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ABSTRACT 

The aim of the research presented in this thesis was to support the process of 

substitution of side-chain fluorinated polymers in durable water repellents (DWRs), 

that give rise to emissions of hazardous per- and polyfluoroalkyl substances (PFASs). 

The focus was on: i) the provision of improved decision support regarding the 

environmental and human health performance of alternatives, and ii) public readiness 

for substitution and what messages can motivate consumers to voluntary substitution. 

This research explored the applicability of life cycle assessment (LCA) for the 

provision of a life cycle perspective in chemical alternatives assessment (CAA). To 

improve the relevance of LCA in the CAA of DWR alternatives, contributions were 

made to the life cycle impact assessment (LCIA) of (eco)toxicity, and characterisation 

factors were calculated (Papers II and III). Case study results (Paper IV), together 

with a literature review (Paper V), showed that LCA can provide relevant information 

for CAAs. Potential problem-shifting was identified between DWR alternatives, and 

the scenario assessment in the LCA provided useful input to the CAA. The hazard 

assessment (Paper I) together with the LCA support the recommendation to phase-out 

all non-essential use of PFASs in DWR.  

Performing such a phase-out through regulation can be a slow process.  The 

potential to accelerate a phase-out by motivating consumers to voluntary substitution 

was investigated using a web-survey experiment. This study (Paper VI) found that 

Swedish readiness to voluntarily act to substitute hazardous fluorinated chemicals is 

already high and that detailed information on the hazards associated with these 

chemicals can raise this potential even higher. 

The present research strengthens the potential for LCA to be used in CAA 

and identifies its limitations. The work will help policy makers and analysts who are 

faced with challenges such as prioritising regulatory and design interventions for 

substitution and shaping information campaigns to encourage voluntary substitution. 

Key words: LCA, LCIA, DWR, PFAS, CAA  
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1 Introduction 
1.1 Managing chemical risks 

Modern society is dependent on a large number of chemicals (see e.g. UNEP 

(2012)), and humans and the environment are constantly being exposed to chemical 

risks; in our workplaces, by consumer products, and via environmental exposure. 

There are regulations in place, especially in the developed world, to ameliorate those 

risks (e.g. REACH; Registration, Evaluation, Authorisation and Restriction of 

Chemicals, Regulation (EC) No 1907/2006), but given the wickedness of the problem 

(the many chemicals and the problem’s extension across environmental media, 

borders, and jurisdictions) complete safety by regulation is difficult (Allen, 2013). 

Chemical risks cannot be completely contained as long as hazardous chemicals are in 

use (Kaplan and Garrick, 1981), and as the ending of such use is not foreseeable, it is 

imperative that chemical risk management is based on sound priorities. The assessment 

on which such management is based must be sufficiently comprehensive for it to 

support sustainable development where neither the current generation nor future 

generations are put at risk of an unhealthy environment.  

No risk is acceptable unless it comes with a benefit (Kaplan and Garrick, 

1981). Thus, risk management must be adjusted so that there is an acceptable trade-off 

for all exposed to the hazard, i.e. all at risk (Fischhoff, 1995). The use of chemicals 

clearly comes with a benefit for the user of the products (and for the producer who 

earns from chemicals manufacture). The user of the product may very well perceive 

the risks as acceptable, as the benefits are large and the risks seem small, either 

because they are not completely understood or because they are not relevant for the 

user but might be for someone else. The risks connected to this chemical use may occur 

elsewhere than where the end-product is used, both geographically and in time, and 

hence, a life cycle perspective is relevant. Hansson (2018) identifies three major 

stakeholder roles: risk-exposed, decision makers (about the risk), and beneficiaries, 

and argues that ethical risk assessment should be disaggregated to consider all three 

roles. Problematic cases were identified to be those where the beneficiary and the 

decision maker are the same actor, and when the risk-exposed is neither decision 

maker nor beneficiary. An ethical assessment of risk must consider both the risk-

exposed and the beneficiaries.  
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1.1.1 The life cycle perspective 

A life cycle perspective implies that not only are the consequences of an action 

for the beneficiary considered relevant, but also consequences for others and possibly 

also consequences in the future (if possible to predict): cradle-to-grave. In a chemical 

risk context, it is the life cycle of a chemical1 of concern that can be relevant, i.e. its 

synthetic history, use phase emissions, and waste handling, but also other emissions 

and resource outtake related to the product or service under study are relevant. Hence, 

a life cycle perspective can be applied to identify (and avoid) sub-optimisation in 

product design, e.g. avoid problem-shifting by moving risk from one type of chemical 

emission to another or to another impact category. Substitution of lead solders can 

serve as one example of this: increased air pollution was identified as a consequence of 

the substitution of lead solders with tin/silver/copper solders as the latter require 

higher energy use (Lofstedt, 2014).  LCA is one tool that incorporates the life cycle 

perspective and makes it possible to compare the potential impacts of a range of 

impact categories, including ecotoxicity and human toxicity (hereafter (eco)toxicity), 

between products (or services) and within the life cycle of a product. 

1.1.2 Chemical substitution 

Hansson et al. (2011) describe substitution to be ‘…replacement of hazardous 

(or potentially hazardous) chemical substances by less hazardous alternatives’, which is 

the definition applied herein. Substitution can be intended to retain identical 

functionality with the use of a ‘drop-in chemical’ very similar to the original substance 

(Tickner et al., 2015). It can, however, be the case that the similar chemical results in 

similar problems, i.e. ‘regrettable substitution’ (see e.g. Fantke et al., 2015, Harremoës 

et al., 2001, Bergman et al., 2012, Rochester and Bolden, 2015, Tickner et al., 2019b). 

Examples are many, e.g. the substitution of bisphenol A (BPA) with bisphenol S 

(BPS), also associated with hazardous properties of concern (Zimmerman and 

Anastas, 2015), or the substitution of polybrominated diphenyl ethers (PBDEs) with 

organophosphate ester flame retardants (OPFRs) (Blum et al., 2019). To avoid the 

introduction of other hazardous chemicals, it has been argued that substitution should 

be fundamental rather than incremental, i.e. introduce fundamentally different 

molecular structures as alternative chemicals (Fantke et al., 2015). In line with such 

thoughts, focus should be on the function of the end-product rather than on the 

chemical (Tickner et al., 2015, Geiser et al., 2015, Fantke and Illner, 2019), which would 

allow for not only fundamentally different molecules but also different product 

designs. Chemical alternative assessment (CAA), for prioritising alternatives (chemical 

 
1 The term ‘life cycle of a chemical’ can have other meanings in other contexts, e.g. with regards to 
innovation developments, but those are not considered further here. 
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and non-chemical) to the chemical of concern, is key to achieving a successful 

substitution (Geiser et al., 2015).  

There are frameworks available to support CAA (Jacobs et al., 2016). The 

central components in those frameworks are hazard, technical feasibility, and 

economic viability assessments.  Life cycle thinking or life cycle analysis (LCA) to 

avoid problem-shifting is often recommended, but the lack of standardisation of the 

former and the data shortage for the latter have been identified as major challenges 

(Jacobs et al., 2016, Tickner et al., 2019a, Oguzcan et al., 2019). Moving from 

incremental to fundamental (or even product-function-based) substitution to avoid the 

introduction of new hazardous chemicals, problem-shifting will become more likely 

than before as both the chemical life cycle and the product life cycle of the alternatives 

will differ from those of the original product. Hence, successful substitution depends 

on a CAA with comprehensive life cycle considerations that identify problem-shifting, 

and cover the relevant potential impacts as well as relevant product life cycle stages.  

After CAA has been performed, chemical substitution can be enforced by 

legislation placing restrictions or complete bans on chemicals (e.g. REACH and 

Stockholm Convention on persistent organic pollutants (POPs)). Substitution can also 

be enforced by voluntary actions by companies or trade organisations (Scruggs, 2013), 

or by the public either as consumers or part of social movement actions (Lissner and 

Romano, 2011, Tickner et al., 2019b, Cousins et al., 2019a). Legislative action can be a 

slow process that takes many years, especially if the scope has a broad geographical 

area (see e.g. the REACH restriction process (ECHA, 2020b) or a substitution process 

as described by Lofstedt (2014)). Voluntary actions have potential to be faster if the 

public is engaged in the issue (Wickman et al., 2009, Micheletti, 2003).  

1.2 The case of per- and polyfluoroalkyl substances in durable water 
repellents  

1.2.1 This research in its substitution context 

Durable water repellents (DWRs) are applied to textiles to achieve water 

repellency. The water repellency of the outer textile is desirable in apparel and 

footwear made of breathable materials. The textile often has a membrane or coating 

on the inside that makes it impermeable to water droplets, and subsequently, the 

DWR function is to prevent the outer textile from becoming soaked in water, which 

would make it heavy and cold when used in rain.  DWRs can also provide repellency 

for other liquids, giving the textile additional functions that provide safety in 

environments with hazardous liquids (Schellenberger et al., 2019a). Repellency towards 

oil and/or other liquids can also reduce washing needs. Per- and polyfluoroalkyl 
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substances (PFASs) in the form of side-chain fluorinated polymers are excellent 

DWRs as they are durable and provide water as well as oil repellency (Schellenberger 

et al., 2019a, Schellenberger et al., 2018). However, as several PFASs have been 

identified as hazardous to human health and the environment and are being phased-

out or restricted (Cousins et al., 2019a, Zushi et al., 2012, Wang et al., 2017, and further 

below), the apparel and footwear industries must find alternatives with improved 

environmental and human health characteristics while maintaining sufficient function.  

This thesis was produced as part of an international project, Substitution in 

Practice of Prioritized Fluorinated Chemicals to Eliminate Diffuse Sources (SUPFES; 

www.supfes.eu). In the SUPFES project, DWRs were identified as interesting case 

study examples to test theoretical ideas about substitution. The case is further 

described in the licentiate thesis that this doctoral thesis followed: Holmquist (2016). 

The focus of this thesis has been on environmental and human health considerations, 

while other parts of the SUPFES project have focussed on technical performance and 

diffuse emissions (Schellenberger, 2019, van der Veen et al., 2020, Jönsson et al., 2018, 

Schellenberger et al., 2019b, Schellenberger et al., 2019a, Schellenberger et al., 2018, 

Schellenberger, 2016, van der Veen et al., 2016). The substitution process in industry 

has been on-going in parallel with the research conducted as part of this thesis and in 

the SUPFES project, and it is still on-going as industry actors are seeking alternatives 

with improved environmental and human health performance and acceptable chemical 

risks, while retaining (sufficient) function (Cousins et al., 2019a).  

1.2.2 Per- and polyfluoroalkyl substances 

PFASs make up a large group of chemicals (>4000, OECD (2018)) with 

diverse properties. Buck et al. (2011) define PFASs as: ‘…aliphatic substances 

containing one or more C atoms on which all the H substituents present in the 

nonfluorinated analogues from which they are notionally derived have been replaced 

by F atoms, in such a manner that PFASs contain the perfluoroalkyl moiety CnF2n+1–‘.  

The carbon-fluorine bond is very strong, and the perfluoroalkyl part of the molecule is 

extremely persistent. Thus, PFASs are either stable, or ultimately transform into very 

persistent terminal degradation products, usually perfluroalkyl acids (PFAAs) or 

perfluoroalkyl(poly)ether acids (Wang et al., 2017). PFASs in DWRs are commonly 

side-chain fluorinated polymers and thus, in this thesis, the focus is not on 

fluoropolymers or perfluoropolyethers. PFAS degradation patterns are diverse and 

differ between precursors and environmental media (Butt et al., 2014, Liu and Mejia 

Avendano, 2013). In addition, van der Veen et al. (2020) have shown empirically that 

weathering and abrasion change congener profiles of PFASs on textiles, i.e. before 

emission to the environment has occurred. The PFAAs have no natural degradation 
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pathways and their emissions, whether by direct emission or by precursor degradation 

(see an example of emission pathways relevant for PFASs on textile in Figure 1), 

generate increasing exposures to human and wildlife due to environmental 

accumulation. In addition to the persistence of degradation products, the evaluation of 

environmental and human health consequences of PFASs use and emissions is 

complicated by the amphiphilicity of the PFAAs, i.e. they are not fat-soluble as the 

original POPs (Jones et al., 2003). Furthermore, PFASs can have diverse 

(eco)toxicological effects, such as hepatotoxicity, endocrine, immunological, and 

reprotoxic effects, not necessarily detected with standardised test methods (Wang et 

al., 2017, DeWitt, 2015).  
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Figure 1: Simplified description of possible loss pathways of (g) perfluorooctanoic acid (PFOA) from C8 DWR-treated fabrics during the use phase. (a) Cleavage of 
the polymer backbone by UV-light into oligomeric/polymers, (b1) the evaporation of the 8:2 fluorotelomer alcohol (FTOH), a manufacturing residual, from the 
fabric; (b2) the transformation of 8:2 FTOH in the atmosphere into PFOA, (b3) the rain-out of water soluble PFOA from the atmosphere; (c) the wash-out of water-
soluble residuals such as PFOA or water-soluble monomers from the garment; (d1) the loss of particles and fibre fragments containing the C8 side-chain fluorinated 
polymer based DWR treatment, caused by abrasion, which might undergo further degradation processes (d2) in the environment; (e) the hydrolysis of the C8-side 
chain during laundering, and the loss of DWR-coated fibre fragments during the washing process into the effluent; (f) the release of DWR-coated fibre fragments via 
a wastewater treatment plant and further transformations of these precursors in PFOA. This is Figure S7 in Paper I. 
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PFAAs have been divided into two groups: short- and long-chain PFAAs. 

Long-chain PFAAs have been defined as having an alkyl chain containing six or more 

carbon atoms for perfluorinated sulfonic acids (PFSAs; CnF2n + 1SO3H, n ≥ 6) and seven 

or more carbons for perfluorinated carboxylic acids (PFCAs; CnF2n + 1COOH, n ≥ 7) 

(Buck et al., 2011). Many long-chain PFAAs are covered by regulations, e.g. 

perfluorooctanoic acid (PFOA, Figure 2) and perfluorooctanesulfonic acid (PFOS) 

that are persistent organic pollutants (POPs) under the Stockholm Convention 

(decision SC-4/17, SC-9/12), and have global restrictions on production and use. As the 

short-chain PFAAs do not bioaccumulate, they do not qualify as POPs and have long 

been regarded as an environmentally benign alternative, but this is currently being re-

evaluated. Perfluorobutane sulfonic acid (PFBS, Figure 2), has been identified as a 

substance of very high concern (SVHC), and Perfluorohexanoic acid (PFHxA, Figure 

2) has been proposed for restrictions under REACH, and very persistent and very 

mobile (vPvM) characteristics together with the possibility of toxicity are key 

identifiers of both substances (ECHA, 2019a, b).  

 

Figure 2: Chemical structures of perfluorobutane sulfonic acid (PFBS), perfluorohexanoic acid (PFHxA), 
and perfluorooctanoic acid (PFOA) 

PFAS products based on side-chain fluorinated polymers are often denoted by 

the length of the perfluorinated alkyl group, i.e. C4, C6, and C8. It is important to note 

that degradation products do not necessarily have the same number of perfluorinated 

carbon atoms as their precursors. For example, PFOA has seven perfluorinated 

carbons (and is sometimes referred to as C7), but it is one of the main degradation 

products from a C8 system based on a 8:2 fluorotelomer acrylate (FTA) where e.g. 8:2 

fluorotelomer alcohols (FTOHs), with eight perfluorinated carbon atoms, are 

transformed (see Figure 1). In this thesis, the DWR systems with side-chain fluorinated 

polymers are denoted C4, C6, and C8, which refers to the number of carbon atoms in 

the perfluorinated alkyl side-chain of the polymer. PFAAs and other non-polymeric 

PFASs are denoted by their chemical name. 
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1.3 Thesis objectives 

The overall aim of the research presented herein was to support stakeholders, 

such as industrial actors and policy makers, in the process of substitution of side-chain 

fluorinated polymers in DWRs that generate emissions of hazardous PFASs. The 

research is intended to add to and complement the knowledge base generated in other 

sub-projects of SUPFES. Two research objectives were formulated: i) to provide 

improved decision support regarding the environmental performance2 of the DWR 

alternatives, taking a holistic approach by the inclusion of a life cycle perspective, ii) to 

investigate public readiness for substitution and which messages can motivate 

consumers towards voluntary substitution. 

The research was method-driven as, on a general level, the type of methods to 

apply were specified beforehand. LCA was used to include a life cycle perspective in 

the CAA, and a web-based questionnaire was used to study the effect of different 

types of messages on the willingness of consumers to enact substitution. Detailed 

method choices were goal-driven and are further described in theory and methods 

(chapter 2) as well as in each paper. 

The research objectives were formulated as research questions. The first 

research objective, to generate a holistic decision support, corresponds to research 

questions 1-2, and the second research objective, the identification of messages that 

motivate consumers, corresponds to research question 3.     

Research questions:  

1. How can life cycle impact assessment (LCIA) of (eco)toxicity be strengthened 

to improve the relevance of LCA as a decision support in the chemical 

substitution of hazardous PFASs in textile applications? 

2. How different is the environmental performance of the alternative DWRs 

compared with side-chain fluorinated polymer based C8 DWRs? 

3. What type of information would motivate consumers towards the substitution of 

hazardous PFASs found in outdoor garments? 

 

 
2 In this context, and hereinafter in this text, environmental performance will include effects on 
ecosystems and human health. 
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1.4 Thesis structure 

The research conducted to meet the aim of this thesis resulted in six papers (see list of 

publications, p.V), briefly described below. The papers are provided in full as 

appendices. The introductory chapters of this compilation thesis (i.e. the ‘Kappa’) 

synthesise the results presented in the papers. The substitution of hazardous PFASs in 

DWRs was the basis of the research in papers I, II, III, IV, and VI, and this 

substitution functions as an illustration and example throughout these introductory 

chapters. The issue at stake is introduced in Chapter 1 to provide relevant background 

to the synthesis and discussion, and the underlying theory and methods are presented 

in Chapter 2. The research questions are answered in Chapter 3. This is followed by a 

discussion of the implication of those responses to the overall aim and research 

objectives in Chapter 4 (4.1). The life cycle perspective in the research was 

implemented in a CAA with the use of LCA. The strengths and weaknesses of this 

approach are also covered in the discussion (4.2), as are implications for the use of 

LCA in this context (4.3). The discussion is concluded with an outlook based on case 

study experiences, including a proposition on how life cycle thinking can be applied in 

CAA (4.4). Chapter 5 contains concluding key messages, and future research needs are 

identified in Chapter 6. 

A mapping of DWRs on the market is described in Paper I, including the main 

structure-property relationships of the DWRs, their diffuse emissions, and related 

hazards. This study was key in the CAA of the alternatives to DWRs based on side-

chain fluorinated polymers that are precursors to long-chain PFAAs. This was the 

starting point for the research conducted in the SUPFES project. The findings steered 

further research to a potential problem shift between DWR alternatives, and the 

potential for consumer action was identified.  

Life cycle impact assessment (LCIA) characterisation factors (CFs) for textile-relevant 

chemicals were calculated in Paper II. A generic data collection strategy is proposed in 

the paper, applicable also in fields other than textile.  

A framework for LCIA of a subset PFASs is proposed in Paper III. The need for this 

framework was identified as the generic procedures applied in the calculation of CFs as 

described in Paper II required additional adaptations to capture PFAS-specific 

characteristics. 

Both fluorinated and non-fluorinated DWRs in textile applications are evaluated in 

the case study of LCA application in CAA in Paper IV. This study predicts and 



 

10 
 

contrasts life cycle (eco)toxicity impacts, including use-phase diffuse emissions, with 

life cycle impacts in other categories such as climate change. 

Paper V presents a review of how chemical risk assessment and LCA have been used 

in combination. This review includes the important characteristics of each method 

together with the potential pitfalls of their combination.  

Paper VI explores the rhetoric required to motivate consumers towards voluntary 

substitution. Swedish willingness-to-pay for a garment without hazardous fluorinated 

chemicals is investigated using an experimental set-up. 
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2 Theory and methods 
The key methods in relation to the research aims of this thesis, and their 

background, are elaborated here. The first sections of the chapter (2.1-2.5) cover 

theory and methods related to research objective i) to provide improved decision 

support regarding the environmental performance of the DWR alternatives, taking a 

holistic approach by the inclusion of a life cycle perspective. The second part (2.6-2.7) 

covers aspects related to research objective ii) to investigate public readiness for 

substitution and which messages can motivate consumers to voluntary substitution. 

The methods applied in each study are described in detail in each paper.  

2.1 Precaution or exposure prevention 

The assessment of the environmental and human health impacts of chemicals 

is generally based on a description of the cause-effect chain from emission to 

(eco)toxicological effect. Despite the uncontested idea of such a cause-effect chain, 

decision making regarding chemical risks takes different starting points. Tukker (2002) 

has described this in terms of framing, where actors in the ‘precautionary frame’ 

consider toxicity assessment as so fallible that effect assessments are hardly feasible, 

while actors in the ‘risk assessment frame’ view final effects as possible to meaningfully 

assess. Actors in civic society, e.g. non-governmental organisations (NGOs), and policy 

makers generally favour precaution, while actors in the industrial sector often favour 

the risk-based approach to risk reduction (Lissner and Romano, 2011).  

The precautionary principle means taking preventive action despite 

uncertainty. Definitions of the precautionary principle vary depending on context 

(Bourguignon, 2016, Hansen et al., 2007). One use of the principle in a chemical safety 

context is to stipulate action before a causal link has been established between 

chemical emissions and their effects on human health or the environment (as e.g. in the 

Ministerial Declaration of the Third International Conference on the Protection of the 

North Sea (EEA, 1990)). Acting on hazard information is precautionary in the 

substitution context, acknowledging uncertainties associated with risk containment 

measures. For example, collecting PFAS-contaminated wastewater at firefighting 

training sites could reduce environmental contamination, but risks will reoccur if that 

process is inefficient or subject to failure or accidents. The precautionary alternative, 

i.e. discontinuation of the use of PFASs, would eliminate the risk. 

Both the precautionary frame and the risk assessment frame are relevant for 

the research presented in this thesis. A hazard assessment was made in Paper I, placing 

the starting point of this research in a precautionary context by highlighting hazards 



 

12 
 

associated with the water-repellent chemicals in the different DWR systems, but not 

assessing the relative risk that negative impact would manifest. The LCA and related 

research (Papers II-IV), on the other hand, are rooted in the risk assessment frame 

(more about this in 2.5.1), but these are given a precautionary character by the 

incorporation of emerging toxicity data in the LCIA (Papers III and IV). The use of 

LCA as a tool in CAAs can become a combination of the precautionary and risk 

assessment frames, as a substitution is made to remove a hazard, while the comparison 

of potential impacts, as is in an LCA, can be placed in the risk assessment frame 

(Tukker, 2002). 

2.2 Chemical substitution 

Chemical substitution is motivated by environmental and/or health risks (see 

definition by Hansson et al. (2011) in 1.1.2). Even within this rather narrow scope, the 

definition of substitution depends on the context, where some definitions include risk 

reduction by management practices while others include only the exchange of a 

substance of concern with a better alternative (Lissner and Romano, 2011). 

Substitution can be described as the reduction of risk or hazard, depending on the 

context (see 2.1).  

In general, a substitution follows the process flow described for substitution 

under REACH (Figure 3). Depending on the context, the steps in the substitution 

process (1-5 in Figure 3) can be further detailed, and specific methods and/or models 

can be recommended for use (see e.g. Jacobs et al., 2016). Learning from a history of 

regrettable substitutions (examples were given in 1.1.2), increasing focus is on 

alternatives assessment (Tickner et al., 2019b). Alternatives assessments are, however, 

often hindered or slowed down by a lack of information. While relevant as part of a 

risk management strategy, the proportionality principle for information requirements 

(e.g. under REACH where reporting requirements are proportional to the rate at 

which each chemical is manufactured or imported) creates a regulatory lock-in where 

low-use (newly introduced) chemicals are not well tested. Method development is 

ongoing, as CAA is gaining international recognition as a research and policy field, 

addressing issues related to data shortage and other challenges (Tickner et al., 2019a).  

The concept of substitution rests on the assumption that a product is 

necessary, i.e. that its function must be delivered but with less environmental and 

human health impact. It has been proposed that the functionality criterion, i.e. that the 

alternative must provide at least the same function as the original product, may have to 

be re-assessed for a substitution to be sufficiently efficient from an 

environmental/human health perspective (Hansson et al., 2011). It can also be argued 



 

13 
 

that certain functions, and subsequently certain chemicals and products, are simply not 

necessary and should be avoided and removed without substitution. The starting point 

in this thesis is that chemical substitution is done when a function is needed. Therefore, 

the results are discussed in relation to the concept of essential use as described by 

Cousins et al. (2019b).  

 

 

Figure 3: Generic substitution process as described under REACH (ECHA, 2020a) 

2.3 Hazard assessment 

Hazard assessment is key in CAA (Jacobs et al., 2016). Hazard assessments 

can have different focuses, depending on their application area. In general, physical 

hazards, (eco)toxicity, environmental persistence, and bioaccumulation are assessed. 

Substances that qualify as persistent, bioaccumulative, and toxic (PBT), or very 

persistent and very bioaccumulative (vPvB), have long been recognised as hazardous 

to the environment and human health. The potential for irreversible contamination 

provides the basis for a new hazard identifier: persistent and mobile (PM, or very 

persistent and very mobile, vPvM) chemicals (UBA, 2017).  

There are several hazard assessment methods available, both within regulatory 

contexts and for commercial purposes, e.g. Design for the Environment programme 

(DfE, US EPA (2011)), GreenScreen (Clean Production Action, 2013), and the GHS 

Column Model (IFA, 2014). A chemical’s properties are assessed in relation to a 

number of hazard criteria in these assessment procedures. This is done within the 

broader categories physical hazards, (eco)toxicity, and environmental fate. The DfE 

were used in the hazard assessment conducted in the present research (Paper I). The 

DfE criteria are, to a large extent, based on globally accepted criteria in the Global 

Harmonisation System (GHS), and they are very similar to the GreenScreen method 

used by actors in the DWR industry.  

The starting point of hazard assessment can be the full ingredient list of a 

chemical product, including residuals/impurities and degradation products. The hazard 

assessment in Paper I, however, focused on the DWR water-repellent component and 

other components of the DWR were evaluated in the LCA (Paper IV). This approach, 

which has a focus on the use phase, was selected because the use phase was the focus of 

this particular case study (Paper I). The use phase was a relevant starting point in a 
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generic evaluation of DWRs as it thoroughly assessed the water-repellent constituents 

of the chemical products. Once the water-repellent ingredient has been selected, 

auxiliary chemicals can be selected based on relevant environmental and human health 

criteria.  

2.4 Life cycle perspectives in chemical alternatives assessment 

A life cycle perspective implies cradle-to-grave considerations of a product. 

The application of a life cycle perspective in CAA guidance is divided into life cycle 

thinking and LCA (Jacobs et al., 2016). In life cycle thinking, the cradle-to-grave 

implications of activities are considered, often qualitatively, without the details of an 

LCA (Baumann and Tillman, 2004). Life cycle thinking can be key in all steps of the 

substitution process (Figure 3). The National Research Council (2014) guidance, for 

example, gives brief guidance on the assessment of shifts in (eco)toxicity impacts 

between substances or life cycle stages due to differences in the ‘synthetic history’ of 

the chemical and on a broader product system mapping to identify differences between 

products with the chemical of concern and its alternatives. LCA however, is generally 

implemented as an ‘add-on’ assessment once safer alternatives have been identified, 

i.e. as an advanced part of the assessment of alternatives (Jacobs et al., 2016). The 

application of an LCA is described by Jacobs et al. (2016) as a method to evaluate 

potential impacts in categories other than (eco)toxicity, e.g. climate change. 

(Eco)toxicity aspects related to changes in a product’s life cycle, beyond the chemical 

of concern and its substitute, are, however, mentioned in e.g. the National Research 

Council (2014) guidance. Therein LCA (eco)toxicity indicator results are highlighted 

as different from hazard and risk assessments of alternatives (part of pre-LCA steps of 

the guidance) and are called ‘directional indicators’, i.e. indications of the relative 

magnitude of hazardousness of flows released to the environment.  

2.5 Life cycle assessment 

LCA provides a structured way to quantify potential impacts from resource 

extraction and emissions generated by activities (processes) within a product’s life 

cycle. Environmental LCA covers environmental and human health impacts. This 

method can be complemented with ‘S-LCA’ to assess social impacts (Jørgensen, 2013) 

and life cycle costing, LCC, to provide an economic perspective (Kirk and Dell'Isola, 

1995). An environmental LCA was conducted in the present research and is the 

method in focus below. 
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LCA is conducted as an iterative, four-step process, as illustrated in Figure 4. 

The LCA method is described in more detail in other texts (ex. Baumann and Tillman, 

2004, Finnveden et al., 2009) and is only briefly covered here. The first step is setting 

the goal and scope of the study, including defining the functional unit, system 

boundaries, relevant cut-off rules on what flows to include, and the impact categories 

to include in the study. The functional unit, the basis of comparison in an LCA, is a key 

element allowing for the comparison of essentially different systems that provide the 

same function. All environmentally relevant flows related to processes from the 

manufacture of materials and chemicals to the use and waste handling of the product, 

within relevant system boundaries, are quantified in a life cycle inventory (LCI). Those 

flows are characterised in an LCIA for their potential impacts on selected (potentially 

a broad range of) impact categories. Results can be normalised internally (e.g. to a 

benchmark) and/or externally (e.g. to the total amount of pollutants emitted in a 

region). LCIA results can also be aggregated in a weighting step. The broad scope of 

most LCAs, which are intended to cover all relevant impacts of all processes in a full 

life cycle, make it necessary to find appropriate simplifications. The assessment of 

environmental impacts in LCAs is, in general, not site-specific and flows occurring at 

different points in time are aggregated. Hence, an LCA can be used with the intention 

of capturing potential impacts per functional unit to allow comparative interpretations, 

i.e. the identification of hot spots or trade-offs within or between life cycles. The LCA, 

in its traditional execution, does not predict what will happen at a specific location. 

 

 

Figure 4: The iterative four-step process of LCA. The characterisation can be followed by a weighting step. 
LCA = life cycle assessment, LCI = life cycle inventory, LCIA = life cycle impact assessment 

Setting of the goal and scope, including 
definition of a functional unit

LCI: data gathering to quantify flows of 
resource outtake and emissions

LCIA: characterisation of the potential 
impacts of the flows

Interpretation
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There are standards describing principles and structures for LCA. Examples 

are ISO 14040, 14044, and the EU Product Environmental Footprint (PEF) 

recommendations (2013/179/EU). Although an LCA conducted within a research 

context can follow the standard in all essential parts, it can be worthwhile to allow it to 

go beyond the structures of the standard in order to answer specific research questions. 

The LCA reported in Paper IV follows the general principles outlined in the ISO 

standards but was not set up for full standard compliance. For example, ISO 

14044:2006 stipulates that a characterisation model should be ‘…based upon a distinct 

identifiable environmental mechanism and reproducible empirical observation’ 

(4.4.2.2.3 e). In the LCIA framework proposed in Paper III, in contrast, empirically 

observed degradation patterns provided the basis for a model (see Table 1 in Paper 

III) that instead applied simplified degradation patterns. This was justified by the aim 

to fill data gaps. 

An LCA of a product system intended to capture potential impacts of that 

system as it was during a certain time window is often referred to as an attributional 

LCA (or an accounting LCA). Curran et al. (2005) define attributional LCAs as being 

based on LCIs that ‘…attempt to answer “how are things (pollutants, resources, and 

exchanges among processes) flowing within the chosen temporal window?” ‘. Such 

LCAs are typically additive, i.e. LCAs of two materials can be added to get an LCA of 

the composite. An LCA that is instead intended to capture potential impacts of a 

change is often referred to as a consequential LCA (or change-oriented LCA). Curran 

et al. (2005) define consequential LCAs as being based on LCIs that ‘…attempt to 

answer “how will flows change in response to decisions?” ‘. Such LCAs contain only 

the processes affected by the change and are typically not additive. Consensus is yet to 

be reached on the applicability and data selection principles for these modelling 

choices (Ekvall et al., 2016). Tillman (2000) and Ekvall et al. (2005) have suggested the 

terms retrospective and prospective LCA for accounting and change-oriented LCAs, 

respectively. Attributional LCAs have, however, been used in prospective studies 

(Arvidsson et al., 2018). Thus, both attributional and consequential LCAs can be used 

to assess the recent past as well as future situations (Weidema, 2003). Marginal data 

are often suggested as the relevant choice for consequential modelling. This is, 

however, not always the case, and it is the goal of the study that must guide the choice; 

expected future average can be a better choice for long-term strategic planning 

(Tillman, 2000). Attributional LCAs can include allocation (i.e. the partition of 

environmental impacts between multiple process inputs or outputs), as the use of the 

method seeks to cut out the piece of the total global environmental exchanges related 

to the functional unit (Weidema, 2003, Fig. 1.3). Consequential LCAs, on the other 

hand, should include all activities affected by the change under study, and therefore, 
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these often rely on system expansion, i.e. the inclusion of additional functions to 

achieve a fair comparison (Ekvall and Weidema, 2004). The system under study can be 

divided into a foreground and a background system, where the foreground system can 

be defined as ‘…the collection of processes on which measures may be taken 

concerning their selection or mode of operation as a result of decisions based on the 

study’ (Tillman, 2000). While the division into foreground and background systems can 

be described as something relevant only for prospective studies, as suggested by 

Tillman (2000),  this is a concept more widely used and can also refer to a division of 

processes for which specific data are needed (foreground) and where generic data 

better capture an averaging effect across suppliers (background) (European 

Commission, 2010). The modelling choice between an attributional and a 

consequential LCA must be steered by the goal of the study and one should be aware 

that this makes it difficult to compare numerical results between LCAs unless they 

follow very consistent data collection and modelling procedures (e.g. environmental 

product declarations, EPDs).  

In the LCA conducted as part of the research herein (Paper IV), the 

attributional, retrospective (recent past), approach was selected for two main reasons. 

By using attributional LCA, textile LCI data inventoried with a specific focus on 

chemical emissions by Roos et al. (2019) could be used in the model of the textile 

product chains. This method also allowed for comparisons within the life cycle of a 

garment, e.g. to elucidate the importance of DWR-related direct emissions to 

background emissions from energy generation. The LCA scope was broadened to 

increase the relevance of the (eco)toxicity impact assessment. Use-phase indirect 

emissions and transformation products were included in the study, in order to capture 

emission scenarios as depicted in Figure 1. This is normally not done in an LCA, not 

because the method itself does not allow for this but simply because data are not 

readily available, and sometimes also because awareness of the potential magnitude of 

those flows is low. Manufacturing processes of the foreground system were 

complemented with direct emissions of DWR-related chemicals, as identified in review 

in Paper I. 

The uncertainty around LCA results can be large, and the size of this 

uncertainty can be difficult to quantify and communicate. Some uncertainties might 

even be impossible to quantify, such as impacts of catastrophic events or events in the 

far future. Dealing with uncertainty in LCA is about ‘getting the right numbers’, i.e. 

working with accurate data, and ‘getting the numbers right’, i.e. the precision of the 

data (Figure 5). Getting the numbers right in an LCA is about representativeness, 

reliability, considerations of temporal and spatial variability, data gaps, model 
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uncertainty, and minimising errors. Getting the right numbers is about making the 

LCA result capture meaningful characteristics of a system. The overlap between the 

two types of contributors to uncertainty stem from the complexity of an LCA, i.e. that 

data are used in different parts of an aggregated model, and depending on where data 

gaps, issues with representativeness, or model uncertainty exist, this could affect the 

accuracy or precision of the final result. Quantitative uncertainty assessment is 

technically feasible (Mendoza Beltran et al., 2018, Groen et al., 2017, Ciroth et al., 2004, 

Igos et al., 2018), e.g. using statistical approaches, such as global sensitivity analysis 

(Groen et al., 2017). However, the data basis seems to seldom allow for this assessment 

method (Heimersson et al., 2019, related work to this thesis, see p.V item D). 

 

Figure 5: Factors contributing to uncertainties in LCA classified into two overlapping fields representing 
accuracy, or ‘getting the right numbers’ and precision, or ‘getting the numbers right’. This is a Figure from 
Heimersson et al. (2019, related work to this thesis, see p.V item D). 

 

2.5.1 Chemical risk in a life cycle assessment context 

It is a common understanding that an LCA does not deal with risk (see e.g. 

Baumann and Tillman, 2004). An LCA, in its traditional execution, does not assess the 

acceptability of risk. Neither is it in its traditional execution used to assess real 

consequences, in terms of trying to reflect the time and place where impacts will occur, 

something that is associated with the term risk (Klinke and Renn, 2002). The 

disconnection in time and place has its purpose, as the goal of any LCA is founded on 

a comparison (within or between life cycles), and thus it is more important that the 

comparison is robust than that the outcome reflects temporal and spatial detail. Thus, 

while an LCA can be a relevant tool in the risk management toolbox, it does not, in its 

traditional execution, predict what will happen at a specific location. While the same 
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cause-effect chains are modelled in an LCA and a risk assessment, the modelling 

approach depends on the environmental assessment method. 

Chemical fate and exposure considerations in an LCA often lack geographical 

resolution for practical reasons; it is seldom reasonable to collect data on a very 

detailed level either because such data do not exist (yet), and/or because the study 

would have enormous proportions given the often global nature of supply chains and 

product use. This is not unique to an LCA, and the same applies to large-scale 

chemical risk assessments (CRAs), e.g. CRAs conducted under REACH, in which 

generic exposure models are applied. In fact, the very same fate and exposure models 

can be used in CRAs and LCAs (see e.g. the exposure and fate module of the USEtox 

model (Rosenbaum et al., 2008) that build on SimpleBox, which is a model that is also 

used as part of the chemical evaluation under REACH).  

Effect considerations can be expressed in different ways in an LCA, depending 

on the LCIA method used. Effects considered are intended to be relevant for human 

health/environment, but data selected are not necessarily conservative (i.e. cautious), 

and the robustness of the estimate is important. For example, averages across species 

can be used to construct an ecotoxicity CF instead of the datum for the most sensitive 

species, to construct an effect metric (Henderson et al., 2011). Safety factors are 

generally not used. However, while such average values can be more robust in the 

sense that additional data will have little effect on the CF, this approach can lead to a 

CF of low accuracy for chemicals with a specific mode of action (i.e. non-narcotics). 

For example, a herbicide may be highly toxic for algae but not for fish and 

invertebrates, and thus an average effect metric across species will not reflect the 

possible ecosystem damage from the toxic effect on primary producers 

(photosynthesising organisms). Effect thresholds are generally disregarded as the dose-

response curve is linearized, allowing for the quantification of marginal incremental 

impacts. In theory, a non-linear approach would also be possible in an LCIA, but this 

would require knowledge of background exposure (i.e. exposure to pollution from life 

cycles other than the one(s) under study).  

2.5.2 Life cycle impact assessment of (eco)toxicity 

The inclusion of (eco)toxicity effects in an LCIA is a process that has been 

ongoing for a couple of decades. A number of LCIA methods that cover (eco)toxicity 

are now available (European Commission, 2011), e.g.  the ecological scarcity method 

(Frischknecht and Knöpfel, 2013), EPS (Steen, 2019), Ecoindicator99 (Pre-

sustainability, 2000), Impact 2002 (Jolliet et al., 2003), EDIP 2003 (Potting and 

Hauschild, 2005), MEEUP (Kemna et al., 2005), ReCiPe (Huijbregts et al., 2017), CML 
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(Huijbregts et al., 2000), TRACI (Bare, 2011), and USEtox (Rosenbaum et al., 2008, 

Hauschild et al., 2008).  

The USEtox model and associated databases with CFs were used in the 

research presented in Papers II, III, and IV and is the LCIA (eco)toxicity model in 

focus below. The USEtox model has been recommended for use within the EU 

(European Commission, 2011, Saouter et al., 2018) and is provided in a format allowing 

for the calculation of additional CFs. The USETox model is a multimedia-nested box 

model for transport and fate calculations and the estimation of LCIA CFs that 

combine those calculations with dose-effect information. The model is a result of a 

UNEP Life Cycle Initiative effort and is a consensus model incorporating harmonised 

components from several (eco)toxicity assessment models (Hauschild et al., 2008, 

Westh et al., 2015). Hence, USEtox contains model components from other 

(eco)toxicity LCIA models (CalTOX, IMPACT 2002, USES-LCA, and EDIP97; 

Hauschild et al. (2008)), and more recent versions of some of the other models make 

use of USEtox CFs.  

USEtox model versions 1 and 2 (2.12 was the latest version at the time of 

writing) include human health cancer and non-cancer, and ecotoxicity freshwater 

indicators. As part of the UNEP  Life Cycle Initiative, Fantke et al. (2018a, work 

related to this thesis, see p. V item C) have identified the need to add elements to the 

USEtox model, including marine effects (one reason being to capture potential impacts 

of persistent and mobile chemicals such as PFASs), effects on sediment-dwelling 

organisms, soil organisms, and pollinating insects and other species of special concern. 

Also as part of the UNEP Life Cycle Initiative, Fantke et al. (2018b) have identified 

the need to include direct human exposure pathways and to account for background 

exposures in the dose-response assessment. With the reviews (Fantke et al., 2018a, 

Fantke et al., 2018b) as background, Owsianiak et al. (2019) and Fantke et al. (2019) 

have formulated recommendations on further model developments that will lead to 

updates of the USEtox model. 

CFs are calculated in the USEtox CF calculation framework by multiplying 

matrices containing fate factors (FFs), exposure factors (XFs) and effect factors (EFs), 

Equation 1. Intake fractions (iFs), a summary metric of human exposure in relation to 

emissions, are calculated by matrix multiplication of FF and XF matrices.    

 
Equation 1:   CF = FF ×  XF × EF 
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FFs describe chemical partitioning, dispersion, degradation, and transport in 

and between the various environmental compartments and are expressed in days [d] 

interpreted as the chemical residence time in a given compartment. For ecotoxicity, 

XFs are expressed as the mass fraction dissolved in water [kgdissolved/kgin compartment]. The 

dissolved fraction is all of the substance present in the compartment that is not 

associated with suspended particles, dissolved organic carbon (DOC), or 

bioaccumulated in biota (bioaccumulation relevant for ecotoxicity is considered in the 

EF, that represents long-term exposure conditions). EFs describe the potential affected 

fraction (PAF) of aquatic species integrated over exposed water volume and time 

[PAF m³/kgdissolved]. The iFs for human toxicity are expressed as intake via inhalation or 

ingestion per unit mass emitted [kgintake/kgemitted]), and EFs are expressed as cases per 

unit mass intake [cases/kgintake]. Additional documentation on the USEtox model can 

be found elsewhere (Rosenbaum et al., 2011, Henderson et al., 2011, Rosenbaum et al., 

2008, Fantke et al., 2017). 

A ‘time-integrated’ steady-state exposure is modelled in the USEtox model to 

have effect on organisms in the environment. Degradable substances disappear while 

persistent substances accumulate. While the model calculates losses via degradation, it 

is up to the modeller to identify and include relevant degradation products. van Zelm 

et al. (2010) have shown in a case study that the exclusion of degradation products 

could lead to an underestimation of potential impacts by orders of magnitude. Roos et 

al. (2019) have approached this by constructing time-integrated recipes for textile 

products that include both primary pollutants and degradation products. While the 

inclusion of degradation products can be highly relevant, detailed guidance on how to 

make such inclusions is missing, and LCA databases rarely (if at all) contain an 

account of the emissions of transformation products.  

Part of the USEtox project is the publication of databases with USEtox CFs. 

Current versions of the databases (2.12) contain 3077 organic and 27 inorganic 

substances (www.usetox.org). Other database providers use the USEtox model to 

calculate CFs for additional substances, e.g. the COSMEDE database that covers 7815 

cosmetic and detergent substances (ADEME and CYCLOeco, 2020). These are large 

databases, nevertheless, they cover only a small share of the chemicals on the market - 

over 350 000 chemicals and mixtures have been registered for production and use 

(Wang et al., 2020).  
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2.5.3 Life cycle assessment of textile products 

Textile product chains are almost without exception global (Börjeson, 2017). 

See Figure 6 for a simplified product chain (i.e. life cycle of a garment). Textile 

production is infamous for its social and environmental impacts (Muthu, 2014) and the 

opacity of its global supply chain (Börjeson, 2017). Textile manufacturing stages are 

associated with discharges of large volumes of polluted water carrying toxic chemicals 

(European Commission, 2003). (Eco)toxic impacts of textile products have seldom 

been included in textile LCAs, due to significant gaps in the available data on chemical 

emissions related to textile manufacture, use, and end-of-life, and their (eco)toxicity 

potential (Roos et al., 2015a). Recent research has, however, improved the situation 

(see e.g. Roos, 2016, Sandin et al., 2019, Roos et al., 2015b).  

 

Figure 6: Simplified product chain (life cycle) of a garment. EOL = end of life 

 

The proposal of a data collection strategy and calculation of textile chemical 

CFs (Paper II), and application of the Roos et al. (2019) inventory framework in a case 

study (the LCA of Paper IV) are contributions to the above-mentioned developments.  

2.6 Value-belief-norm theory in risk communication 

Communicating chemical risks is not an easy task. The reason for 

communicating risks can be to create acceptance, e.g. public acceptance of the risks 

associated with nuclear power (e.g. Tanaka, 2004, Löfstedt, 2005), or it can be done to 

create action, e.g. change people’s car driving habits to reduce greenhouse gas 

emissions (e.g. Krantz Lindgren, 2001), or as in the case relevant herein, to motivate 

consumers for voluntary substitution of hazardous PFASs. Either way, to create the 

response intended, the message must come through. This is not as easy as simply 

presenting the right numbers (Fischhoff, 1995, Adler and Pittle, 1984), such as results 

from a hazard assessment or an LCA. The prior knowledge levels (Snyder, 2001), 
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values, beliefs, and norms of the recipient of the information play a crucial role (Stern, 

2000), as does trust in the communicator (Löfstedt, 2005).   

It is an often-expressed opinion that information campaigns are not effective 

(Rice and Atkin, 2012). Even so, information campaigns are a re-occurring risk-

management strategy. As part of the SUPFES project, public communication to 

achieve source control in municipal wastewater treatment was in focus because diffuse 

sources of PFAS were hypothesised to be important. The project aimed to evaluate the 

potential to educate the public and formulate key messages comprehensible to the 

Swedish public. In order to achieve relevant results, i.e. to find out what will create 

attitude changes and pro-environmental behaviour (Jagers et al., 2009), environmental 

attitudes of the Swedish public, in general as well as in relation to the specific case of 

PFASs in outdoor garments, were surveyed and results were evaluated in relation to 

existing theory on pro-environmental behaviour (PaperVI).      

Research within the fields of sociology and psychology has tried to explain 

pro-environmental behaviour, or conservation behaviour, with various models. 

According to Kaiser et al. (2005) attitude-related theories have converged into two 

frameworks: the value-belief-norm (VBN) theory (Stern, 2000) and the theory of 

planned behaviour (Ajzen, 1991). Both of these theories have reported explained 

variances of approximately 20-30%. The VBN theory will be further expanded upon 

here as it was selected as the explanatory model in Paper VI.  

The VBN-theory aims to ‘…inform efforts to promote proenvironmental 

behaviour' (Stern, 2000). The theory aims to explain non-activist environmentalism 

and links value theory, norm-activation theory, and the New Environmental Paradigm 

(NEP; Dunlap and Van Liere (1978)). In the VBN theory, values (biospheric, 

altruistic, egoistic) affect beliefs about adverse consequences for valued objects and the 

perceived ability to reduce threat (ecological worldview (NEP)) that in turn activate 

personal norms about pro-environmental behaviour that, lastly, affect behaviour 

(Stern, 2000 Fig. 1). Each variable can also affect variables further down the cause-

effect chain. A central part of the VBN theory is that the norms of and predisposition 

to pro-environmental behaviour can be influenced by information if that can change 

the beliefs. People’s environmental norms can be activated by highlighting certain 

values or consequences. As such, the VBN theory lends itself well to evaluate a 

suitable rhetoric, or different information framing, in information campaigns. 
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2.7 Information framing 

Framing (or framing effects) is generally understood as a cognitive bias in 

which people react to a particular choice in different ways, depending on how it is 

presented (Tversky and Kahneman, 1981). For example, a choice can be presented as a 

loss or gain or simply as positively or negatively loaded information. Cognitive bias 

refers to a systematic pattern of deviation from norm or rationality in judgment, 

whereby inferences about other people and situations may be drawn in an illogical 

fashion. Individuals create their own ‘subjective social reality’ from their perception of 

input. How something is presented to the public influences the choices people make 

about how to act upon that information. Depending on how the outcomes at stake are 

valued, the description of the risk should be adapted (Pidgeon and Fischhoff, 2011). 

Selected information must be designed with the receiver in mind. The deficit model, 

that more information will generate the sought response, is intuitive but can erode 

trust if non-action is simply met with more information  (Pidgeon and Fischhoff, 2011). 

The frame applied in an information campaign has the potential to affect how the 

information is received. Framing effects in a substitution context are further explored 

in Paper VI in a study of the willingness-to-pay for alternative garments. 
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3 Summary of thesis contributions in relation to 
research questions 

3.1 How can life cycle impact assessment (LCIA) of (eco)toxicity be 
strengthened to improve the relevance of LCA as a decision 
support in the chemical substitution of hazardous PFASs in textile 
applications? 

The inclusion of (eco)toxicity impacts in LCA requires data on chemical 

emissions related to the functional unit and CFs to characterise the impacts of those 

emissions. Roos et al. (2019) have inventoried textile-relevant processes for chemical 

emission flows. No CFs were available in the USEtox or COSMEDE databases for 

35% of those chemical flows (n=72) (see 2.5.2). CFs were calculated to allow for their 

inclusion in the LCIA in Paper II. Any new CF must be comparable to existing CFs, 

and thus the USEtox manuals (Huijbregts et al., 2015a, Huijbregts et al., 2015b) were 

the starting point for data collection. A data selection procedure was developed that 

introduced additional data sources as well as the possibility to include estimated data 

(in addition to empirical data) also for (eco)toxicity characteristics (Figure 7). The 

concept of Minimum Data Quality (MDQ) was introduced in acknowledgement of the 

additional uncertainty  of CFs based on estimated or scarce data (cf. Holmquist et al., 

2018, related work to this thesis, see p.V item B). The CFs calculated in Paper II are 

for textile chemicals, but the data selection procedure can be applied to any chemical 

and, in that way, aid in filling important data gaps in the (eco)toxicity impact models 

used in LCIAs, including sectors other than textile. This increases the relevance of any 

LCA where emissions of hazardous chemicals has been assessed as relevant for 

evaluation. 
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Figure 7: The three-step data source selection strategy developed in Paper II. WOE = weight of evidence, 
MDQ = minimum data quality, CF = characterisation factor. This is Figure 1 in Paper II. 

 

The inventory by Roos et al. (2019) contains PFASs (PFAAs, FTOHs,  and 

FTAs). It was acknowledged in Paper II that the special properties of these chemicals, 

their extreme persistence, and the amphiphilicity of the PFAAs, might need special 

considerations to achieve relevant CFs. No exceptions from the data collection 

procedure or adjustments of model algorithms were made within the scope of the study 

in Paper II. To allow for the inclusion those PFASs in the LCIA, an (eco)toxicity 

LCIA framework was developed (Paper III; Figure 8) that accounted for the special 

properties of PFASs (covering non-polymeric perfluoroalkane sulfonyl fluorides 

(PASF)-based and fluorotelomer-based substances and side-chain fluorinated 

polymers3).  

 
3 Paper III says that the LCIA framework can be applied to the ‘vast majority of PFAS-containing 
products on the market’. In Paper III we were not considering fluoropolymers or perfluoropolyethers 
which comprise a significant fraction of the PFAS market. Consideration of the LCIA of fluoropolymers 
and perfluoropolyethers would be a valuable extension of our framework.   
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Figure 8: Illustration of the workflow of the framework proposed in Paper III. Detailed guidance was 
given for the black parts of the figure, grey parts were described in overview and exemplified in the case 
study. This is Figure 1 in Paper III. 

The (eco)toxicity LCIA framework for PFASs had two main components;  

A. A translation table to arrive at a long-term relevant inventory (i.e. time-

integrated) of terminal degradation products (i.e. the PFAAs) and  

B. An LCIA model adapted for PFAAs and CFs calculated for three 

important PFAAs: PFOA, PFHxA, and PFBS.  

By applying the translation table, PFAA-precursors could be transformed into 

an aggregated LCI of PFAAs, that in turn could be characterised using the CFs 

calculated with a PFAA-adapted LCIA model.  

The translation table (Table 1 in Paper III) was developed based on available 

literature reviews of degradation studies mapping the transformation of non-polymeric 

PFASs. While degradation pathways are diverse and differ between precursors and 

environmental media, they were highly simplified as part of the framework proposed 

in Paper III. All fluorotelomer-based substances with seven or eight perfluorinated 

carbon atoms in the alkyl chain were assigned PFOA, those with five or six 

perfluorinated carbon atoms were assigned PFHxA, and sulfonyl substances with four 

perfluorinated carbon atoms in the alkyl chain were assigned PFBS as the degradation 

product. The yield of PFAA from non-polymeric PFAS precursors was set to 60%. 

With this simplification, the more well-characterised PFAAs act as proxies for less 

well-studied substances. As side-chain fluorinated polymer degradation is a debated 

issue yet to be fully described by environmental chemists, the polymer degradation was 

set to 0-100%. Thus, if the starting point is a direct emission of 1 kg of 8:2 FTOH (a 

non-polymeric PFAS) to air, the translation table aids in converting this emission into 

0.5 kg of PFOA to air (adjusted for the weight fraction of PFOA to 8:2 FTOH), which 

is the flow to be characterised in the PFAA-adapted LCIA model. 
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As part of the (eco)toxicity LCIA PFAS framework proposed in Paper III, the 

USEtox model was adapted to better capture PFAA fate, exposure, and effects. 

Adjustments were made to allow for the use of empirical data for the calculation of 

XFs and FFs instead of using the octanol-water partitioning coefficient (KOW), which is 

not a relevant parameter to predict PFAA fate. Effects in the marine compartments 

were added to allow for the calculation of marine ecotoxicity indicator scores, as this is 

the main accumulation compartment of PFAAs in the environment. With this PFAA-

adapted model, CFs were calculated for PFOA, PFHxA, and PFBS. The data 

collection for CF calculation was based on the data collection procedure developed in 

Paper II but taken further by the inclusion of data from a multitude of sources. As part 

of an uncertainty assessment, in addition to traditional laboratory derived rodent data, 

human epidemiological data were applied to calculate EFs using rough extrapolations. 

PFOA effect levels for cholesterol increase were used to calculate EFs. To arrive at 

EFs for PFHxA and PFBS, the EFs for PFOA were extrapolated based on human 

elimination half-lives.  

A comparison of the PFAA CFs and CFs for all substances in the USEtox 

databases (Figure 9) shows that the PFAA CFs as calculated in Paper III are ranked 

among the top 5% for marine ecotoxicity. CFs for non-cancer human toxicity ranked 

equally high when based on epidemiological data but not when based on rodent data. 

The high ranking in the non-cancer human toxicity impact category, for CFs based on 

rough extrapolations from epidemiological data, reflects the high potential for human 

toxicity of the PFAAs, i.e. the high EF. The high ranking in the marine ecotoxicity 

impact category, in contrast, reflects ocean accumulation rather than high ecotoxicity, 

i.e. the high FFs for the marine compartment (cf. freshwater and marine ecotoxicity, 

Figure 9, lower panel).  

Similarities and differences were identified in a comparison of the PFAA CFs 

calculated in Paper III with those calculated in Paper II (Figure 9). CFs calculated 

Paper II were fairly similar to those calculated in Paper III when non-cancer toxicity 

CFs were based on rodent-data EFs. CFs for non-cancer toxicity, based on rough 

extrapolations from epidemiological data, as calculated in Paper III, were, however, 

orders of magnitude higher than those calculated in Paper II. Marine ecotoxicity was 

not included in the USEtox model (2.02), hence, CFs for marine ecotoxicity were not 

included in Paper II. The high impact potential for human toxicity was not captured in 

Paper II as the data collection was designed to stop data collection when ‘good enough’ 

experimental data had been collected (Table 1 in Paper II), i.e. MDQ did not imply a 

complete data set but that experimental data had been found in a source assessed as 

relevant. Considerably higher potential  for human toxicity was assigned to the PFAAs 
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in the uncertainty assessment in Paper III  than in Paper II because the data collection 

strategy was much expanded, and due to further maturation of data (see further 

discussion in 4.2). The spread of CFs from Papers II and III shows that knowledge 

about a specific substance (or substance group) and extensive data collection efforts 

can drastically change the outcome of an LCIA. This spread in data is also an 

indication of how large uncertainties can be. 

 

 

Figure 9: CFs for freshwater emissions for the three PFAAs (highlighted values) and their ranking in 
relation to boxplots of all CFs as calculated with existing USEtox® 2.1 databases for organics and metal 
ions, with a marine extension from Paper III. Human toxicity cancer (n=612) and non-cancer (n=441) in 
the upper panel and aquatic ecotoxicity (n=2523) in the lower panel. The cancer effects of non-
carcinogenic chemicals are not displayed (i.e. zero values removed). Adapted from Figure 2 in Paper III.  
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The very high CFs in the human health non-cancer toxicity category (based on 

roughly extrapolated epidemiological data) had clear effects on the results of the LCA 

on DWRs (Paper IV), despite the low levels of use of PFASs in the studied 

application. The high CFs for marine aquatic ecotoxicity, in contrast, were also in the 

same range as the top 5% of the USEtox 2.1 database. However, the high CFs did not 

come through in the LCA results for two reasons. Firstly, the gap between the PFAA 

CFs and the CFs of the other substances in the database, most importantly metals that 

also accumulate in the oceans, was not as large. Secondly, according to the LCI, metals 

were emitted from most parts of the value chain, mainly due to energy generation, and 

therefore contributed to a large proportion of the predicted potential impacts. CFs 

calculated in Paper III showed that the PFAAs were ranked high in relative 

(eco)toxicity potential, but the results of the LCA in Paper IV showed that whether or 

not that high rank breaks through in the final LCA results depends on the LCI. 

An issue relevant to the construction of PFAS-LCIs and other chemical 

emissions was highlighted in Paper III, namely the difficulty to obtain chemical 

emissions data. How to obtain emissions data was not part of the framework for Paper 

III, and this challenge is only described in the overview of the paper through suggested 

information sources on the use and emissions of PFASs. In a case study involving a 

simplified LCA on surgical drapes included in the paper for illustrative purposes, 

emission factors were applied to quantify PFAS emissions. LCI unit process data, other 

than energy-related processes, are not always inventoried for direct chemical emissions 

in LCA databases. Background data modelled using aggregated processes generally 

contain the chemical emissions of many different chemicals, but the absolute majority, 

if not all, often come from energy-related processes. It can be difficult for the LCA 

modeller to judge whether or not all relevant emissions have been included in the 

database process. Knowledge about the system is essential to identify where emissions 

are likely to occur. Process data from LCA databases can be complemented with direct 

chemical emissions with the application of generic emission factors, as was done in 

Papers III and IV. Arriving at a complete LCI is a necessary step before conducting an 

LCIA as the impact assessment otherwise would be limited by data gaps. 
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In summary, this thesis contributed an answer to research question one with 

practical and methodological developments:  

i) Despite databases with 3000+ CFs (www.usetox.org), most chemicals on the 

global market remain uncharacterised in the LCIA context (see 2.5.2). CFs 

were calculated in Papers II and III and made available to LCA 

practitioners to fill data gaps with regards to CFs relevant in PFAS and 

textile applications. 

ii) The several thousand missing CFs referred to above imply a continuous 

need to collect data on physicochemical and (eco)toxicological 

characteristics in a resource-efficient way that still generates relevant results. 

To address this need, a data collection strategy was proposed in Paper II that 

went to unprecedented lengths to fill data gaps, in particular for 

(eco)toxicity. This strategy demonstrated a consistent way for analysts to 

approach other chemicals. 

iii) (Eco)toxicity impact models are generally based on ‘standard’ organic 

substance properties, i.e. fat-soluble non-surfactant characteristics. Certain 

substances (or substance groups) behave in radically different ways and 

require further data collection and model adaptions based on their special 

characteristics. One such group is the PFASs. To address the need of special 

PFAS considerations in LCIA, a framework was proposed in Paper III to 

derive a long-term relevant inventory of PFAAs and to calculate PFAA 

CFs. 

How to know when additional data collection or model adaptions are needed 

is discussed in 4.3.  

3.2 How different is the environmental performance of the alternative 
DWRs compared with side-chain fluorinated polymer based C8 
DWRs? 

The identification of relevant substances for further evaluation was the focus 

of Paper I. DWRs on the market were categorised into four main types (Figure 10); a) 

side-chain fluorinated polymer based DWRs b) silicone-based DWRs, c) hydrocarbon-

based DWRs, and d) DWRs based on ‘other chemistries’ (not in Figure 10). Non-

polymer substances related to the structural moiety of the substance that provide the 

water (and oil) repellency function to the DWR formulation, that could be predicted to 

be emitted in the use phase, were identified and assessed for their associated hazards 
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(Table 1). PFOA was identified as a relevant impurity and degradation product in 

DWRs based on a C8 side-chain fluorinated polymer, PFHxA from C6 and PFBS from 

C4. Short-chain silanols, dimethylsilanediol (DMSD) and trimethylsilanol (TMS), were 

identified as degradation products, and octamethylcyclotetrasiloxane (D4) and 

decamethylcyclopentasiloxane (D5) were identified as possible impurities of the 

silicone-based DWRs. Paraffin wax was identified as a possible degradation product of 

the hydrocarbon-based DWRs. For DWR systems evaluated under the category ‘other 

chemistries’, degradation products and impurities could not be identified.  

 

 

Figure 10: Raster electron microscopy (REM) picture (courtesy of Swerea IVF) of the structured surface of 
a synthetic fabric, and schematic pictures of the DWR polymers that deliver the final textile repellency (a–
c): side-chain fluorinated polymer (a), silicone (b), and hydrocarbon (c). The polymers react, with the help 
of fibre-bonding groups (blue), with the surface of textile fabrics. Terminal groups with low critical surface 
energy (γc) (Fox and Zisman, 1950), CF3 and CH3 groups, need to be closely packed and orientated 
toward the surface. This is Figure 1 in Paper I. 

The hazard assessment (Table 1) based on an extensive literature review 

showed that all alternatives to the benchmark PFOA were also associated with 

hazards. The short-chain PFAAs are less toxic but are as equally persistent as PFOA. 

The silicone-related substances are also persistent, and the cyclic siloxanes are toxic 

and bioaccumulative. The paraffin wax was the most environmentally benign, while the 

‘other chemistries’ were not possible to assess due to lack of data and information on 

their detailed composition. Emissions of impurities and degradation products were 

predicted to differ between DWRs, both with regards to amount and further fate, 



 

33 
 

leading to differences in exposure, which was instead assessed within the scope of the 

LCA in Paper IV.  

Table 1: Collated hazard assessment for selected DWR-related substances that reach the environment via 
diffuse emissions. Degradation products are denoted #, and impurities are denoted ¤. Hazard classification 
abbreviations are: vL=very low, L=low, M=moderate, H=high, vH = very high, PEA= potentially 
endocrine active, DG= data gap. Classifications in italics are of low confidence, and those in bold are of 
high confidence. Classifications based on estimated data are marked with an asterisk (*). Endpoint 
abbreviations are C = carcinogenicity, M = mutagenicity/genotoxicity, R= reproductive toxicity, D= 
developmental toxicity, E=endocrine activity, AT=acute mammalian toxicity, ST=repeated dose toxicity, 
N=neurotoxicity, AA=acute aquatic toxicity, CA=chronic aquatic toxicity, P=environmental persistence, 
and B=bioaccumulation. Adapted from Table 3 in Paper I. 

 

 

In the LCA (Paper IV), five DWR systems were selected for assessment; two 

types of side-chain fluorinated polymers (C4 and C6), one silicone based, one 

hydrocarbon-based wax and a non-fluorinated based on hyperbranched polymers. The 

results of the LCA in Paper IV showed that DWRs can be differentiated on a whole 

garment basis for the human health non-cancer toxicity category indicator if the CFs 

based on roughly extrapolated epidemiological data were used (but not if the analysis 

were restricted to rodent data EF based CFs), but not for the other categories (Figure 

11, upper panel, only climate change and (eco)toxicity shown). The indicator scores in 

the human health non-cancer category for the fluorinated DWR systems (C8, C6, and 

C4) were one to three orders of magnitudes higher (using the roughly extrapolated 

CFs) than for the non-fluorinated systems. The DWR was used in very small amounts 

C M R D E AT ST N AA CA P B

PFOA #¤ H L H H PEA M H DG L L vH H

PFHxA #¤ L L M M PEA L M DG L L vH L

PFBS #¤ DG L L L PEA L L DG L L vH L

Short-chain silanols # DG DG DG DG DG DG DG DG DG DG DG DG

DMSD # DG DG DG DG DG DG M DG DG DG vH L*

TMS # DG L DG L DG M M DG L DG DG L*

D4 ¤ L L L L PEA L H DG L vH vH vH

D5 ¤ L L L L PEA H H DG L L vH vH

Paraffin Wax # L L vL* vL* DG L M DG L* L* L L*

Unknown DG DG DG DG DG DG DG DG DG DG DG DG

Other chemistries

Side-chain fluorinated polymers

Hydrocarbons

Silicones

Hazard classification per endpoint

Substance Ecotox Fate

Benchmark

Human health
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compared to the other materials in the garment, thus a chemical must have very high 

potency to affect end results, as may be the case for PFOA (emitted from the 

benchmark system C8) in particular but also for PFHxA and PFBS, emitted from the 

C6 and C4 systems, respectively. Looking instead at the results of only the finishing 

processes, DWR systems were again indicated to be possible to differentiate in the 

non-cancer impact category (Figure 11, lower panel, only climate change and 

(eco)toxicity shown). Differences between DWR systems in the other categories were 

larger compared to when the whole garment was included but may reflect uncertainty 

rather than actual differences between DWR systems.  

 

 

Figure 11: Indicator results of the DWR alternatives for climate change and (eco)toxicity normalised to 
indicator results of the benchmark, the C8 DWR. The upper panel shows the full garment life cycle results, 
while the lower panel shows results for the finishing only (textile excluded). 50% polymer degradation was 
assumed for the side-chain fluorinated polymers and effects factors roughly extrapolated from 
epidemiological data were used for the PFAAs. This is Figure 2 in Paper IV. 
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The LCA results in Paper IV expressed per functional unit could not 

differentiate between DWR alternatives beyond a differentiation between the 

fluorinated and non-fluorinated DWRs, as described above. This differentiation was 

dependent on the use of the CFs based on roughly extrapolated epidemiological data. 

As experimental data has shown that performance variation within each DWR 

category was as large as between categories (Schellenberger et al., 2018) user scenarios 

and garment life lengths were not differentiated between the DWR systems. Scenario 

assessments (see Table 1 in Paper IV) were, instead, used to assess how changes in 

wash and re-impregnation frequencies and life length affected environmental 

performance (assessed with climate change and (eco)toxicity indicators). The life 

length of the garment was found to be a key parameter, independent of DWR system. 

The importance of the life length, in the human toxicity non-cancer indicator, was 

more pronounced for the wax and hyperbranched polymer based DWRs than for the 

side-chain fluorinated polymer and silicone- based DWRs. The higher potential 

toxicity of the DWR-related emissions of the fluorinated and silicone DWRs made re-

impregnation relatively more important. Wash frequency was important for all DWR 

systems, except in the non-cancer toxicity indicator of the side-chain fluorinated 

polymer based DWRs (when CFs based on roughly extrapolated epidemiological data 

were used). The scenario assessments indicated that the optimal DWR from an 

environmental perspective would be a non-fluorinated DWR that imparts qualities to 

the garment that result in as few washes as possible and, most importantly, as long a 

life length as possible.  

This cautious interpretation of the LCA results is a consequence of the high 

level of uncertainty in both estimated emissions and their potential impacts. Indicator 

results as shown in Figure 11 were calculated using all available CFs, not only the 

recommended CFs, i.e. also USEtox indicative CFs and non-MDQ CFs as presented in 

Papers II and III. As the hyperbranched polymer DWR system could not be specified 

to the same extent as the other DWR systems, their assessment is probably associated 

with additional uncertainty. While it was not possible to quantify the total uncertainty, 

it is likely that a difference between alternatives must be of several orders of 

magnitude to be relevant for (eco)toxicity indicators. 

In summary, this thesis contributed to the answer to research question two by 

presenting hazard assessment and LCA results for five DWR types in relation to a C8 

benchmark. It was found that all alternatives under study have improved 

environmental performance compared to the C8 DWRs. It was also found that non-

fluorinated DWRs are clearly the preferred option for water repellency applications 
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(i.e. when oil repellency is not necessary) as there are indications that PFAA emissions 

from side-chain fluorinated polymer based DWR systems can have high potential for 

human health non-cancer toxicity.  

3.3 What type of information would motivate consumers towards the 
substitution of hazardous PFASs found in outdoor garments? 

Contrasting technical performance against user needs, as was done as part of 

the mapping of DWR alternatives (Paper I), illustrates the potential of consumer 

action to reduce risk from PFASs in DWR. A DWR provides multiple functions to a 

garment (i.e. not only water repellency but also repellency of other liquids and dirt), 

and the study in Paper I found that DWRs based on side-chain fluorinated polymers 

are readily substitutable (Figure 12) in the consumer segment, where the preferred 

function is comfort rather than hazard management, and water repellency provides 

sufficient function. Consumer action by choosing garments impregnated with non-

fluorinated alternatives has the potential to be a relevant risk reduction measure.         

 

Figure 12: Illustration of the increased need for technical performance (in essence the degree of oil 
repellency and durability of oil and water repellency) with more advanced user needs; advancing from 
fashion to comfort to hazard management. Garment types (A–H) were subjectively placed in the graph. 
Additional work is needed to quantify the metrics on the graph's axes. This is Figure 3 in Paper I. 

A panel of Swedes (part of the Gothenburg University Citizen Panel) were 

exposed to different types of information texts about hazardous fluorinated substances 

in the experiment in Paper VI (the survey experiment was conducted in June 2015, see 

Table 1 in Paper VI for information texts). They were asked to indicate their 

willingness-to-pay for a garment without such hazardous substances (also ‘willingness-

to-act’ as the respondents were also asked if they would be willing to choose another 
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option at no price increase). The willingness-to-act/pay of this panel was high in the 

control group and in the four exposure groups that received information about 

hazardous fluorinated substances, Figure 13. The average was above 5 on a scale of 1-6 

if the action was associated with no or a low (10%) price increase, and remained 

around 4 at a 50% price increase. Willingness-to-pay increased when information was 

given on the hazardousness of PFASs, and this effect was larger when the information 

was detailed and specific (cf. a description of PFASs as harmful to health with a 

description saying that PFASs are harmful to the unborn baby, are potential 

carcinogens and have the potential to cause reprotoxic effects). The effect of 

information was slightly higher when about environmental hazards compared to when 

it was about human health hazards. The effect of the information increased with an 

increase in price. The results of the survey showed that the Swedish public seem ready 

to substitute hazardous fluorinated chemicals in garments, but general information 

campaigns might not be effective as the willingness-to-pay/act is already high. 

Awareness of the issue of fluorinated chemicals in garments and shoes was 

probably on the rise in Europe around the time of the survey described in Paper VI. 

Schellenberger et al. (2019a) did a consumer survey in July 2014 (respondents were 

contacted via social media with a focus on outdoor activities). 59% of 300 respondents 

claimed that they were unaware of concerns for the chemicals used for repellency in 

the outdoor industry. The Greenpeace Detox my Fashion campaign came to focus on 

PFAS use in the outdoor apparel sector in 2013 (Cousins et al., 2019a), and the 2016 

report, Leaving traces (Greenpeace, 2016), sparked public action leading to PFAS 

phase-outs by many market-leading brands (Cousins et al., 2019a). Other NGO 

activities, e.g. by the Swedish Society for Nature Conservation or Chemsec, have raised 

the issue of PFAS hazardousness in parallel to Greenpeace actions. The respondents of 

the survey experiment (conducted in June 2015) in Paper VI could have been affected 

by the Greenpeace and other campaigns, which occurred in proximity in time to the 

survey experiment. Any new information campaign on PFAS hazards must carefully 

consider public prior knowledge about the subject, as this has been a topic for frequent 

media attention in recent years. 

The effect of the information was a small, but statistically significant, increase 

in willingness-to-pay that was dependent on how the information was framed. This 

framing effect, i.e. how the hazard was described, was studied using regression analysis 

that controlled for perceived risk and environmental norms, as well as age, education, 

income, gender, and children, and the effect remained significant. The VBN-based 

model presented in Paper VI showed weak support for the theory that the effect of 

information framing was mediated by the ‘degree of affection’ (in this context: that of a 
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parent for their child) but could show a statistical significant interaction between the 

degree of affection and the perceived risk (i.e. the effect of the degree of affection was 

the highest for people who perceived environmental and human health risks as low). 

This model of willingness-to-pay as a response to information can be used in the design 

of targeted information campaigns or product labelling.  

 

Figure 13: Mean willingness-to-pay (WTP) for the children's overall (Scale 1-6), with no price increase, 
10% and 50% price increase, when informed about hazards to human health (A, left panel) and hazards 
to the environment (B, right panel). Standard deviation in error bars. * denotes p < 0.05 in the comparison 
between control and experimental groups (Kruskal-Wallis 1-way ANOVA). This is Figure 2 in Paper VI. 

In summary, the research presented herein contributed to the answer to 

research question three by identifying the larger effect that more specific information 

about chemical hazards has on the willingness-to-pay for an alternative garment. 

Results also show that there are interactions between the risk perception of a person 

and the degree of affection for the object at risk, indicating possibilities for directed 

information campaigns. 
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4 Discussion 
This discussion is focussed on implications for the application of a life cycle 

perspective in the case of substituting PFASs in DWRs. It is divided into four parts: i) 

how successful substitution of PFASs in DWRs can be achieved, ii) general concepts 

relevant for the application of LCA in CAA, iii) implications of the use of LCA for the 

inclusion of a life cycle perspective in CAA, and iv) proposals for a way forward. 

4.1 Successful substitution of PFASs in DWRs 

When the SUPFES project started in 2013, it was driven by the knowledge that 

DWRs give rise to emissions of hazardous long-chain PFAAs, such as PFOA. DWRs 

based on side-chain fluorinated polymers that are precursors to short-chain PFAAs 

were still considered viable alternatives. Since then, results as presented in this thesis, 

as well as the results of other research activities (see e.g. Cousins et al., 2019c), have 

supported the conclusion that a complete phase-out of PFASs in DWRs is necessary. 

Temporary exceptions are relevant for essential uses, e.g. in medical textiles (Cousins 

et al., 2019b). Results presented in Papers I, III, and IV show that all DWRs based on 

side-chain fluorinated polymers give rise to emissions of extremely persistent PFAAs 

with (eco)toxicity potential indicated to be far higher than that of chemicals associated 

with alternatives. 

4.1.1 PFASs and the life cycle perspective 

On the one hand, the PFASs studied in this thesis lend themselves well to the 

life cycle (eco)toxicity assessments included in this research. Conveniently for LCA, 

their persistence makes environmental accumulation key (cf. Paper III), and 

background exposures will become relatively more important than direct exposures for 

most people in the long term. The LCIA fate, exposure, and effect models, such as 

USEtox, that were used as a basis for the studies in Papers II-IV, where the focus was 

on indirect exposure, suffice to evaluate potential (eco)toxicity impacts. For other 

substances, life cycle (eco)toxicity considerations may require the use of models that 

also incorporate direct exposures, such as the near-field far-field model (Fantke et al., 

2016) that will be incorporated into a new version of USEtox (Fantke et al., 2019). On 

the other hand, one is faced with the need to consider the implications of their extreme 

persistence when conducting a chemical substitution assessment of PFASs in DWR 

applications (Cousins et al., 2019c).  

Extreme persistence means that continuous emissions lead to increasing 

contamination, which is reflected by the high steady-state FFs calculated in the PFAA-

adapted LCIA model (Paper III). Global PFAS use and the mobility of both PFAAs 
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and precursors mean that contamination will be difficult or impossible to reverse. This 

irreversible contamination makes knowledge gaps regarding PFAS effects particularly 

problematic. Risk reduction will be difficult if adverse effects, yet unknown to 

toxicology and therefore not captured in LCIA CFs, manifest (Cousins et al., 2019c). 

With respect to PFASs, LCA results must be interpreted in conjunction with 

precautionary considerations due to the extreme persistence of terminal degradation 

products and their environmental performance implications.  

A previous LCA has indicated that non-fluorinated DWR substitutes might 

not have an improved (eco)toxicity profile compared to side-chain fluorinated polymer 

based alternatives, from a life cycle perspective, due to the increased frequency of 

wash and care cycles (W. L. Gore & Associates GmbH, 2015). The results presented in 

Paper IV, however with appropriate precautionary considerations, indicate that PFAA 

emissions over the life cycle of a garment could contribute far more to (eco)toxicity 

indicator scores, in particular for non-cancer human toxicity, than other DWR-related 

emissions in both foreground and background systems. It is possible that the previous 

lack of appropriate CFs hindered the identification of this potential impact. 

4.1.2 Public readiness for substitution and the relevant market response 

In a consumer survey by Schellenberger et al. (2019a), fit, price, water 

resistance, and durability were identified as the most important factors for consumers 

when they purchase outdoor garments. Thus, consumers do not seem to request oil 

repellency specifically. Schellenberger et al. (2018) showed that non-fluorinated DWRs 

can have water repellency and durability that meet industry standards. The LCA 

results presented in Paper IV indicate that the anticipated problem-shifting of 

(eco)toxicity indicator results, from manufacturing to the use phase and due to an 

increase in the frequency of wash and care cycles (cf. W. L. Gore & Associates GmbH, 

2015), does not outweigh the potential (eco)toxicity  of PFASs. Hence, both consumer 

demands and environmental performance improvements should be possible to address 

in a substitution of side-chain fluorinated polymer based DWRs. The results of the 

survey experiment in Paper VI give a strong indication that the Swedish public is ready 

for a substitution to non-fluorinated DWRs. Results also indicate a potential for price 

increases, if necessary, for the alternative products, as the willingness-to-pay increased 

with detailed hazard information about PFASs. Garment and DWR manufacturers can 

find support in these findings when phasing out DWRs based on side-chain fluorinated 

polymers. 
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4.1.3 Selection criteria for DWR alternatives 

Based on the results presented herein, the selection criteria for the alternative 

DWRs proposed are: 

 Use non-fluorinated DWRs except in essential use applications, according 

to Cousins et al. (2019b). 

 Select the DWR that can contribute to a long garment life-length, e.g. 

through DWR-durability and good stain repellency, thus reducing the need 

for re-impregnation and the frequency of wash and care cycles. 

 Reduce the levels of impurities if silicone-based and side-chain fluorinated 

polymer based DWRs are used. 

These recommendations are not product specific, which means that they can 

guide the garment manufacturer in a first step in selecting a DWR, however, additional 

test results on DWR performance in a specific application will be necessary for a final 

decision. In addition to these DWR specific considerations, a garment manufacturer 

can increase the environmental performance of a garment by means of energy and 

chemical emission considerations in fabric sourcing. Choosing a fabric with reduced 

fibre loss will decrease chemical emissions in the use phase (see Paper IV).   

The LCA results presented in Paper IV indicate relative (eco)toxicity risks 

throughout the life cycle of a DWR-impregnated garment. The absolute acceptability 

of these risks has not been assessed, and it is up to the DWR manufacturers to ensure 

that the products they market are safe.  

4.2 What can the LCA on DWRs tell us about the strengths and 
weaknesses of LCA as decision support in chemical substitution? 

A theoretical strength of an LCA, i.e. its ability to quantitatively assess 

potential impacts in all relevant impact categories from a life cycle perspective, can at 

the same time potentially be its key weakness. In this section, experiences from the 

case study on application of LCA in the CAA on DWR alternatives in Paper IV will 

be used to identify and discuss a number of strengths and weaknesses of the use of 

LCA in CAA. It is acknowledged that the content and scope limitations of the case 

study also limit the scope of the discussion. 
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LCA is a quantitative tool making it possible, in principle, to directly compare 

two product systems with a seemingly straightforward answer; the product system with 

the lower LCIA result is the better option from an environmental perspective. 

However, uncertainties can be large. Few LCAs in the textile sector propagate 

uncertainties and variation for quantitative interpretation (Heimersson et al., 2019, 

related work to this thesis, see p.V item D). That was the case for the LCA reported in 

Paper IV, for the simple reason that such meta-data were not available for many of the 

data sources. The use of LCA software was another limiting factor as meta-data were 

sometimes removed from the databases used for background data at implementation 

in the software. The approach chosen in Paper IV, as in many other LCA studies, was 

instead to evaluate different modelling options with the use of scenarios. Such scenario 

assessments, testing modelling choices (cf. Huijbregts, 1998a, b), are highly relevant in 

interpreting results but can also disguise the uncertainty of the results by giving the 

reader the impression that all uncertainties have been considered. The fact that LCA is 

a quantitative approach is not only a strength but also a potential weakness as it can be 

difficult to know what numerical differences between results are required for a robust 

ranking of alternatives. 

LCA is intended to be comprehensive; all relevant environmental impacts are 

to be included (see e.g. ISO 14040). This is a major advantage of the method as it has 

the potential to reveal unexpected potential impacts. To do so, the LCI must include 

all flows relevant for all impact categories, however, that is seldom the case. Chemical 

flows relevant to toxicity were added to processes in DWR manufacturing in Paper IV, 

where such flows were known to exist, but these flows were not included in the 

database. Other flows, not in focus or not known, constituted data gaps. Current LCIA 

methods cover a broad range of impact categories, some more established and some 

still under development. Nevertheless, LCIA methods to date do not cover all relevant 

potential impacts. The research presented in this thesis contributes to efforts that make 

it possible to include potential (eco)toxicity impacts in an LCA, thus contributing to 

the comprehensiveness of the method. To some extent, the currently debated topic of 

plastic litter in the environment was addressed in the LCA (Paper IV) as fibre loss was 

quantified and converted into chemical emissions. Such expansions of the present 

method give the potential to increase the comprehensiveness of the method. 

Nevertheless, many relevant environmental problems remain to be captured with an 

LCIA. The strength of the comprehensive scope of an LCA, where many relevant 

impacts can be assessed together in a structured way, is also a potential weakness as 

stakeholders may mistakenly assume that all impacts have been considered. 



 

43 
 

LCA is a data-driven learning process about a system. This is an advantage, as 

it can create a knowledge transfer from the LCA modeller to stakeholders, such as 

producers of the product under study, or policy makers, as intended with the LCA in 

Paper IV. LCA work also has the potential to spread knowledge in a product’s 

upstream value chain, through information to suppliers. In addition to LCA results, 

new knowledge can be generated by filling knowledge gaps as part of the LCA process. 

Remaining knowledge gaps can be filled to some extent by additional data searches, 

the use of estimated data, or the application of default values assigned to data gaps, e.g. 

by estimating emissions or propagating uncertainties when data for a substance is 

expected to be within the range of other substances for a specific parameter. These 

strategies were applied in the studies in Papers II and III.  This base in knowledge, or 

facts, however, makes LCA difficult to combine with the precautionary principle in its 

execution. It is difficult to handle the highly uncertain prediction of potentially 

catastrophic effects. PFAAs can serve as an example. The data collection for the short-

chain PFAAs in Paper III was done in a conservative (precautionary) way by 

extrapolating negative effects from PFOA to PFHxA and PFBS. This was possible as 

knowledge about the PFAAs is maturing, and low-level effects of PFOA have been 

found in several epidemiological studies (EFSA CONTAM Panel et al., 2018, EFSA 

CONTAM Panel et al., 20YY) and evidence is emerging of the equal toxic potency of 

PFAAs at equal internal concentrations (Gomis et al., 2018, where the toxic potency 

concept was shown to be valid for liver effects). It is not possible to know if similar 

shifts in how PFAA carcinogenicity and ecotoxicity are assessed will happen in the 

future. The basis of LCA in existing knowledge is a strength as it enables learning, but 

it makes the method, in its current execution, hardly compatible with a precautionary 

approach, as precaution implies action before knowledge is complete.   

LCA with its basis in products and their function makes possible alternative 

comparisons beyond ‘drop in’ substitute chemicals. This is an important feature of the 

method when moving towards ‘fundamental substitution’ (see 1.1.2). This potential 

was illustrated in the simple LCA case in Paper III, in which comparisons were made 

between surgical drapes with different physical designs.  In the LCA in Paper IV, 

however, the scope did not exhaust these possibilities as comparisons were made only 

between DWR alternatives. The functional unit (‘keeping dry and warm’) would allow 

for the inclusion of other alternatives, such as plastic-coated textile garments with 

design interventions to promote ventilation. A broadened scope would require careful 

considerations as functionality differences might lead to limitations of possible user 

scenarios.  
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LCA offers the possibility to introduce life cycle considerations of chemical 

(eco)toxicity potential impacts in a CAA. The method does not replace a chemical risk 

assessment made to ensure safety, e.g. within a regulatory context such as a REACH 

registration, but offers a complementary assessment, with a product focus, relevant for 

risk management. In the LCA in Paper IV, (eco)toxicity potential impacts were 

compared between DWR systems to identify the environmentally preferable DWR. 

(Eco)toxicity potential impacts quantified for different parts of a garment’s life cycle 

were also contrasted to identify relevant hot spots. Uncertainties limited the realisation 

of the full potential of this approach, but the results in Paper IV are nevertheless a 

relevant basis for recommendations. Potential pitfalls were identified in the review in 

Paper V in relation to the inclusion of chemical risk assessments in an LCA: bias 

resulting from model asymmetry, double counting, concealing relevant details, and 

inconsistent choice of parameter values. In a more traditional LCA approach, as in the 

LCA in Paper IV, the potential pitfalls are not identical to those identified for a study 

blending elements of risk assessment and LCA. However, model asymmetry is a 

possible result of the inevitable focus on the foreground system in data collection and 

the use of more specific data for this part of the system than for the background 

system. Furthermore, background and foreground processes can be inventoried 

according to different principles, which can lead to, e.g. data gaps with regards to 

emissions of chemicals (cf. 3.1). 

Most importantly with regards to strengths, LCA is an established method for 

obtaining a life cycle perspective. There are numerous guidelines as well as ISO 

standards on how to conduct an LCA. There are also numerous experts globally with 

extensive experience of the LCA method. Considerable knowledge and data relevant 

to LCA collected to date have been incorporated into databases and software. This 

supply of methods, data, and competence provide one way to make life cycle 

considerations possible as part of a CAA, as exemplified by the case in Paper IV.  

The strengths and weaknesses of LCA as a tool for identifying a preferable 

alternative in a CAA, identified in Papers IV and V, are summarised in Table 2. 
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Table 2: Summary of identified strengths and weaknesses of LCA as a tool for identifying preferable 
alternatives in a CAA, based on the case study of comparisons of DWR alternatives (Paper IV) and in the 
review of Paper V 

LCA characteristic Strength  Weakness 
Quantitative Easy to compare scores Difficult to quantify uncertainties 
Comprehensive Chance to identify unexpected 

potential impacts 
Risk of false security to have 
covered all relevant aspects 

Data-driven learning Promotes learning about the 
system 

Incompatible with precautionary 
approaches 

Product function basis Allows for broad scopes, 
including fundamental or 
functional substitution 

Very complex assessments 

Inclusion of (eco)toxicity 
potential impacts 

Possibility to evaluate potential 
(eco)toxicity impacts from a 
product perspective 

Risk of model asymmetry 

Life cycle perspective Established method allows for 
broad implementation 

Complexity of method introduces 
risk of erroneous use 

 
4.3 Implications of the use of LCA for inclusion of a life cycle 

perspective in CAA 

The research presented herein shows that LCA can provide relevant 

information for a chemical substitution assessment. In addition to the inclusion of 

impact categories other than (eco)toxicity, e.g. climate change and water scarcity, an 

LCA can also provide means to quantitatively compare potential (eco)toxicity impacts. 

Comparisons could be within a life cycle, e.g. foreground direct emissions compared to 

background energy-related emissions, or comparisons of aggregated (eco)toxicity 

indicator results (calculated for all emissions per functional unit) between product life 

cycles. Such (eco)toxicity LCA results are termed ‘directional indicators’ in CAA 

guidance (National Research Council, 2014), i.e. rough indicators on where 

(eco)toxicity impact hot spots can be expected and what emissions that contribute to 

those hot spots. Nevertheless, considerable effort is needed to achieve (eco)toxicity 

relevant LCIs and CFs for the LCA to generate relevant results, as is apparent in the 

findings in Papers II, III, and IV.  

While there is a current movement in LCIA to increase the relevance of 

results with regionalised modelling (Wegener Sleeswijk, 2011, Verones et al., 2017), the 

use of effect metrics close to actual exposure levels (Owsianiak et al., 2019), and the 

inclusion of additional exposure pathways (Fantke et al., 2019), there will always be a 

trade-off between the aim of capturing actual cause-effect chains and achieving robust 

comparisons, as long as comprehensive transport, fate and effect data are not available 
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for all chemicals. The design space proposed in Paper V is an illustration of such trade-

offs, as it points out the dichotomy of possible approaches to assess cause-effect chains.  

Experiences from the studies associated to the phase-out of PFASs from DWR 

applications (Papers I, III and IV), as described in this thesis, highlight a need to look 

at how (eco)toxicity indicators are constructed. It is time to reconnect to the dilemma 

in Section 3.1: how to know when additional data collection or model adaptions (e.g. of 

the LCIA model, as was done in Paper III) are needed. One important aspect in 

relation to this dilemma is that robust comparison is key in an LCIA, and, as pointed 

out by Udo de Haes et al. (2006), ‘…an equal approach for all chemicals to be included’ 

is necessary. The current USEtox approach is, in theory, in line with an equal approach 

as it has specified procedures to calculate FFs, XFs, and EFs. The aim is to capture a 

chemical’s behaviour, how it will partition and flow between different media, and the 

effects it will have, in a model world. Large differences in the availability of 

(eco)toxicity data and the effect endpoints studied for different chemicals, e.g. due to 

differing regulatory demands, however, make the calculation basis for the EFs 

heterogenous. The proposed data selection strategy in Paper II was intended to meet 

the demand for high-quality data that covers relevant endpoints, and the need to limit 

workload as an LCA covers many chemical flows, i.e. all possible data sources cannot 

be consulted for each chemical flow. This data collection strategy is an equal approach 

for all chemicals, but as it specifies data sources rather than data, and data availability 

differs among chemicals (see 2.2), this strategy is no guarantee for an equal assessment 

basis (the most relevant effect of each chemical is not necessarily found). It became 

necessary to expand data collection and modelling for PFASs, as done in the study in 

Paper III. Similar approaches may be needed for other chemicals, as highlighted for 

non-MDQ CFs in Paper II: ‘In cases where MDQ CFs are needed, the 

recommendation to the LCA practitioner is to engage in interdisciplinary collaboration 

with experts in the field until additional data estimation methods and/or further 

guidance for their use is available’. 

The prevailing (eco)toxicity approach in LCIA tries to capture the chemical 

emissions’ actual effects, i.e. what happens once the chemical has been emitted. As 

apparent from the above, it is difficult to arrive at an equal assessment basis to make 

such comparisons relevant. Previous reasoning has also highlighted that the potential 

(eco)toxicity of extremely persistent chemicals may not be properly captured in an 

LCA until it is too late, as pollution cannot be reversed if discovered once it has gone 

global, and research and testing to find sensitive endpoints can take a long time. While 

a life cycle perspective is essential, CAA could benefit from the inclusion of 

complementary tools to LCA in its toolbox. 
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4.4 Proposal for a way forward based on case study experiences 

LCA was used to provide a life cycle perspective for a holistic assessment of 

the case study that provided the basis of this thesis, a DWR alternative assessment. 

The LCA process was initiated early in the assessment to steer functionality and effects 

testing towards generating LCA-relevant data. The results of the LCA, however, were 

intended as one of the final outcomes of the CAA. Based on this case, where a 

complete and relevant (eco)toxicity LCIA assessment was found to be both resource 

intensive and uncertain, the inclusion of a life cycle perspective, and the evaluation of 

its results, are proposed to be conducted in a stepwise manner in chemical substitution 

assessments.  

A life cycle perspective is proposed to be applied first in the identification or 

design of alternatives and second in a holistic assessment of alternatives that have been 

assessed as viable after primary life cycle considerations and hazard and functionality 

testing. The generic flow of a substitution process (Figure 3) is suggested to include life 

cycle considerations in both scoping and assessment steps (Figure 14). A functionality 

assessment can be made in several sequences with increased levels of testing, but this 

testing should not go beyond identifying basic functionality until a first screening of the 

potential problematic characteristics of alternatives has filtered out irrelevant options.  

 

Figure 14: The chemical substitution process (the centre process flow, boxes 1-5, illustrate the generic 
substitution process from Figure 3). Possibilities to apply a life cycle perspective are indicated for steps 2 
and 3. Solid arrows depict information flows about substances selected in the sub-steps. Dotted arrows 
depict information flows about substance/system characteristics obtained using the different assessment 
methods. The number of substances deemed as viable options are reduced between boxes 2 and 4, based 
on information obtained in the successively more detailed assessments. LCT=life cycle thinking. 
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The need for life cycle thinking early in the CAA process (e.g. the upper row 

of boxes in Figure 14) has already been brought forward in CAA frameworks, such as 

the California Department of Toxic Substances Control Alternatives Analysis Guide 

(DTSC, 2017). A detailed guidance on how to do so does not seem to be available 

(Tickner et al., 2019a) but should typically be a staged process, as suggested in Figure 

14. A product system mapping is the necessary starting point to identify potential for 

problem-shifting. Guidance for this assessment step must be comprehensive in impact 

coverage, yet simplified. For example, this could mean examining only the primary 

energy demand of a product or process for climate change without considering the type 

of energy source, as that step may require substantial additional data collection. For 

(eco)toxicity, this could mean focussing on a few priority hazard identifiers. It was 

found in this research that hazard identifiers in a pre-selection guidance should allow 

for a focus on extreme persistence alone (i.e. not necessarily in combination with high 

bioaccumulation potential or high toxicity) to make precautionary actions possible for 

substances such as the PFASs. The inclusion of degradation products is necessary. 

Given the diversity of the chemicals on the market, a single tool that is relevant for all 

chemical and product life cycles may not be possible. Roos and Peters (2015) have 

evaluated a textile wet-treatment process with methods for the semi-quantitative 

assessment of hazard and exposure and USEtox. Their findings deviated between 

methods and benchmarking (i.e. applying different methods to the same case study) 

was recommended to make assumptions explicit and to improve understanding of the 

results. Repositories of available tools and frameworks, such as the OECD 

Substitution and Alternatives Assessment Toolbox (OECD, 2020), facilitate the 

identification of the guidance to use in a specific case, however, further decision 

support would likely be helpful in many CAAs.   

A life cycle thinking-based pre-selection procedure can be followed by more 

comprehensive hazard assessment and functionality testing for selected substances, and 

an LCA. The systems-understanding from the previous step provides a good basis for 

an LCA. A ‘screening LCA’ that applies data that are not specific to the product 

system but function as ‘proxies’, e.g. market averages or data from similar materials is a 

relevant first step. This screening LCA could be followed by a full LCA, if data are 

available that would make such an LCA meaningful. High throughput (eco)toxicity 

assessment tools could be valuable in these LCA steps. In cases when alternatives are 

new to the market, in particular, the LCA and product testing phase can benefit from 

being conducted in a circular manner, as in Figure 14, where test results on life length, 

expected use patterns, and emissions are fed into the LCA. This was done in the 

SUPFES project where LCA and functionality testing were conducted iteratively, and 

technical performance results were used in the LCA. The LCA should include 
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potential (eco)toxicity impacts in order to elucidate potential for problem-shifting 

within this impact category, thus avoiding a focus on energy-related impacts only.  
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5 Conclusions 
To support the process of substituting hazardous PFASs in DWRs, the 

research contributions of this thesis were summarised in relation to three research 

questions (Chapter 3), thus generating three key messages:       

 Calculating CFs for textile chemicals in general, and the PFAS degradation 

products PFAAs in particular, improves the relevance of LCA as decision 

support in the chemical substitution of the subset of PFASs in textile 

applications that are hazardous. This allows for otherwise unnoticed potential 

impacts to be captured. 

 Alternative DWRs were indicated to differ substantially in (eco)toxicity 

performance compared to side-chain fluorinated polymer based C8 DWRs, and 

non-fluorinated DWRs have been found to be the environmentally most benign 

alternative, in both the hazard assessment and the life cycle assessment 

presented here.  

 Consumers’ motivation to purchase alternative products, for example outdoor 

garments in which environmentally friendly DWRs have been substituted for 

hazardous PFASs, can be raised by presenting detailed information about the 

hazards. 

A holistic approach that includes life cycle perspective, i.e. by using LCA, was 

evaluated for its relevance in CAA (Chapter 4). While it can be argued that a life cycle 

perspective is imperative in the ethical management of chemical risks, LCA might 

need to be complemented with other tools or procedures to include a life cycle 

perspective in CAA. The research presented showed that an LCA can require 

extensive knowledge and resources if it is to provide relevant results for (eco)toxicity. 

Therefore, it seems reasonable to apply life cycle thinking in simpler model in CAA 

before the use of a more in-depth and detailed LCA. This would facilitate the 

identification of environmentally preferable alternatives in the early stages of a CAA. 
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6 Future research needs 
The discussion of the research presented in this thesis has highlighted several 

uncertainties that can potentially be managed better after further research. To enhance 

the achievement of the two overall objectives of this thesis, certain kinds of additional 

data should be obtained in future research, particularly: 

 The characteristics of new and non-fluorinated DWRs, such as their 

molecular structure, (eco)toxicity and relevant degradation products,  

 Fate and exposure data for DWRs where such data are lacking, 

 The link between DWR performance and garment performance, 

including the necessary frequency of wash and care cycles for different 

DWRs, and 

 The strength of the link between the degree of motivation for consumer 

action which information about hazardous substances generates and the 

actual consumption behaviour in experiments with consumers in retail 

settings. 

Additional improvements to LCIA (eco)toxicity models and the calculation of 

additional CFs will contribute to increase the relevance of LCA results for a CAA as 

well as other application areas. Two main research needs were identified in order to 

realise the methodological developments needed for the model proposed in Figure 14: 

 Pre-selection guidance, based on life cycle thinking, should be further 

developed to support the inclusion of a life cycle perspective in CAA. 

Such guidance should be an attempt to operationalise sustainability 

targets, including but not limited to (eco)toxicity, from a life cycle 

perspective.   

 To further increase the relevance of LCAs in the CAAs of textile and 

other products, improvements are needed to reduce the uncertainty of 

quantitative LCIA approaches. This means further improvements to 

data selection procedures and criteria to allow for the inclusion of all 

available data; and further improvement of data estimation methods. A 

reduction in uncertainty will facilitate the comparison of alternatives, 

thus improving the relevance of actions taken based on a CAA.  



 

54 
 

  



 

55 
 

7 Acknowledgements 
I could not have written this thesis without the help and support of colleagues 

and family. Having had two kids during my time as a PhD student, the PhD project has 

been going on for a long time. I have worked with, and gotten to know, many people 

along the way: colleagues at the SUPFES project, at Chalmers Chemical Engineering 

and Environmental Systems Analysis, and in other parts of academia and industry. My 

warm and sincere thank you to all of you! I’d like to specifically mention Greg 

Peters, my main supervisor, Sverker Molander and Magdalena Svanström, my co-

supervisors, Steffen Schellenberger, Sandra Roos, Ian Cousins, Robin Harder, and 

Sara Heimersson. Finally, and maybe most importantly, I thank Gustav, Ruben, and 

Hedda, and my mum, dad, and Jenny, for encouragement, patience, and for help to 

focus on what is important.  

  



 

56 
 

  



 

57 
 

8 References 
ADEME & CYCLOECO. 2020. French footprinting project with the USEtox model [Online]. 

Agence de l'Environnement et de la Maitrise de l'Energie CYCLOeco. Available: 
http://efwithusetox.tools4env.com/ [Accessed 2020-03-09]. 

ADLER, R. S. & PITTLE, R. D. 1984. Cajolery or command: are education campaigns an 
adequate substitute for regulation? Yale Journal on Regulation, 1, 4. 

AJZEN, I. 1991. The theory of planned behavior. Organizational behavior and human decision 
processes, 50, 179-211. 

ALLEN, J. H. 2013. The wicked problem of chemicals policy: opportunities for innovation. Journal 
of Environmental Studies and Sciences, 3, 101-108. 

ARVIDSSON, R., TILLMAN, A.-M., SANDÉN, B. A., JANSSEN, M., NORDELÖF, A., KUSHNIR, 
D. & MOLANDER, S. 2018. Environmental Assessment of Emerging Technologies: 
Recommendations for Prospective LCA. Journal of Industrial Ecology, 22, 1286-1294. 

BARE, J. 2011. TRACI 2.0: the tool for the reduction and assessment of chemical and other 
environmental impacts 2.0. Clean Technologies and Environmental Policy, 13, 687-696. 

BAUMANN, H. & TILLMAN, A.-M. 2004. The Hitch Hiker's Guide to LCA. An orientation in life 
cycle assessment methodology and application., Malmö, Sweden, Studentlitteratur. 

BERGMAN, Å., RYDÉN, A., LAW, R. J., DE BOER, J., COVACI, A., ALAEE, M., BIRNBAUM, L., 
PETREAS, M., ROSE, M., SAKAI, S., VAN DEN EEDE, N. & VAN DER VEEN, I. 2012. A 
novel abbreviation standard for organobromine, organochlorine and organophosphorus 
flame retardants and some characteristics of the chemicals. Environment International, 
49, 57-82. 

BLUM, A., BEHL, M., BIRNBAUM, L. S., DIAMOND, M. L., PHILLIPS, A., SINGLA, V., SIPES, N. 
S., STAPLETON, H. M. & VENIER, M. 2019. Organophosphate Ester Flame Retardants: 
Are They a Regrettable Substitution for Polybrominated Diphenyl Ethers? Environmental 
Science & Technology Letters, 6, 638-649. 

BOURGUIGNON, D. 2016. The precautionary principle. Definitions, applications and 
governance. In-depth analysis.  EPRS | EUROPEAN PARLIAMENTARY RESEARCH 
SERVICE Available: 
http://www.europarl.europa.eu/RegData/etudes/IDAN/2015/573876/EPRS_IDA(2015)5
73876_EN.pdf [Accessed 2020-02-13]. 

BUCK, R. C., FRANKLIN, J., BERGER, U., CONDER, J. M., COUSINS, I. T., DE VOOGT, P., 
JENSEN, A. A., KANNAN, K., MABURY, S. A. & VAN LEEUWEN, S. P. 2011. 
Perfluoroalkyl and polyfluoroalkyl substances in the environment: terminology, 
classification, and origins. Integr Environ Assess Manag, 7, 513-41. 

BUTT, C. M., MUIR, D. C. & MABURY, S. A. 2014. Biotransformation pathways of fluorotelomer-
based polyfluoroalkyl substances: a review. Environ Toxicol Chem, 33, 243-67. 

BÖRJESON, N. 2017. Toxic Textiles : Towards Responsibility in Complex Supply Chains. 145 
Doctoral thesis, comprehensive summary, Södertörns högskola. 



 

58 
 

CIROTH, A., FLEISCHER, G. & STEINBACH, J. 2004. Uncertainty calculation in life cycle 
assessments: A combined model of simulation and approximation. International Journal 
of Life Cycle Assessment, 9, 216-226. 

CLEAN PRODUCTION ACTION. 2013. Greenscreen® Chemical Hazard Assessment 
Procedure V1.2 Final [Online]. Available: 
http://www.greenscreenchemicals.org/info/guidance-and-method-documents-downloads 
[Accessed 2014-08-08]. 

COUSINS, E. M., RICHTER, L., CORDNER, A., BROWN, P. & DIALLO, S. 2019a. Risky 
Business? Manufacturer and Retailer Action to Remove Per- and Polyfluorinated 
Chemicals From Consumer Products. NEW SOLUTIONS: A Journal of Environmental 
and Occupational Health Policy, 29, 242-265. 

COUSINS, I. T., GOLDENMAN, G., HERZKE, D., LOHMANN, R., MILLER, M., NG, C. A., 
PATTON, S., SCHERINGER, M., TRIER, X., VIERKE, L., WANG, Z. & DEWITT, J. C. 
2019b. The concept of essential use for determining when uses of PFASs can be 
phased out. Environmental Science: Processes and Impacts, 21, 1803-1815. 

COUSINS, I. T., NG, C. A., WANG, Z. & SCHERINGER, M. 2019c. Why is high persistence 
alone a major cause of concern? Environ Sci Process Impacts, 21, 781-792. 

CURRAN, M. A., MANN, M. & NORRIS, G. 2005. The international workshop on electricity data 
for life cycle inventories. Journal of Cleaner Production, 13, 853-862. 

DEWITT, J. C. (ed.) 2015. Toxicological Effects of Perfluoroalkyl and Polyfluoroalkyl 
Substances, Springer Cham Heidelberg New York Dordrecht London: Humana Press, 
brand of Springer. 

DTSC The California Department of Toxic Substances Control (DTSC) 2017. Alternatives 
Analysis Guide, Version 1.0.   Available: https://dtsc.ca.gov/alternatives-analysis-guide/ 
[Accessed 2017-06-06]. 

DUNLAP, R. E. & VAN LIERE, K. D. 1978. The “New Environmental Paradigm”. The Journal of 
Environmental Education, 9, 10-19. 

ECHA 2019a. AGREEMENT OF THE MEMBER STATE COMMITTEE ON THE 
IDENTIFICATION OF Perfluorobutane sulfonic acid and its salts  AS SUBSTANCES OF 
VERY HIGH CONCERN According to Articles 57 and 59 of  Regulation (EC) 
1907/20061 Adopted on 11 December 2019  

ECHA 2019b. ANNEX XV RESTRICTION REPORT PROPOSAL FOR A RESTRICTION 
SUBSTANCE NAMES: Undecafluorohexanoic acid (PFHxA), its salts and related 
substances. 

ECHA. 2020a. How to substitute? [Online]. Available: https://echa.europa.eu/know-your-
substances-and-needs-substitution [Accessed 2020-05-11]. 

ECHA. 2020b. Restriction process [Online]. Available: https://echa.europa.eu/restriction-
process [Accessed 2020-01-07]. 

EEA 1990. Ministerial Declaration of the Third International Conference on the Protection of the 
North Sea, The Hague, 8 March 1990. European Environment Agency. 



 

59 
 

EFSA CONTAM PANEL, KNUTSEN, H. K., ALEXANDER, J., BARREGARD, L., BIGNAMI, M., 
BRUSCHWEILER, B., CECCATELLI, S., COTTRILL, B., DINOVI, M., EDLER, L., GRASL-
KRAUPP, B., HOGSTRAND, C., HOOGENBOOM, L., NEBBIA, C. S., OSWALD, I. P., 
PETERSEN, A., ROSE, M., ROUDOT, A. C., VLEMINCKX, C., VOLLMER, G., 
WALLACE, H., BODIN, L., CRAVEDI, J. P., HALLDORSSON, T. I., HAUG, L. S., 
JOHANSSON, N., VAN LOVEREN, H., GERGELOVA, P., MACKAY, K., LEVORATO, S., 
VAN MANEN, M. & SCHWERDTLE, A. T. 2018. Risk to human health related to the 
presence of perfluorooctane sulfonic acid and perfluorooctanoic acid in food. Efsa 
Journal, 16, 5194. 

EFSA CONTAM PANEL, SCHRENK D, BIGNAMI M, BODIN L, CHIPMAN JK, DEL MAZO J, 
GRASL-KRAUPP B, HOGSTRAND C, HOOGENBOOM LR, LEBLANC J-C, NEBBIA 
CS, NIELSEN E, NTZANI E, PETERSEN A, SAND S, VLEMINCKX C, WALLACE H, 
BARREGÅRD L, CRAVEDI J-P, HALDORSSON TI, HAUG LS, JOHANSSON N, 
KNUTSEN HK, ROSE M, ROUDOT A-C, VAN LOVEREN H, VOLLMER G, MACKAY K, 
RIOLO F & SCHWERDTLE T 20YY. Scientific opinion on the risk for human health 
related to the presence of perfluoroalkyl substances in food. UNDER CONSULTATION. 
EFSA Journal NNNN, 460 pp. . 

EKVALL, T., AZAPAGIC, A., FINNVEDEN, G., RYDBERG, T., WEIDEMA, B. P. & ZAMAGNI, A. 
2016. Attributional and consequential LCA in the ILCD handbook. The International 
Journal of Life Cycle Assessment, 21, 293-296. 

EKVALL, T., TILLMAN, A.-M. & MOLANDER, S. 2005. Normative ethics and methodology for life 
cycle assessment. Journal of Cleaner Production, 13, 1225-1234. 

EKVALL, T. & WEIDEMA, B. P. 2004. System boundaries and input data in consequential life 
cycle inventory analysis. The International Journal of Life Cycle Assessment, 9, 161-171. 

EUROPEAN COMMISSION 2003. Integrated Pollution Prevention and Control (IPPC) 
Reference Document on Best Available Techniques for the Textiles Industry.   Available: 
https://eippcb.jrc.ec.europa.eu/sites/default/files/2019-11/txt_bref_0703.pdf [Accessed 
2017-06-22]. 

EUROPEAN COMMISSION European Commission - Joint Research Centre - Institute for 
Environment and Sustainability, 2010. International Reference Life Cycle Data System 
(ILCD) Handbook - General guide for Life Cycle Assessment - Detailed guidance. 
Luxembourg PUBLICATIONS OFFICE OF THE EUROPEAN UNION Available: 
https://eplca.jrc.ec.europa.eu/uploads/ILCD-Handbook-General-guide-for-LCA-
DETAILED-GUIDANCE-12March2010-ISBN-fin-v1.0-EN.pdf [Accessed 2014-01-22]. 

EUROPEAN COMMISSION European Commission-Joint Research Centre - Institute for 
Environment and Sustainability, 2011. International Reference Life Cycle Data System 
(ILCD) Handbook- Recommendations for Life Cycle Impact Assessment in the European 
context. Luxemburg PUBLICATIONS OFFICE OF THE EUROPEAN UNION Available: 
https://eplca.jrc.ec.europa.eu/uploads/ILCD-Recommendation-of-methods-for-LCIA-
def.pdf [Accessed 2016-05-29]. 

FANTKE, P., AURISANO, N., BARE, J., BACKHAUS, T., BULLE, C., CHAPMAN, P. M., DE 
ZWART, D., DWYER, R., ERNSTOFF, A., GOLSTEIJN, L., HOLMQUIST, H., JOLLIET, 
O., MCKONE, T. E., OWSIANIAK, M., PEIJNENBURG, W., POSTHUMA, L., ROOS, S., 
SAOUTER, E., SCHOWANEK, D., VAN STRAALEN, N. M., VIJVER, M. G. & 



 

60 
 

HAUSCHILD, M. 2018a. Toward harmonizing ecotoxicity characterization in life cycle 
impact assessment. Environ Toxicol Chem, 37, 2955-2971. 

FANTKE, P., AYLWARD, L., BARE, J., CHIU, W. A., DODSON, R., DWYER, R., ERNSTOFF, A., 
HOWARD, B., JANTUNEN, M., JOLLIET, O., JUDSON, R., KIRCHHÜBEL, N., LI, D., 
MILLER, A., PAOLI, G., PRICE, P., RHOMBERG, L., SHEN, B., SHIN, H.-M., 
TEEGUARDEN, J., VALLERO, D., WAMBAUGH, J., WETMORE, B. A., ZALESKI, R. & 
MCKONE, T. E. 2018b. Advancements in Life Cycle Human Exposure and Toxicity 
Characterization. Environmental Health Perspectives, 126, 125001. 

FANTKE, P., AYLWARD, L., CHIU, W., JUDSON, R., RHOMBERG, L., GOUIN, T. & MCKONE, 
T. 2019. Chapter 4 Human Toxicity in Global Guidance on Environmental Life Cycle 
Impact Assessment Indicators Volume 2. 

FANTKE, P., BIJSTER, M., GUIGNARD, C., HAUSCHILD, M., HUIJBREGTS, M., JOLLIET, O., 
KOUNINA, A., MAGAUD, V., MARGNI, M., MCKONE, T., POSTHUMA, L., 
ROSENBAUM, R. K., MEENT, D. V. D. & ZELM, R. V. 2017. USEtox® 2.0 
Documentation (Version 1).   Available: www.usetox.org [Accessed 2017-12-19]. 

FANTKE, P., ERNSTOFF, A. S., HUANG, L., CSISZAR, S. A. & JOLLIET, O. 2016. Coupled 
near-field and far-field exposure assessment framework for chemicals in consumer 
products. Environment International, 94, 508-518. 

FANTKE, P. & ILLNER, N. 2019. Goods that are good enough: Introducing an absolute 
sustainability perspective for managing chemicals in consumer products. Current 
Opinion in Green and Sustainable Chemistry, 15, 91-97. 

FANTKE, P., WEBER, R. & SCHERINGER, M. 2015. From incremental to fundamental 
substitution in chemical alternatives assessment. Sustainable Chemistry and Pharmacy, 
1, 1-8. 

FINNVEDEN, G., HAUSCHILD, M. Z., EKVALL, T., GUINEE, J., HEIJUNGS, R., HELLWEG, S., 
KOEHLER, A., PENNINGTON, D. & SUH, S. 2009. Recent developments in Life Cycle 
Assessment. J Environ Manage, 91, 1-21. 

FISCHHOFF, B. 1995. Risk Perception and Communication Unplugged: Twenty Years of 
Process1. Risk Analysis, 15, 137-145. 

FOX, H. & ZISMAN, W. 1950. The spreading of liquids on low energy surfaces. I. 
polytetrafluoroethylene. Journal of Colloid Science, 5, 514-531. 

FRISCHKNECHT, R. & KNÖPFEL, S. B. 2013. Swiss Eco-Factors 2013 according to the 
Ecological Scarcity Method.  FEDERAL OFFICE FOR THE ENVIRONMENT (FOEN) 
Available: http://www.bafu.admin.ch/uw-1330-e [Accessed 2017-09-18]. 

GEISER, K., TICKNER, J., EDWARDS, S. & ROSSI, M. 2015. The Architecture of Chemical 
Alternatives Assessment. Risk Analysis, 35, 2152-2161. 

GOMIS, M. I., VESTERGREN, R., BORG, D. & COUSINS, I. T. 2018. Comparing the toxic 
potency in vivo of long-chain perfluoroalkyl acids and fluorinated alternatives. Environ Int, 
113, 1-9. 

GREENPEACE 2016. Leaving Traces The hidden hazardous chemicals in outdoor gear 
Greenpeace product test 2016.   Available: 



 

61 
 

https://www.greenpeace.org/international/publication/7221/leaving-traces/ [Accessed 
2020-04-16]. 

GROEN, E. A., BOKKERS, E. A., HEIJUNGS, R. & DE BOER, I. J. 2017. Methods for global 
sensitivity analysis in life cycle assessment. The International Journal of Life Cycle 
Assessment, 22, 1125-1137. 

HANSEN, S. F., CARLSEN, L. & TICKNER, J. A. 2007. Chemicals regulation and precaution: 
does REACH really incorporate the precautionary principle. Environmental Science & 
Policy, 10, 395-404. 

HANSSON, S. O. 2018. How to perform an ethical risk analysis (eRA). Risk Analysis, 38, 1820-
1829. 

HANSSON, S. O., MOLANDER, L. & RUDÉN, C. 2011. The substitution principle. Regulatory 
Toxicology and Pharmacology, 59, 454-460. 

HARREMOËS, P., GEE, D., MACGARVIN, M., STIRLING, A., KEYS, J., WYNNE, B. & VAZ, S. G. 
2001. Late lessons from early warnings: the precautionary principle 1896-2000, 
Citeseer. 

HAUSCHILD, M. Z., HUIJBREGTS, M., JOLLIET, O., MACLEOD, M., MARGNI, M., VAN DE 
MEENT, D., ROSENBAUM, R. K. & MCKONE, T. E. 2008. Building a model based on 
scientific consensus for life cycle impact assessment of chemicals: the search for 
harmony and parsimony. Environmental Science & Technology, 42, 7032-7037. 

HEIMERSSON, S., HOLMQUIST, H., SVANSTRÖM, M., MOLANDER, S. & PETERS, G. M. 
2019. How uncertainties are handled in LCA – focus on the wastewater and textile 
sectors. Oral presentation/abstract. Watermatex September 1- 4 2019, Copenhagen. 

HENDERSON, A. D., HAUSCHILD, M. Z., VAN DE MEENT, D., HUIJBREGTS, M. A. J., LARSEN, 
H. F., MARGNI, M., MCKONE, T. E., PAYET, J., ROSENBAUM, R. K. & JOLLIET, O. 
2011. USEtox fate and ecotoxicity factors for comparative assessment of toxic emissions 
in life cycle analysis: sensitivity to key chemical properties. International Journal of Life 
Cycle Assessment, 16, 701-709. 

HOLMQUIST, H. 2016. Environmental Assessment of Durable Water Repellent Chemicals. 
First steps towards a holistic assessment. Licentiate of engineering, Chalmers University 
of Technology. 

HOLMQUIST, H., LEXEN, J., RAHMBERG, M., SAHLIN, U., PALM, J. G. & RYDBERG, T. 2018. 
The potential to use QSAR to populate ecotoxicity characterisation factors for simplified 
LCIA and chemical prioritisation. International Journal of Life Cycle Assessment, 23, 
2208-2216. 

HUIJBREGTS, M., MARGNI, M., HAUSCHILD, M., JOLLIET, O., MCKONE, T., ROSENBAUM, R. 
& MEENT, D. V. D. 2015a. USEtox® 2.0 User Manual (Version 2).   Available: 
http://www.usetox.org/ [Accessed 2016-05-27]. 

HUIJBREGTS, M., MEENT, D. V. D., MARGNI, M., JOLLIET, O., ROSENBAUM, R., MCKONE, T. 
& HAUSCHILD, M. 2015b. USEtox 2.0 Manual: organic substances (version 2).   
Available: www.usetox.org [Accessed 2016-05-27]. 



 

62 
 

HUIJBREGTS, M. A. J. 1998a. Application of uncertainty and variability in LCA. Part I: A general 
framework for the analysis of uncertainty and variability in life cycle assessment. 
International Journal of Life Cycle Assessment, 3, 273-280. 

HUIJBREGTS, M. A. J. 1998b. Application of uncertainty and variability in LCA: Part II: Dealing 
with parameter uncertainty and uncertainty due to choices in life cycle assessment. 
International Journal of Life Cycle Assessment, 3, 343-351. 

HUIJBREGTS, M. A. J., STEINMANN, Z. J. N., ELSHOUT, P. M. F., STAM, G., VERONES, F., 
VIEIRA, M. D. M., HOLLANDER, A., ZIJP, M. & VAN ZELM, R. 2017. ReCiPe 2016 v1.1 
A harmonized life cycle impact assessment method at midpoint and endpoint level Report 
I: Characterization RIVM Report 2016-0104a. National Institute for Public Health and the 
Environment  Available: https://www.rivm.nl/bibliotheek/rapporten/2016-0104.pdf 
[Accessed 2020-04-16]. 

HUIJBREGTS, M. A. J., THISSEN, U., GUINÉE, J. B., JAGER, T., KALF, D., VAN DE MEENT, D., 
RAGAS, A. M. J., WEGENER SLEESWIJK, A. & REIJNDERS, L. 2000. Priority 
assessment of toxic substances in life cycle assessment. Part I: Calculation of toxicity 
potentials for 181 substances with the nested multi-media fate, exposure and effects 
model USES-LCA. Chemosphere, 41, 541-573. 

IFA 2014. The GHS Column Model 2014. An aid to substitute assessment.   Available: 
http://www.dguv.de/medien/ifa/en/pra/ghs_spaltenmodell/ghs_column_model.pdf 
[Accessed 2016-05-09]. 

IGOS, E., BENETTO, E., MEYER, R., BAUSTERT, P. & OTHONIEL, B. 2018. How to treat 
uncertainties in life cycle assessment studies? The International Journal of Life Cycle 
Assessment. 

JACOBS, M. M., MALLOY, T. F., TICKNER, J. A. & EDWARDS, S. 2016. Alternatives 
Assessment Frameworks: Research Needs for the Informed Substitution of Hazardous 
Chemicals. Environ Health Perspect, 124, 265-80. 

JAGERS, S. C., MARTINSSON, J. & NILSSON, A. 2009. ”Kan Vi påverka folks miljöattityder 
genom information? En analys av radiosatsningen "Klimatfeber"? (Can people’s attitudes 
be affected through Information? A quantitative analysis of the Swedish radio broadcast 
campaign ”Climte Fever”) Expertgruppen för miljöstudiers rapportserie 2009:4. ISBN 
978-91-38-23287-3.   Available: 
http://ems.expertgrupp.se/Uploads/Documents/Hela%20Rapport%202009_4.pdf 
[Accessed 2020-02-18]. 

JOLLIET, O., MARGNI, M., CHARLES, R., HUMBERT, S., PAYET, J., REBITZER, G. & 
ROSENBAUM, R. 2003. IMPACT 2002+: A new life cycle impact assessment 
methodology. International Journal of Life Cycle Assessment, 8, 324-330. 

JONES, P. D., HU, W., DE COEN, W., NEWSTED, J. L. & GIESY, J. P. 2003. Binding of 
perfluorinated fatty acids to serum proteins. Environ Toxicol Chem, 22, 2639-49. 

JÖNSSON, C., POSNER, S. & ROOS, S. 2018. Sustainable Chemicals: A Model for Practical 
Substitution. In: MUTHU, S. S. (ed.) Detox Fashion: Sustainable Chemistry and Wet 
Processing. Singapore: Springer Singapore. 

JØRGENSEN, A. 2013. Social LCA—a way ahead? The International Journal of Life Cycle 
Assessment, 18, 296-299. 



 

63 
 

KAISER, F. G., HÜBNER, G. & BOGNER, F. X. 2005. Contrasting the Theory of Planned 
Behavior With the Value-Belief-Norm Model in Explaining Conservation Behavior1. 
Journal of Applied Social Psychology, 35, 2150-2170. 

KAPLAN & GARRICK 1981. On The Quantitative Definition of Risk. Risk analysis, 1. 

KEMNA, R., ELBURG, M. V., LI, W. & HOLSTEIJN, R. V. 2005. Methodology Study Eco-design 
of Energy-using Products Final Report MEEUP Methodology Report.   Available: 
http://ec.europa.eu/DocsRoom/documents/11846/attachments/4/translations/en/renditi
ons/native [Accessed 2020-04-16]. 

KIRK, S. J. & DELL'ISOLA, A. J. 1995. Life cycle costing for design professionals, New York, NY  
United States, McGraw-Hill, Incorporated. 

KLINKE, A. & RENN, O. 2002. A New Approach to Risk Evaluation and Management: Risk-
Based, Precaution-Based, and Discourse-Based Strategies1. Risk Analysis, 22, 1071-
1094. 

KRANTZ LINDGREN, P. 2001. Att färdas som man lär? Om miljömedvetenhet och bilåkande. 
Doctoral thesis, Göteborgs universitet/University of Gothenburg, Department of Political 
Science Statsvetenskapliga institutionen. 

LISSNER, L. & ROMANO, D. 2011. Substitution for Hazardous Chemicals on an International 
Level—The Approach of the European Project “Subsport”. NEW SOLUTIONS: A Journal 
of Environmental and Occupational Health Policy, 21, 477-497. 

LIU, J. & MEJIA AVENDANO, S. 2013. Microbial degradation of polyfluoroalkyl chemicals in the 
environment: a review. Environ Int, 61, 98-114. 

LOFSTEDT, R. 2014. The substitution principle in chemical regulation: a constructive critique. 
Journal of Risk Research, 17, 543-564. 

LÖFSTEDT, R. E. 2005. Risk Management in Post-Trust Societies, New York, PALGRAVE 
MACMILLAN. 

MENDOZA BELTRAN, A., PRADO, V., FONT VIVANCO, D., HENRIKSSON, P. J., GUINE ́E, J. B. 
& HEIJUNGS, R. 2018. Quantified Uncertainties in Comparative Life Cycle Assessment: 
What Can Be Concluded? Environmental science & technology. 

MICHELETTI, M. 2003. Political Virtue and Shopping: Individuals, Consumerism, and Collective 
Action, New York, Palgrave Macmillan. 

MUTHU, S. S. 2014. Roadmap to sustainable textiles and clothing: Eco-friendly raw materials, 
technologies, and processing methods, Springer. 

NATIONAL RESEARCH COUNCIL 2014. A Framework to Guide Selection of Chemical 
Alternatives. Washington, DC: The National Academies Press.  Available: 
https://www.ncbi.nlm.nih.gov/books/NBK253965/pdf/Bookshelf_NBK253965.pdf 
[Accessed 2020-04-16]. 

OECD. 2018. Portal on Per and Poly Fluorinated Chemicals [Online]. OECD. Available: 
http://www.oecd.org/chemicalsafety/portal-perfluorinated-chemicals/ [Accessed 2018-
08-31]. 



 

64 
 

OECD. 2020. OECD Substitution and Alternatives Assessment Toolbox [Online]. Available: 
http://www.oecdsaatoolbox.org/ [Accessed]. 

OGUZCAN, S., DVARIONIENE, J., TUGNOLI, A. & KRUOPIENE, J. 2019. Environmental impact 
assessment model for substitution of hazardous substances by using life cycle approach. 
Environmental Pollution, 254. 

OWSIANIAK, M., FANTKE, P., POSTHUMA, L., SAOUTER, E., VIJVER, M., BACKHAUS, T., 
SCHLEKAT, T. & HAUSCHILD, M. 2019. Chapter 7 Ecotoxicity in Global Guidance on 
Environmental Life Cycle Impact Assessment Indicators Volume 2.   Available: 
https://www.lifecycleinitiative.org/global-guidance-on-environmental-life-cycle-impact-
assessment-indicators-glam-volume-2-published/ [Accessed 2020-04-16]. 

PIDGEON, N. & FISCHHOFF, B. 2011. The role of social and decision sciences in 
communicating uncertain climate risks. Nature Climate Change, 1, 35-41. 

POTTING, J. & HAUSCHILD, M. Institute of Product Development 2005. Background for spatial 
differentiation in LCA impact assessment - The EDIP2003 methodology.  AGENCY, D. E. 
P. Available: https://www2.mst.dk/Udgiv/publications/2005/87-7614-581-6/pdf/87-
7614-582-4.pdf [Accessed 2020-04-16]. 

PRE-SUSTAINABILITY 2000. Eco-indicator 99 Manual for Designers A damage oriented method 
for Life Cycle Impact Assessment.   Available: https://www.pre-
sustainability.com/news/eco-indicator-99-manuals [Accessed 2020-04-16]. 

RICE, R. E. & ATKIN, C. K. 2012. Theory and principles of public communication campaigns. 
Public communication campaigns, 3-19. 

ROCHESTER, J. R. & BOLDEN, A. L. 2015. Bisphenol S and F: a systematic review and 
comparison of the hormonal activity of bisphenol A substitutes. Environmental Health 
Perspectives (Online), 123, 643. 

ROOS, S. 2016. Advancing life cycle assessment of textile products to include textile 
chemicals. Inventory data and toxicity impact assessment. THESIS FOR THE DEGREE 
OF DOCTOR OF PHILOSOPHY Chalmers University of Technology. 

ROOS, S., JÖNSSON, C., POSNER, S., ARVIDSSON, R. & SVANSTRÖM, M. 2019. An 
inventory framework for inclusion of textile chemicals in life cycle assessment. The 
International Journal of Life Cycle Assessment, 24, 838-847. 

ROOS, S. & PETERS, G. M. 2015. Three methods for strategic product toxicity assessment—the 
case of the cotton T-shirt. The International Journal of Life Cycle Assessment, 20, 903-
912. 

ROOS, S., POSNER, S., JÖNSSON, C. & PETERS, G. M. 2015a. Is Unbleached Cotton Better 
Than Bleached? Exploring the Limits of Life-Cycle Assessment in the Textile Sector. 
Clothing and Textiles Research Journal, 33, 231-247. 

ROOS, S., SANDIN, G., ZAMANI, B. & PETERS, G. 2015b. Environmental assessment of 
Swedish fashion consumption. Five garments–sustainable futures. Mistra Future Fashion.   
Available: http://www.mistrafuturefashion.com/wp-
content/uploads/2015/06/Environmental-assessment-of-Swedish-fashion-consumption-
LCA.pdf [Accessed 2018-02-12]. 



 

65 
 

ROSENBAUM, R. K., BACHMANN, T. M., GOLD, L. S., HUIJBREGTS, M. A., JOLLIET, O., 
JURASKE, R., KOEHLER, A., LARSEN, H. F., MACLEOD, M. & MARGNI, M. 2008. 
USEtox—the UNEP-SETAC toxicity model: recommended characterisation factors for 
human toxicity and freshwater ecotoxicity in life cycle impact assessment. The 
International Journal of Life Cycle Assessment, 13, 532-546. 

ROSENBAUM, R. K., HUIJBREGTS, M. A. J., HENDERSON, A. D., MARGNI, M., MCKONE, T. 
E., VAN DE MEENT, D., HAUSCHILD, M. Z., SHAKED, S., LI, D. S., GOLD, L. S. & 
JOLLIET, O. 2011. USEtox human exposure and toxicity factors for comparative 
assessment of toxic emissions in life cycle analysis: sensitivity to key chemical properties. 
International Journal of Life Cycle Assessment, 16, 710-727. 

SANDIN, G., ROOS, S., SPAK, B., ZAMANI, B. & PETERS, G. 2019. environmental assessment 
of Swedish clothing consumption-six garments, sustainable futures.   Available: 
http://mistrafuturefashion.com/wp-content/uploads/2019/08/G.Sandin-Environmental-
assessment-of-Swedish-clothing-consumption.MistraFutureFashionReport-2019.05.pdf 
[Accessed 2020-05-14]. 

SAOUTER, E., BIGANZOLI, F., CERIANI, L., VERSTEEG, D., CRENNA, E., ZAMPORI, L., SALA, 
S. & PANT, R. 2018. Environmental Footprint: Update of Life Cycle Impact Assessment 
methods – Ecotoxicity freshwater, human toxicity cancer, and non-cancer.  UNION, P. O. 
O. T. E. Available: https://ec.europa.eu/jrc/en/publication/environmental-footprint-update-
life-cycle-impact-assessment-methods-ecotoxicity-freshwater-human [Accessed 2020-
01-08]. 

SCHELLENBERGER, S. 2016. Why Does It Always Rain On Me?: Properties of Alternative 
Durable Water Repellent Chemicals for Textiles. Universitetsservice US AB. 

SCHELLENBERGER, S. 2019. The missing links : Towards an Informed Substitution of 
Durable Water Repellent Chemicals for Textiles. Doctoral thesis, comprehensive 
summary, Department of Environmental Science and Analytical Chemistry, Stockholm 
University. 

SCHELLENBERGER, S., GILLGARD, P., STARE, A., HANNING, A., LEVENSTAM, O., ROOS, 
S. & COUSINS, I. T. 2018. Facing the rain after the phase out: Performance evaluation of 
alternative fluorinated and non-fluorinated durable water repellents for outdoor fabrics. 
Chemosphere, 193, 675-684. 

SCHELLENBERGER, S., HILL, P. J., LEVENSTAM, O., GILLGARD, P., COUSINS, I. T., 
TAYLOR, M. & BLACKBURN, R. S. 2019a. Highly fluorinated chemicals in functional 
textiles can be replaced by re-evaluating liquid repellency and end-user requirements. 
Journal of cleaner production, 217, 134-143. 

SCHELLENBERGER, S., JONSSON, C., MELLIN, P., LEVENSTAM, O. A., LIAGKOURIDIS, I., 
RIBBENSTEDT, A., HANNING, A. C., SCHULTES, L., PLASSMANN, M. M., PERSSON, 
C., COUSINS, I. T. & BENSKIN, J. P. 2019b. Release of Side-Chain Fluorinated Polymer-
Containing Microplastic Fibers from Functional Textiles During Washing and First 
Estimates of Perfluoroalkyl Acid Emissions. Environ Sci Technol, 53, 14329-14338. 

SCRUGGS, C. E. 2013. Reducing hazardous chemicals in consumer products: proactive 
company strategies. Journal of Cleaner Production, 44, 105-114. 

SNYDER, L. B. 2001. How effective are mediated health campaigns. Public communication 
campaigns, 3, 181-190. 



 

66 
 

STEEN, B. 2019. Monetary Valuation of Environmental Impacts: Models and Data, CRC Press. 

STERN, P. C. 2000. Toward a coherent theory of environmentally significant behaviour. Journal 
of Social Issues, 56, 407-424. 

TANAKA, Y. 2004. Major Psychological Factors Determining Public Acceptance of the Siting of 
Nuclear Facilities. Journal of Applied Social Psychology, 34, 1147-1165. 

TICKNER, J., JACOBS, M., MALLOY, T., BUCK, T., STONE, A., BLAKE, A. & EDWARDS, S. 
2019a. Advancing alternatives assessment for safer chemical substitution: A research 
and practice agenda. Integrated Environmental Assessment and Management, 15, 855-
866. 

TICKNER, J., JACOBS, M. M. & MACK, N. B. 2019b. Alternatives assessment and informed 
substitution: A global landscape assessment of drivers, methods, policies and needs. 
Sustainable Chemistry and Pharmacy, 13, 100161. 

TICKNER, J. A., SCHIFANO, J. N., BLAKE, A., RUDISILL, C. & MULVIHILL, M. J. 2015. 
Advancing Safer Alternatives Through Functional Substitution. Environmental Science & 
Technology, 49, 742-749. 

TILLMAN, A.-M. 2000. Significance of decision-making for LCA methodology. Environmental 
Impact Assessment Review, 20, 113-123. 

TUKKER, A. 2002. Risk Analysis, Life Cycle Assessment—The Common Challenge of Dealing 
with the Precautionary Frame (Based on the Toxicity Controversy in Sweden and the 
Netherlands). Risk Analysis, 22, 821-832. 

TVERSKY, A. & KAHNEMAN, D. 1981. The framing of decisions and the psychology of choice. 
Science, 211, 453-8. 

UBA German Environment Agency (UBA) 2017. Protecting the sources of our drinking water A 
revised proposal for implementing criteria and an assessment procedure to identify 
Persistent, Mobile and Toxic (PMT) and very Persistent, very Mobile (vPvM) substances 
registered under REACH.  (UBA), G. E. A. Available: 
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/17102
7_uba_pos_pmt_substances_engl_2aufl_bf.pdf [Accessed 2019-12-09]. 

UDO DE HAES, H. A., SLEESWIJK, A. W. & HEIJUNGS, R. 2006. Similarities, differences and 
synergisms between HERA and LCA—an analysis at three levels. Human and Ecological 
Risk Assessment, 12, 431-449. 

UNEP 2012. Global Chemicals Outlook Towards Sound Management of Chemicals Trends and 
changes. Synthesis Report for Decision-Makers. .   Available: 
https://wedocs.unep.org/bitstream/handle/20.500.11822/8264/-
Global%20Chemicals%20Outlook_%20synthesis%20report%20for%20decision-
makers-2012Global%20Chemical%20Outlook.pdf?sequence=3&isAllowed=y 
[Accessed 2020-04-16]. 

US EPA Office of Pollution Prevention & Toxics, U.S. Environmental Protection Agency 2011. 
Design for the Environment Program Alternatives Assessment Criteria for Hazard 
Evaluation Version 2.0 http://www.epa.gov/sites/production/files/2014-
01/documents/aa_criteria_v2.pdf  Available: 



 

67 
 

http://www.epa.gov/sites/production/files/2014-01/documents/aa_criteria_v2.pdf 
[Accessed. 

W. L. GORE & ASSOCIATES GMBH W. L. Gore & Associates GmbH 2015. Life Cycle 
Assessment of DWR treatments on waterproof, windproof and breathable jacket. 
Summary report.   Available: http://www.gore-tex.com/cms-images/211/672/Gore-DWR-
LCA-summary-report%20151215.pdf [Accessed 2015-12-15]. 

VAN DER VEEN, I., HANNING, A.-C., STARE, A., LEONARDS, P. E., DE BOER, J. & WEISS, J. 
M. 2020. The effect of weathering on per-and polyfluoroalkyl substances (PFASs) from 
durable water repellent (DWR) clothing. Chemosphere, 126100. 

VAN DER VEEN, I., WEISS, J. M., HANNING, A.-C., DE BOER, J. & LEONARDS, P. E. 2016. 
Development and validation of a method for the quantification of extractable perfluoroalkyl 
acids (PFAAs) and perfluorooctane sulfonamide (FOSA) in textiles. Talanta, 147, 8-15. 

VAN ZELM, R., HUIJBREGTS, M. A. & VAN DE MEENT, D. 2010. Transformation products in the 
life cycle impact assessment of chemicals. Environ Sci Technol, 44, 1004-9. 

WANG, Z., DEWITT, J. C., HIGGINS, C. P. & COUSINS, I. T. 2017. A Never-Ending Story of 
Per- and Polyfluoroalkyl Substances (PFASs)? Environ Sci Technol, 51, 2508-2518. 

WANG, Z., WALKER, G. W., MUIR, D. C. G. & NAGATANI-YOSHIDA, K. 2020. Toward a 
Global Understanding of Chemical Pollution: A First Comprehensive Analysis of National 
and Regional Chemical Inventories. Environmental Science & Technology, 54, 2575-
2584. 

WEGENER SLEESWIJK, A. 2011. Regional LCA in a global perspective. A basis for spatially 
differentiated environmental life cycle assessment. The International Journal of Life Cycle 
Assessment, 16, 106-112. 

WEIDEMA, B. 2003. Market Information in Life Cycle Assessment, Environmental Project No. 
863 2003 Miljøprojekt, Danish Environmental Protection Agency. 

VERONES, F., BARE, J., BULLE, C., FRISCHKNECHT, R., HAUSCHILD, M., HELLWEG, S., 
HENDERSON, A., JOLLIET, O., LAURENT, A., LIAO, X., LINDNER, J. P., MAIA DE 
SOUZA, D., MICHELSEN, O., PATOUILLARD, L., PFISTER, S., POSTHUMA, L., 
PRADO, V., RIDOUTT, B., ROSENBAUM, R. K., SALA, S., UGAYA, C., VIEIRA, M. & 
FANTKE, P. 2017. LCIA framework and cross-cutting issues guidance within the UNEP-
SETAC Life Cycle Initiative. Journal of Cleaner Production, 161, 957-967. 

WESTH, T. B., HAUSCHILD, M. Z., BIRKVED, M., JORGENSEN, M. S., ROSENBAUM, R. K. & 
FANTKE, P. 2015. The USEtox story: a survey of model developer visions and user 
requirements. International Journal of Life Cycle Assessment, 20, 299-310. 

WICKMAN, T., LECLOUX, A. & SCHOLES, L. 2009. Voluntary Initiatives for Reducing the Use of 
Priority Pollutant Containing Products.    [Accessed. 

ZIMMERMAN, J. B. & ANASTAS, P. T. 2015. Toward substitution with no regrets. Science, 347, 
1198. 

ZUSHI, Y., HOGARH, J. N. & MASUNAGA, S. 2012. Progress and perspective of perfluorinated 
compound risk assessment and management in various countries and institutes. Clean 
Technologies and Environmental Policy, 14, 9-20. 



 

68 
 

 


