mill emission due to lack of information or data       
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Inputs Flow name Value Unit Notes/Source 

  Electricity [Others] 583 kWh 

Based on BAT (Suhr et al., 2015) 
Machine capacity 150000t/yr 
non-integrated mill 

  
Paper pulp [Materials from 
renewable raw materials] 116.19 t 

Data from experiments 
conducted by RISE (assuming 7% 
water content in final paper) 
(Bjärestrand, 2017) 

  

RER: DTPA, 
diethylenetriaminepentaacetic 
acid, at plant [organics] 3 kg (Anders Mähler, 2017) 

  
RER: heat, in chemical industry 
[allocatable product] 1150 kWh 

Energy required for drying paper 
from 50% water at 50 C to 100 C 
steam (Anders Mähler, 2017) 

  
DE: potato starch, at plant 
[plant production] 10 kg 

10 kg/ton of paper (Anders 
Mähler, 2017) 

  
Sodium bicarbonate [Inorganic 
intermediate products] 2 kg 

2 kg/t of paper (Anders Mähler, 
2017) 

Outputs  Flow name Value Unit Notes/Source 

  
Textile paper [Materials from 
renewable raw materials] 1.00 t   

  
Waste water [Other emissions 
to fresh water] 114.34 t 

 Mass balance. Waste water from 
Vacuum stage in paper mill 

  

Biological oxygen demand 
(BOD) [Analytical measures to 
fresh water] 0.45 kg 

Ecoinvent database : “packaging 
paper, bleached, at plant (RER)” 

  

Chemical oxygen demand 
(COD) [Analytical measures to 
fresh water] 1.68 kg 

Ecoinvent database : “packaging 
paper, bleached, at plant (RER)” 

  
Solids (suspended) [ecoinvent 
long-term to fresh water] 0.46 kg 

Ecoinvent database : “packaging 
paper, bleached, at plant (RER)” 

  
Solids, inorganic [ecoinvent 
long-term to fresh water] 3.00 kg 

Ecoinvent database : “packaging 
paper, bleached, at plant (RER)” 

  
Waste heat [Other emissions 
to air] 3049.20 MJ 

Ecoinvent database : “packaging 
paper, bleached, at plant (RER)” 

 

s) Paper Mill (recycled  paper / Textile paper with recycled paper pulp) 

Time-
related 
coverage 

 1993 (data related to emissions) + Best available techniques-paper mill 2015 
edition       

Geographic
al coverage European average       
Technology 
coverage 

Partial Ecoinvent database for the emissions - technology of one Swiss 
producer        

Other 
notes 

Data of non-integrated paper mill considered for emissions 
The emissions related to textile paper (using recycled paper pulp) considered 
same as the recycled paper mill emission due to lack of information or data       
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Inputs Flow name Value Unit Notes/Source 

  Electricity [Others] 583 kWh 

Based on BAT (Suhr et al., 2015) 
Machine capacity 150000t/yr 
non-integrated mill 

  
Paper pulp [Materials from 
renewable raw materials] 116.19 t 

Data from experiments 
conducted by RISE (assuming 7% 
water content in final paper) 
(Bjärestrand, 2017) 

  

RER: DTPA, 
diethylenetriaminepentaacetic 
acid, at plant [organics] 3 kg (Anders Mähler, 2017) 

  
RER: heat, in chemical industry 
[allocatable product] 1150 kWh 

Energy required for drying paper 
from 50% water at 50 C to 100 C 
steam (Anders Mähler, 2017) 

  
DE: potato starch, at plant 
[plant production] 10 kg (Anders Mähler, 2017) 

  
Sodium bicarbonate [Inorganic 
intermediate products] 2 kg (Anders Mähler, 2017) 

Outputs  Flow name Value Unit Notes/Source 

  
Textile paper [Materials from 
renewable raw materials] 1.00 t   

  
Waste water [Other emissions 
to fresh water] 114.34 t 

 Mass balance. Waste water from 
Vacuum stage in paper mill 

  

Biological oxygen demand 
(BOD) [Analytical measures to 
fresh water] 0.06 kg 

Ecoinvent database : “recycling 
paper, without deinking, at plant 
(RER)” 

  

Chemical oxygen demand 
(COD) [Analytical measures to 
fresh water] 0.7 kg 

Ecoinvent database : “recycling 
paper, without deinking, at plant 
(RER)” 

  
Solids (suspended) [ecoinvent 
long-term to fresh water] 0.13 kg 

Ecoinvent database : “recycling 
paper, without deinking, at plant 
(RER)” 

  
Solids, inorganic [ecoinvent 
long-term to fresh water] 3.00 kg 

Ecoinvent database : “recycling 
paper, without deinking, at plant 
(RER)” 

  
Waste heat [Other emissions 
to air] 151 MJ 

Ecoinvent database : “recycling 
paper, without deinking, at plant 
(RER)” 

 
Nitrogen [Inorganic emissions 
to fresh water] 0.03 kg 

Ecoinvent database : “recycling 
paper, without deinking, at plant 
(RER)” 

 
Phosphorus [Inorganic 
emissions to fresh water] 0.01 kg 

Ecoinvent database : “recycling 
paper, without deinking, at plant 
(RER)” 

 
t) Transport of paper from paper mill to conversion unit 

Time-related coverage 2009-2016 
Geographical coverage Paper mill (Sweden) to conversion (Sweden) 
Technology coverage Latest standard- EURO 6 
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Other notes 
-Average payload capacity considered as 14t per truck 
-Allocated to 50% of load as the return trip is empty 

 

Inputs Flow name Value Unit Notes/Source 

  
Paper [Materials from 
renewable raw materials] 1.00 t   

  

transport, freight, lorry >32 
metric ton, EURO3 [allocatable 
product] 100 tkm 

 Distance between the paper mill 
to the conversion assumed to be 
100km (Google maps, 2017) 

Outputs  Flow name Value Unit Notes/Source 

  
Paper [Materials from 
renewable raw materials] 1.00 t   

 
u) Conversion of paper to paper bags 

Time-related 
coverage  2006       
Geographical 
coverage  Europe       
Technology 
coverage  Based on previous LCA conducted       

Other notes 

Glue assumed to be produced using 0,42 kg steam per kg, 0,25 kWh of grid 
electricity per kg and generated waste of 0,26 kg per kg 
Glue made from 32% ABS, 48% phenolic resin, 20% paraffin       

 

Inputs Flow name Value Unit Notes/Source 
  Electricity [Others] 0.00333 kWh (Edwards and Fry, 2011) 

  
Paper [Materials from 
renewable raw materials] 0.0443 kg  (Edwards and Fry, 2011) 

  
Glue for paper packaging 
[Packaging] 0.00144 kg  (Edwards and Fry, 2011) 

  Printing ink [Paints] 0.00077 kg  (Edwards and Fry, 2011) 
Outputs  Flow name Value Unit Notes/Source 

  
Paper bags[Materials from 
renewable raw materials] 1 Pc. 

 (Edwards and Fry, 2011) 
1 Paper bag weight is 0,053 kg 
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Appendix B: Environmental Impact results 
 

1. Overall result of the three paper bag cases 

Impact Category Unit 

Virgin 
paper 

bag 
Recycled 

paper bag 

Textile 
paper 

bag 
CML2001 - Jan. 2016, Abiotic Depletion (ADP 
fossil) MJ 17080 19789 16891 

CML2001 - Jan. 2016, Acidification Potential (AP) 
kg SO2-
Equiv. 7.33 5.90 5.61 

CML2001 - Jan. 2016, Eutrophication Potential 
(EP) 

kg 
Phosphate-

Equiv. 3.48 2.00 2.57 
CML2001 - Jan. 2016, Global Warming Potential 
(GWP 100 years), excl biogenic carbon 

kg CO2-
Equiv. 1198 1299 1163 

CML2001 - Jan. 2016, Photochem. Ozone 
Creation Potential (POCP) 

kg Ethene-
Equiv. 0.80 0.70 0.67 

Primary energy demand from ren. and non ren. 
resources (net cal. value) MJ 63064 35879 45291 
Primary energy from non-renewable resources 
(net cal. value) MJ 23063 32752 23457 
Total freshwater consumption (including 
rainwater) kg 

1078705
0 13580774 12686763 

 

2. Abiotic Depletion (ADP fossil in MJ) - Process wise 

 Abiotic Depletion (ADP fossil in MJ) 
Process Virgin Paper Recycled paper Textile paper 

Collection  (disc. textiles) Not applicable Not applicable 1186 
Recycling (disc. textiles) Not applicable Not applicable 512 

TR:  tex. recycler-paper mill Not applicable Not applicable 1111 
Pulp mill 6093 7111 3077 
TR: pulp mill-paper mill 191 1911 97 
Paper mill 6613 6584 6726 

TR: paper mill-conversion 131 131 131 
Conversion (paper bags) 4052 4052 4052 

 

3. Acidification Potential (AP in kg SO2-Equiv.) - Process wise 

 Acidification Potential (AP in kg SO2-Equiv.) 
Process Virgin Paper Recycled paper Textile paper 

Collection (disc. textiles) Not applicable Not applicable 0.21 
Recycling (disc. textiles) Not applicable Not applicable 0.07 
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TR: tex. recycler-paper mill Not applicable Not applicable 0.19 
Pulp mill 4.48 2.74 2.26 

TR: pulp mill-paper mill 0.04 0.35 0.02 
Paper mill 2.00 1.99 2.04 

TR: paper mill-conversion 0.02 0.02 0.02 

Conversion (paper bags) 0.79 0.79 0.79 
 

4. Eutrophication Potential (EP in kg Phosphate-Equiv.) -Process wise 

 Eutrophication Potential (EP in kg Phosphate-Equiv.) 
Process Virgin Paper Recycled paper Textile paper 

Collection (disc. textiles) Not applicable Not applicable 0.06 
Recycling (disc. textiles) Not applicable Not applicable 0.19 
TR: tex. recycler-paper mill Not applicable Not applicable 0.06 
Pulp mill 2.49 0.91 1.26 
TR: pulp mill-paper mill 0.01 0.10 0.00 
Paper mill 0.51 0.52 0.53 

TR: paper mill-conversion 0.01 0.01 0.01 
Conversion (paper bags) 0.46 0.46 0.46 

 

5. Global Warming Potential (GWP 100 years in kg CO2-Equiv.), excl biogenic carbon- Process 
wise 

 GWP 100 years in kg CO2-Equiv.), excl biogenic carbon 
Process Virgin Paper Recycled paper Textile paper 
Collection (disc. textiles) Not applicable Not applicable 79 
Recycling (disc. textiles) Not applicable Not applicable 48 
TR: tex. recycler-paper mill Not applicable Not applicable 74 
Pulp mill 489 487 247 
TR: pulp mill-paper mill 12 118 6 
Paper mill 510 507 521 
TR: paper mill-conversion 8 8 8 
Conversion (paper bags) 179 179 179 

 

6. Photochem. Ozone Creation Potential (POCP in kg Ethene-Equiv.)- process wise  

 Photochem. Ozone Creation Potential (POCP in kg Ethene-Equiv.) 
Process Virgin Paper Recycled paper Textile paper 

Collection (disc. textiles) Not applicable Not applicable 0.038 
Recycling(disc. textiles) Not applicable Not applicable 0.006 

TR: tex. recycler-paper mill Not applicable Not applicable 0.035 
Pulp mill 0.417 0.259 0.211 



 

97 
 

TR: pulp mill-paper mill 0.007 0.075 0.004 
Paper mill 0.165 0.164 0.168 
TR: paper mill-conversion 0.005 0.005 0.005 

Conversion (paper bags) 0.201 0.201 0.201 
 

7. Primary energy demand from ren. and non ren. resources (net cal. Value in MJ) - process wise 

 
Primary energy demand from ren. and non ren. 

resources (net cal. Value in MJ) 
Process Virgin Paper Recycled paper Textile paper 

Collection (disc. textiles) 
Not 

applicable Not applicable 1222 

Recycling(disc. textiles) 
Not 

applicable Not applicable 808 

TR: tex. recycler-paper mill 
Not 

applicable Not applicable 1144 
Pulp mill 44497 15840 22471 

TR: pulp mill-paper mill 198 1978 100 
Paper mill 12934 12626 14110 
TR: paper mill-conversion 136 136 136 
Conversion(paper bags) 5300 5300 5300 

 

8. Primary energy from non-renewable resources (net cal. Value in MJ)- process wise  

 Primary energy from non-renewable resources (net cal. Value in MJ) 
Process Virgin Paper Recycled paper Textile paper 

Collection (disc. textiles) Not applicable Not applicable 1207 
Recycling(disc. textiles) Not applicable Not applicable 769 

TR: tex. recycler-paper mill Not applicable Not applicable 1130 
Pulp mill 7035 15196 3552 

TR: pulp mill-paper mill 195 1949 98 
Paper mill 10998 10771 11866 

TR: paper mill-conversion 134 134 134 

Conversion(paper bags) 4701 4701 4701 
 

9. Total freshwater consumption (including rainwater in kg)- process wise 

 Total freshwater consumption (including rainwater in kg) 
Process Virgin Paper Recycled paper Textile paper 

Collection (disc. textiles) Not applicable Not applicable 232 
Recycling(disc. textiles) Not applicable Not applicable 151302 

TR: tex. recycler-paper mill Not applicable Not applicable 217 
Pulp mill 34964 3289972 17657 
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TR: pulp mill-paper mill 42 421 21 
Paper mill 9740610 9278947 11505899 

TR: paper mill-conversion 29 29 29 
Conversion(paper bags) 1011405 1011405 1011405 
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Appendix C: Eco design strategies 
Note: The eco-design strategies highlighted in the tables below are the ones that are quantified for the environmental impacts and the economic aspects 
through iterative LCA and TEA. The rest are not quantified due to unavailability or lack of data.  Abbreviations: potential positive impact (+), potential 
negative impact (-), unchanged impact (0), further research needed (R),  ST – short-term, MT – medium-term and LT – long-term. The colour-coded strategies 
have been selected and their impact quantified whenever possible. 

Short-term eco-design strategies - Feasibility study 

Strategy 
No. Improvement Options Technical 

Feasibility 
Financial  

Feasibility 

Expected 
Environmental 

profit 

Market 
opportunities 

Action 
plan Notes 

1. Selection of low impact materials 

1,4 

Use other textiles as a source 
for dust fibres apart from 

denim waste  
-Textiles  from public 

sector(from businesses) 

+  
possible if 

the material 
is pure major 
part is cotton 

fibre 

- 
higher transport 

costs  

- 
higher transport 

emissions 

+  
large market 

apart from denim 
waste: linen from 
public sector etc. 

ST   

1,8 

Using pulp produced by 
mechanical pulping process 

rather than Kraft process 
- reduced chemical use, but 

strength is also reduced 

- 
 feasible, 
probably 

lower 
strength of 

bags 

+ 
 lower cost for 

mechanical 
pulping process 

+ 
 more 

environmentally 
friendly due to 
lower chemical 

usage than in Kraft 
process 

- 
 Mechanical pulp 
market is limited 

ST   
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Strategy 
No. Improvement Options Technical 

Feasibility 
Financial  

Feasibility 

Expected 
Environmental 

profit 

Market 
opportunities 

Action 
plan Notes 

1.10 Varied dust fibre proportions 
in textile like paper 

+  
feasible 

+ 
the more dust 

fibre, the lower 
cost of raw 

material 

+ 
the more dust fibre, 

the more 
environmental 

friendly 

+ 
Textile recyclers 

can sell dust fibre 
to paper industry 

instead of 
incinerating it 

ST 
More dust fibre; 

less global 
warming potential 

2. Reduction of material usage 

2,1 

Reduce paper grammage 
-cotton fibre provides more 

strength 
-lighter weight bags  

-more truck payload capacity 

-  
feasible, 

strength of 
paper bag 
reduces 

+ 
 reduced cost due 

to less raw 
material usage 

+ 
 resource efficient:                                                                                                                             

higher transport 
payload and thus 

reduced emissions  

 + 
 new market for 
light weight bags 

ST 

Lower grammage, 
lower 

environmental 
impacts per bag 

2,2 
Different standard sizes of 

bags (S,M,L); thereby reducing  
material amount  

+ 
 feasible 0 + 

 resource efficient 

+ 
 new market for 
different sizes of 

bags 

ST   

3. Optimisation of production techniques 

3,1 

Manufacture textile  paper in 
an integrated mill 

-reduced environmental 
impacts, transport distances, 
energy recovery options etc. 

-recovering energy by 
incinerating waste and 
residues that have high 

+ 
 feasible 

+ 
 cost savings due 
to less energy use 
due to recovery of 

energy losses in 
both mills (pulp 

and paper) 

+ 
 reduced transport 

Energy saving 

+ 
 integrated plants 

are more 
available than 
non-integrated 

plants 

ST   
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Strategy 
No. Improvement Options Technical 

Feasibility 
Financial  

Feasibility 

Expected 
Environmental 

profit 

Market 
opportunities 

Action 
plan Notes 

organic content with high 
calorific value 

3,5 
Use of renewable energy 

(green energy) for producing 
textile like paper 

+ 
 feasible 

+ 
 less energy cost 

for the renewable 
energy 

+ 
 environmental 

friendly 
0 ST 

varies depending 
on the geographic 

location 

4. Optimisation of distribution system 

4,2 Reverse logistics of discarded 
textiles 

+ 
Transport of 

‘cream’ 
quality 

clothes from 
textile 

recyclers to 
second hand 

shops 

+ 
additional 

investment in 
logistic software 

+ 
 efficiency 

increased, less 
emissions 

+ 
partnering with 

second hand 
shops 

ST   

4,3 Optimisation of collection 
routes for discarded textiles 

+  
use of travel 

route 
optimiser 
software 

+ 
 lower cost due to 

reduced fuel 

+  
lower emissions 0 ST   
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Strategy 
No. Improvement Options Technical 

Feasibility 
Financial  

Feasibility 

Expected 
Environmental 

profit 

Market 
opportunities 

Action 
plan Notes 

5. Reduction of impact during use 

5,1 
Multiple use of paper bags by 

enhancing consumer 
experience 

+  
feasible 

(probably  
more 

chemicals to 
improve 

durability) 

-  
 cost of chemicals 

-  
higher 

environmental 
impact from 

chemicals use 

0 ST   

5,2 Pantpåse 1 kr or discount on 
next purchase 

+ 
 feasible 

-  
collection system 

to be initiated 

+ 
 higher recycling 

rate 

+ 
sustainable 

image of brand 
owners/ 

behavioural 
change 

ST 

 
 
 
 
  

5,3 
Communication – ‘recycled 
and recyclable’ logo on the 

textile paper bag 

+ 
 feasible 

-  
more cost for logo 

printing inks 

- 
 more chemicals for 
logo printing (could 
use bio-based inks) 

+  
Sustainable 

image of brand 
owners 

ST 

 
 
 
 
 
 
  

6. Optimisation of initial lifetime 

6,1 Increased multiple use of 
paper bags 

- 
strength of 
the bag is 

lower, might 
require 

0 
+  

more resource 
efficiency 

+ 
REUSE - circular 

economy – 
consumer-to-

consumer 

ST   
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Strategy 
No. Improvement Options Technical 

Feasibility 
Financial  

Feasibility 

Expected 
Environmental 

profit 

Market 
opportunities 

Action 
plan Notes 

higher 
grammage 

7. Optimisation of the end of life system 

7,2 Recycling of textile paper back 
into paper (cascading effect) 

+ 
 feasible 0 + 

 resource efficient 

+ 
MATERIAL 

RECYCLING – 
fibre-to-fibre 

ST   
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Mid-term eco-design strategies - Feasibility study 

Strategy 
No. Improvement Options Technical 

Feasibility 
Financial  

Feasibility 

Expected 
Environmental 

profit 

Market 
opportunities 

Action 
plan Notes 

1. Selection of low impact materials 

1,3 

Decolour dust fibre prior 
paper-making 

-removes leftovers of 
hazardous chemicals used in 
dyes and prints of the textile 

dust fibre 

+  
possible use 
of bleaching 

agents 

- 
 increased cost of 

chemicals used for 
decolouring 

- 
 increased  

chemicals usage 

- 
 Currently not 

available. Need 
to add new 

technology and 
infrastructure at 
textile recycling 

centre or at 
paper mill 

MD if decoloured at 
paper mill 

1,5 

Use forest-based textiles 
(dissolved pulp) as source for 

dust fibre to make textile 
paper 

R 
 further 
research 
needed 

- 
 probably cost is 

higher 

+ 
 more 

environmental 
friendly, lower r use 

of chemicals 

-  
not abundant 

availability 
currently 

MD   

1,6 
Use bio based printing inks 

during the conversion process 
of paper into bags 

+ 
 feasible 

- 
 probably higher 

cost for bio based 
inks 

+  
environmentally 

friendly as the bio 
based inks are less 

hazardous and toxic 

- 
 bio-based inks 

availability 
MD   

3. Optimisation of production techniques 

3,2 

Use of bio based glue (e.g. 
PLA) or no glue paper bags 

(with different ways of 
conversion) 

+ 
feasible 

+ 
lower cost for new 

glue or no glue 

+ 
 environmental 

friendly as the bio 
based glues are less 

? 
 Limited market 

availability of 
new glue 

MD   
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Strategy 
No. Improvement Options Technical 

Feasibility 
Financial  

Feasibility 

Expected 
Environmental 

profit 

Market 
opportunities 

Action 
plan Notes 

hazardous and toxic 
compared to the 
standard glues 

3,3 

Same pre-treatment line for 
dust fibre and paper fibre 

(series line) 
-avoid mixing stage 

+ 
feasible, 
requires 

more energy 
for screening 
even paper 

fibre 

+ 
more energy 

needed, mixing 
avoided but 

screening process 
added 

+ 
higher  energy 
consumption, 
higher impact 

+ 
 existing 

equipment to be 
used 

MD   

3,9 
Decolouring and bleaching of 

textile dust fibre at textile 
recyclers or pulp/paper mill 

+ 
 possible 

using 
bleaching 

agents 

- 
 higher cost of 

chemicals used for 
decolouring 

-  
higher chemicals 

usage 

- 
 not available 

currently. Need 
to add new 

technology and 
infrastructure at 
textile recycling 
unit or the pulp 

mill 

MD   

3,10 

Local sorting of soiled textiles 
(rejected) at the collection 
source by textile collection 

company to avoid unnecessary 
transport 

+ 
 feasible 

+ 
 less transport 

payload 
- 

extra labour cost 

+ 
reduced transport 

emissions 

+ 
possible MD   

6. Optimisation of initial lifetime 
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Strategy 
No. Improvement Options Technical 

Feasibility 
Financial  

Feasibility 

Expected 
Environmental 

profit 

Market 
opportunities 

Action 
plan Notes 

6,2 
Modular design with 

possibility of replacing bag 
handles 

+  
feasible 0 + 

 resource efficient 

+ 
REPAIR- circular 

economy- 
consumer to 

consumer 

MD   

6,3 
Multiple functionality of the 

bag (conversion to textile 
hangers) 

+ 
 feasible 0 + 

 resource efficient 

+ 
UPCYCLING -

circular economy- 
consumer-to-

consumer 

MD   

7. Optimisation of the end of life system 

7,1 

Bag reusable multiple times, 
repairable, with many product 

lives (as hanger & 
fashion/clothes) 

R 
further 

research 
needed 

0 + 
 resource efficient 0 MD   

0. New concept development 

0 
New converting functions 

designed into the product (as 
hanger and fashion) 

+ 
 feasible 0 + 

 resource efficient 

+ 
CIRCULAR 
ECONOMY 

MD   
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Long-term eco-design strategies - Feasibility study 

Strategy 
No. Improvement Options Technical 

Feasibility 
Financial  

Feasibility 

Expected 
Environmental 

profit 

Market 
opportunities 

Action 
plan Notes 

1. Selection of low impact materials 

1,1 

Replace virgin pulp with 
recycled pulp as raw material 

for manufacturing textile 
paper 

+  
possible to 

use recycled 
pulp 

+  
recycled pulp cost 

is lower 

+  
lower 

environmental 
impacts of 

producing recycled 
pulp in terms of all 
impact categories 

except the GWP and 
abiotic depletion 

-  
Only one recycled 

pulp mill 
available in 

Europe 

LT 

Depends on the 
availability of 
supplier for 

recycled pulp 

1,2 

Use pure cotton dust fibre 
only to manufacture textile 

paper (by separating synthetic 
fibres) 
WHY 

 

-  
no 

technology 
commercially 
available to 

separate 
cotton fibres 
from other 

fibres in 
blended 
textiles  

- 
 probably higher 
cost to purchase 
pure cotton dust 

fibres due to 
separate recycling 

process 

+  
Increased use of 

recycled raw 
material (dust 

fibres) 

- 
textile recyclers 
need to improve 

sorting and 
segregation 

processes based 
on materials 
properties 

LT Depends on the 
dust fibre suppliers 

1.9 Local supply of dust fibre         LT   
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Strategy 
No. Improvement Options Technical 

Feasibility 
Financial  

Feasibility 

Expected 
Environmental 

profit 

Market 
opportunities 

Action 
plan Notes 

1.11 
Use of dust fibre from public 
sector (e.g. hospitals, offices 

etc. (from consumer) 

- 
 probably 

needs some 
more 

cleaning to 
remove dirt 

etc. 

lower cost as the 
dust fibre is 

currently 
incinerated 

-  
could be a blend of 

polyester and 
cotton dust fibre, 

leading to 
potentially poorer 
formation of paper  

+ 
 available e.g. 
from laundry 

service 
companies in 

relatively large 
amounts,  

LT   

3. Optimisation of production techniques 

3,4 
Recirculation of excess steam 
(loss) at paper mill for energy 

recovery 

R 
 further 
research 
needed 

+ 
 reduced energy 

purchased 

+ 
 lower energy, 

lower emissions 

R 
 further research 

needed 
LT   

3,6 Use of locally produced dust 
fibre, pulp and paper 

+  
feasible 

+ 
cost savings in 
transportation 

+ 
 lower 

transportation 
emissions 

- currently 
no textile 

recycling centre 
available locally 

LT   

3,7 
Flexible paper machine that 

can make any grades of textile 
paper 

+ 
 flexible like 

FEX pilot 
paper 

machine at 
RISE 

Bioeconomy 

+ 
 cost savings, less 
production lines 

for different paper 
grades 

+ 
 environmentally 

friendly 

- 
 not many mills 

have such  
flexible paper 

machines 

LT   



 

109 
 

Strategy 
No. Improvement Options Technical 

Feasibility 
Financial  

Feasibility 

Expected 
Environmental 

profit 

Market 
opportunities 

Action 
plan Notes 

3,8 
Sorting of textiles based on 

colour and fibre type (natural/ 
synthetic) 

R  
under 

research NIR 
(near-

infrared 
sorting) 

- 
 cost may be 
higher due to 

additional labour 
needed or need 

for scanning 
machine for 

advanced 
segregation 

- 
 More energy 

needed for new 
machine, hence 

more impact. 
People replaced 

with machine 

R  
still under 

research, not 
available at 

textile recyclers 

LT   

4. Optimisation of distribution system 

4,1 Railway/ electric transport 
instead of trucks 

+ 
 feasible 

+ 
 reduced cost for 
railway transport 

+ 
 lower emissions 0 LT   

4,4 Local collection of discarded 
textiles (local supply) 

+ 
 feasible 

+ 
Shortened 

transportation 
distances 

+ 
 lower transport 

emissions 

+ 
 new recycling 
centres to be 

initiated in local 
area together 
with collection 

companies 

LT   

6. Optimisation of initial lifetime 

6,4 
Bag-to-fashion: use of bag as a 

textile for onetime use (fast 
fashion) 

R 
further 

research 
needed 

0 + 
 resource efficient 

+ 
UPCYCLING -

circular economy- 
consumer-to-

consumer 

LT   
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Short-term eco-design strategies – Environmental Impact Assessment results 

Eco-design Strategies GWP ADP EP AP 
PE 

(tot) 
PE (non- 

ren.) 
Fresh 
water 

Strategy 
kg CO2-

Equiv MJ 

kg 
Phosp
hate-
Equiv. 

kg 
SO2-
Equi

v. MJ MJ kg 
Virgin paper 1198 17080 3.48 7.33 63064 23063 10787050 
Recycled paper 1299 19789 2.00 5.90 35879 32752 13580774 
Textile paper 1163 16891 2.57 5.61 45291 23457 12686763 
1.10 - Increase dust fibre 
proportion of textile paper 
carrier bag from 50% to 70% 
and reducing the paper fibre 
proportion from 50% to 30% 1148 16812 2.19 4.90 37931 23621 13473512 
2.1- Reducing the grammage 
of the textile paper carrier 
bag from 100 g/m2 to 80 
g/m2 965 14312 2.15 4.64 37174 19618 10173221 
1.10 + 2.1- Increasing the dust 
fibre proportion to 70% and 
also reducing the grammage 
of the paper to 80 g/m2 953 14249 1.84 4.07 31286 19749 10802621 
 

Long-term eco-design strategy (with virgin paper pulp) - Environmental Impact Assessment 
results 

Eco-design Strategies GWP ADP EP AP 
PE 

(tot) 
PE (non 

ren) 
Fresh 
water 

Strategy 
kg CO2-

Equiv MJ 

kg 
Phosp
hate-
Equiv. 

kg 
SO2-
Equi

v. MJ MJ kg 
Virgin paper 1198 17080 3.48 7.33 63064 23063 10787050 
Recycled paper 1299 19789 2.00 5.90 35879 32752 13580774 
Textile paper 1163 16891 2.57 5.61 45291 23457 12686763 
1.9 - Using local supply of 
dust fibre within 200km 
area, instead of dust fibre 
generated at Germany. 1024 14811 2.47 5.25 43149 21341 12686356 
1.9 + (1.10+2.1) – Using local 
supply of dust fibre, with 
70% dust fibre proportion 
and grammage of 80 g/m2 796 11896 1.73 3.66 28862 17355 10802161 
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Long-term eco-design strategy (with recycled paper pulp) - Environmental Impact 
Assessment results 

Eco-design Strategies GWP ADP EP AP 
PE 

(tot) 
PE (non 

ren) 
Fresh 
water 

Strategy 
kg CO2-

Equiv MJ 

kg 
Phosp
hate-
Equiv. 

kg 
SO2-
Equi

v. MJ MJ kg 
Virgin paper 1198 17080 3.48 7.33 63064 23063 10787050 
Recycled paper 1299 19789 2.00 5.90 35879 32752 13580774 
Textile paper 1163 16891 2.57 5.61 45291 23457 12686763 
1.1 – Replacing virgin pulp 
with recycled paper pulp 1214 18259 1.83 4.89 31563 28350 14097529 
1.10 -  Increase dust fibre 
proportion of textile paper 
carrier bag from 50% to 70% 
and reducing the paper fibre 
proportion from 50% to 30% 1179 17625 1.76 4.47 29776 26527 14311539 
1.9  - Local supply of 
recycled pulp 1161 17390 1.78 4.73 30664 27464 14097338 
1.9  - Local supply of 
recycled pulp and dust fibre 1022 15310 1.68 4.36 28521 25348 14096931 
2.1- Reducing the grammage 
of the textile paper carrier 
bag from 100 g/m2 to 80 
g/m2 1006 15406 1.55 4.06 26192 23533 11301834 
1.9 + 2.1 – Local supply of 
resources and reducing 
grammage of the paper, 
increasing proportion of the 
dust fibre 795 12133 1.36 3.24 21910 19259 11472491 
  

 

  


