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1 Introduction
1.1 Background of the study
Long chain fluorinated DWORs have been the most extended products used in the last
decades in textile finishing. Main concern raised by these products is that fluorinated
chains may be severed from the polymeric backbone of DWOR, leading to the release
of perfluoroalkyl acids (PFAAs). Among this PFAAs, perfluoroctanioc acid (PFOA) and
perfluorooctane sulfonic acid (PFOS) are the most concerning compounds released due
to its bioaccumulation and persistence. PFOA (and derived products) production and
commercialisation will be banned on 20201, and PFOS use will be also strictly restricted2.
Some of the current alternatives on the market are based in short-chain fluorinated
compounds (C6 or C4), which are also under the regulatory radar of some authorities
for its restriction, due to the similarities with long-chain fluorinated DWORs. Other
alternatives which has aroused interest are Fluorine-free DWORs, based in different
chemistry.
MIDWOR-LIFE project aims to mitigate the environmental, health and safety
impact of DWORs 3 used in textile finishing to provide hydrophobic and oleophobic
properties to fabrics. By analysing both environmental, safety and technical performance
of current and alternative DWORs, MIDWOR-LIFE will assess textile manufacturers
on the best available technologies for textile finishing.
Thus, one of the specific objectives of MIDWOR-LIFE project is to evaluate the
environmental impact of conventional and alternative DWORs used by the textile
sector. Action B3 address this environmental study by developing a Life Cycle
Assessment (LCA) where both fluorinated DWORs (C8, C6 and perfluorosilicone) and
Fluorine-free alternatives (silicone, dendrimer and paraffin) will be analysed. This LCA
will be based in the results obtained at pre-industrial scale (B.1.1) and industrial
validation at 6 pilot industries (B.1.2).

3

Durable Water and Oil Repellents
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1.2 Life Cycle Assessment
On its Communication on Integrated Product Policy (COM (2003)302), the European
Commission concluded that LCA is the best framework currently available for
assessing the potential environmental impacts of products and processes.
LCA is a structured, comprehensive and internationally standardized method to quantify
all relevant emissions and resources consumed by a product or a process, from raw
material extraction through materials processing, manufacture, distribution, use, repair
and maintenance, and disposal or recycling.

The goal of LCA is to compare the
full range of environmental effects
assignable to products and
services by quantifying all inputs
and outputs.

FIGURE 1. LIFE CYCLE ASSESMENT PHASES

LCA procedure is guided by two standards, ISO 140403 and 140444, which set the stages
of this type of studies. According to these standards, LCA has four main stages:
1) Goal and Scope of the study: In this initial stage, the objective of the LCA is
defined, identifying the stages that will be included in the assessment, the
boundaries of the study, and the functional unit (FU) which is the reference unit
for the complete LCA. Other methodology aspects, such as the method selected
for Impact Assessment, normalisation, weighting, etc. are defined also at this
point.
2) Life Cycle Inventory (LCI): During this step, all imputes and outputs of the
process are inventoried for each stage of the process/product to be evaluated,
including raw matters, water, energy, land use, and any other materials. This
stage is usually the most time-demanding task of the LCA and the most crucial
for the accuracy of the assessment.
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3) Life Cycle Impact Assessment: At this stage, all the system flows inventoried
in the LCA are used to calculate the environmental impact over different
categories, such global warming, human toxicity, water depletion…etc.
4) Interpretation of Results and Reporting: This last stage requires to analyse
the results obtained from the LCA, verifying the achievement of the initial goal set
for the assessment. In occasions results may show the need to perform changes
in the definition, LCI or methodology of the study, in an iterative process until the
objectives of the LCA are achieved.

FIGURE 2. STAGES OF A LIFE CYCLE ASSESMENT 4

4

paradigmsustain.com

ENVIRONMENTAL LIFE CYCLE ASSESSMENT STUDIES OF THE ALTERNATIVE
DWOR CHEMICALS
Page 6

MIDWOR - LIFE14 ENV/ES/000670
With the contribution of the LIFE financial
instrument of the European Commission

2 Life Cycle Assessment of alternative DWORs
2.1 Goal and scope of the study
Objective of the study
The objective of this work is to study and quantify the environmental impact of six
Fluorinated and fluorine-free DWORs used by the textile industry and tested at
industrial scale in MIDWOR-LIFE project:


Fluorinated DWORs: C8-based, C6-based and perfluorosilicone (PFSi)



Fluorine-free DWORs: silicone, dendrimer and paraffin

C8 and C6- fluorinated DWORs 5

Perfluorosilicone

Silicone 5

Dendrimer 6

Paraffin (linear aliphatic hidrocarbons)

FIGURE 3. MAIN STRUCTURE OF THE DIFFERENT DWORS EVALUATED.

Functional Unit
The functional unit (FU) selected for the study is the production of 100m2 of finished
fabric, ready to be shipped to the customers.
As mentioned before, the functional unit acts as unit of reference for the development of
the LCA. The selection of the FU must take into account the scope and the boundaries
set for the LCA, in order to ensure that the FU selected is comparable between the
scenarios analysed.
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In this case, the selection of a surface of fabric (100 m2) as FU allows to evaluate the
complete impact of the different DWORs analysed, taking into account, not only the
footprint of the DWOR, but also differences in the finishing process, such the amount of
DWOR required, additives used, differences in energy consumption, etc.
System Boundaries
Boundaries of the study have been set to focus the LCA into the finishing stage of a
textile process, in a gate-to-gate approach (Figure 4). Thus, all stages prior receiving the
fabric at the finishing plant (such cotton cultivation, knitting, etc.), were not taken into
account in the study. Also the further use of the finished fabrics or its final disposal (end
of life) was considered out of the scope of the LCA.
During the first stages of the development of this LCA, an initial test was performed to
define the boundaries of the LCA. On this first version, a cradle-to-gate approach was
analysed, adding the production of the fabric (cotton cultivation, knitting, dying, and
transportation) to the finishing process. Results showed that differences between
DWORs would fade with the cradle-to-gate approach due to the large impact of cotton
cultivation, providing worst results for the scope of MIDWOR-LIFE project.

Process Imputs:
 Raw matters
 Energy
 Water
 ...

Textile manufacturing
process
Fabric at textile
finsihing plant
2

(FU: 100 m )

Fabric
pretreatment

Raw matters for DWOR
production
(i.e. fluorinated polymer,
silicones...etc.)

DWOR
Production

DWOR application
(Padding Machine)

DWOR
wastes/disposal

LCA boundaries

Fabric Drying
& Curing

Finished fabric
(FU: 100 m2 of
finished fabric)

Process Outputs:
 Wastewater production
 Air emissions
 Waste produced
 ...

FIGURE 4. BOUNDARIES OF THE STUDY

Besides fabric production, the further use of the fabric/garment after finishing, or its
final disposal at its end of life are out of the scope of MIDWOR-LIFE project. Therefore,
the inclusion of these stages in the LCA would have required to set additional
assumptions and the use of secondary sources of information (textile bibliography, peerreviewed-journals, etc.) that would increase uncertainty of the LCA.
Based on these two main arguments, final boundaries for the study were set in a
gate-to-gate approach. Additionally, all flows related with the finishing process were
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included in the inventory, from inputs such secondary raw matters, electricity, fuel
consumption, water, compressed air, etc.; and outputs such air emissions, wastewater,
solid wastes, etc.
As the objective of the LCA and MIDWOR-LIFE project, is to evaluate the impact of
DWORs, the complete DWOR production process have been included in the LCA,
covering all the stages of its life, from the synthesis of its raw matters to its application
in a textile factory and the disposal of wastes (Figure 4 -blue flowchart).
Assumptions
The following main assumptions have been taken for the different scenarios, according
with the information collected within the project:


DWOR composition was obtained from the safety data sheets (SDS) provided by
distributors or manufacturers. Composition of DWORs used at industrial
validation have been used as primary source and, when necessary, they have
been complemented by data from SDS from equivalent products, and patents.



It has been assumed that DWORs are produced as a formulation of different
chemical compounds. Footprint of these substances have been obtained from a
specific LCA database (Ecoinvent v3.4). Unknown compounds or those not
present in Ecoinvent database have been included in the inventory using the
generic compounds (organic and inorganic) present in the database.



Fluorinated DWOR production includes a fluorinated copolymer as base of its
composition. This polymer has been obtained by telomerisation from
tetrafluoroethylene, as it is the most common process at present7,8.



According with market, DWOR synthesis takes place in China/South-East Asia
9,10
, unless otherwise stated. DWORs are first shipped by sea to Europe5 and
then by road6 to a distributor in central Europe. Further transportation have been
considered in each textile application, according with the location of the factory.



As a global procedure, emissions have been estimated using the “Default worstcase release factors” indicated in the Appendix A.16-1 of the ECHA Guidance on
information requirements and chemical safety assessment11, according to the
characteristics of the process. Emissions to water and air where considered to
be partially treated by wastewater and gas treatment systems with an average
efficiency of 85%, with the exception of fluorinated compounds (PFOA, PFHxA,
etc.) which are not degraded at wastewater treatment plants12,13.



Electricity consumption for padding and drying were obtained from
manufacturers, while thermal demand was estimated in 50 MJ/kg, according to

5

Approximate distance from a China/South-East Asia to a European port in the Mediterranean
Sea (Italy or Spain). Transport, freight, sea, transoceanic ship: 14.000 km
6 Estimated distance from previous port to DWOR production company/reseller, based in DWOR
brands used in MIDWOR-LIFE.). Transport, freight, lorry 16-32 metric ton, EURO5; 1.000 km
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the BREF developed for textile industry by the European Commission14, due to
the great differences observed between the different companies7.
Limitations
The main limitation observed during the development of the study was the lack of
information regarding the composition of the different DWORs and its production
process. DWOR composition is partially included in Safety Data Sheets according with
European regulations, but only gathers general information, as DWOR formulation are
often trade-secret.
In US, manufacturers of fluorinated compounds are required to submit data regarding
fate, bioaccumulation and toxicity of the substances to the US Environmental Protection
Agency (EPA). However this information can be claimed as confidential business
information (CBI) and concealed from public. In EU, these substances, considered often
as polymers, are exempted from registration and evaluation under REACH. Also
Companies can claim safety and toxicity data not to be disclosed, according with REACH
Article 119. This is often explained by the high investing costs required to take a new
substance into the market15.
Under this LCA, this lack of information have been overcome by using data from peerreview journals and technical bibliography regarding finishing products. These sources
of information are referenced throughout the document.
Impact assessment Method
The method used to determine the environmental impact of the DWORs was ILCD
2011+. This method, developed by the European Platform of LCA and the Institute for
Environment and Sustainability,16 combines different impact categories from several
globally accepted methods (USETox, ReCiPe, IPCC, etc.) based on the reliability and
consistency of its results. ILCD includes 16 impact categories (Table 1), embracing a
wide range of fields (atmosphere, climate change, water bodies, soil, human health, etc.).
TABLE 1. ILCD2011+ IMPACT CATEGORIES

Impact Categories

Unit

Climate change

kg CO2 eq

Ozone depletion

kg CFC-11 eq

Human toxicity, non-cancer effects

CTUh

Human toxicity, cancer effects

CTUh

Particulate matter

kg PM2.5 eq

7

Characteristics from each finishing plant (type of equipment, fuel used, existence of heat
recovery systems, fabric used, etc.) and difficulty to allocate the total energy consumption for the
validation process lead to a great difference between scenarios. Thus, a common value was set
to reduce uncertainty of the results.
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Ionizing radiation HH
Ionizing radiation E (interim)
Photochemical ozone formation

kBq U235 eq
CTUe
kg NMVOC eq

Acidification

molc H+ eq

Terrestrial eutrophication

molc N eq

Freshwater eutrophication

kg P eq

Marine eutrophication

kg N eq

Freshwater ecotoxicity

CTUe

Land use

kg C deficit

Water resource depletion

m3 water eq

Mineral, fossil & ren resource depletion

kg Sb eq

The 16 impact categories included in the selected method are described below:
Climate Change
Climate Change is defined as the change in global temperature caused by the release
of gases with greenhouse effect, such carbon dioxide (CO2) and other gases such
methane (CH4), nitrogen dioxide (NO2) and chlorofluorocarbons (CFCs).
This category quantifies how the process studied contributes to the release of
greenhouse gases, based in the model developed by the UN’s Intergovernmental Panel
on Climate Change (IPCC).
Factors are expressed as
Global Warming Potential
over the time horizon of
different years, being the
most common 100 years
(GWP100), measured in the
reference unit, kg CO2
equivalent.

Ozone depletion
This category quantify the effect of the process/product over the ozone layer. Damage
to the ozone layer reduces its ability to prevent ultraviolet (UV) light entering the
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earth’s atmosphere, increasing the amount of carcinogenic UVB light reaching the
earth’s surface.
The characterization model used for this category has been developed by the World
Meteorological Organization (WMO) and defines the ozone depletion potential of
different gases relative to a reference substance: chlorofluorocarbon-11 (CFC-11),
expressing the results in kg CFC-11 equivalent.
Human Toxicity
ILCD method includes two categories to express the impact over human health, differing
between carcinogenic effects and non-carcinogenic. It is based on the USETox
consensus model 17 developed by the United Nations Environment Programme (UNEP)
and the Society of Environmental Toxicology and Chemistry (SETAC). Impact over these
two categories is expressed in Toxic Units for human (CTUh) that estimates the increase
in morbidity in the total human population per unit mass of a chemical emitted (cases per
kilogramme).
Particulate matter (Respiratory Inorganics)
This category evaluates the impact over human health of the particles emitted into the
atmosphere by the process studied, distinguishing between primary particles, emitted
directly by activity (PM10 and PM2.5), and secondary particles, formed in the
atmosphere by transformation of the substances emitted (NOx, SOx, NH3, etc.). The
reference unit is the equivalent emission of fine particles with a diameter smaller than
2.5 μm (kg PM2.5 eq.).
Ionizing radiation.
In a similar way to the previous categories, Ionizing radiation measures the impact of
emissions in form of ionizing radiation over human health and ecosystem. Modelling
begins with releases at the point of emission and calculates the fate and exposure of
radiation, based on knowledge of detailed nuclear physics. The reference unit used in
the efficiency of human exposure in relation to uranium 235.
Formation of photochemical ozone.
Photochemical ozone formation takes place in the atmosphere by the degradation of
volatile organic compounds (VOC) in presence of light and nitrogen oxides (NOx). This
phenomenon can be local (photochemical smog) or regional (tropospheric ozone) and is
harmful to both plants and humans, causing irritation, respiratory problems and damage
to the respiratory system. It is expressed in kg of volatile organic compounds other than
methane (kg of NMVOC).
Acidification
This category quantifies the impact of the release of oxides of nitrogen and sulphur in
the atmosphere, soil and water, where the acidity of the medium can be modified,
affecting the flora and fauna that inhabit it, as well as affecting human health and
construction materials. This impact is expressed in moles of H+ eq.
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Eutrophication (Terrestrial, freshwater and marine eutrophication).
Eutrophication is defined as the enrichment of ecosystems (water, soil, etc.) as result of
the presence of nutrients, mainly nitrogen and phosphorous. In the aquatic environment,
the high concentration of these nutrients leads to greater production of plankton, algae
and aquatic plants, and the deterioration of water quality. Subsequently, the
decomposition of this organic matter causes a reduction of the oxygen present in the
medium, and even anaerobic conditions. In terrestrial ecosystems, eutrophication
causes changes in traditionally nutrient-poor ecosystems, such as heaths, dunes, etc.
The method includes 3 impact categories to evaluate the eutrophication over the soil
(terrestrial eutrophication), over freshwater bodies (freshwater eutrophication) and over
marine environment (marine eutrophication). Impact is expressed in mol N eq (terrestrial
eutrophication), kg P eq (freshwater eutrophication) and kg N eq. (marine
eutrophication).
Freshwater ecotoxicity
This category evaluate the effect of toxic substances (organic compounds, heavy metals,
etc.) on freshwater ecosystems. It is based in USETox method 17, and it express its
impact in Comparative Toxic Unit for ecosystems (CTUe), defined as a estimation of the
potentially affected fraction of species (PAF) integrated over time and volume per unit
mass of a chemical emitted (PAF m3 year/kg).
Land use.
It reflects the impact associate to the changes in the use of the land, as result of the
process or product studied (i.e. a forest that is converted into arable land). It is expressed
in units of organic matter in soil (kg C / m2·yr).
Water resource depletion
This category quantify the impact of the process over the depletion of available
freshwater sources, based in the "Swiss Ecoscarcity 2006" method. This depletion is
expressed in m3 of water equivalent.
Mineral, fossil, and renewable resource depletion
Also called Abiotic Depletion Potential (ADP), it evaluates the impact of the activity on
different non-renewable natural resources, such as ores containing metals, petroleum,
mineral raw materials. A resource is considered non-renewable when its cycle exceeds
500 years. It is expressed in kg of antimony equivalent (kg of Sb eq.).

2.1.6.1 Inclusion of perfluorocarbon substances
Impact assessment methods includes a large set of substances with assigned
Characterisation Factors (CF) for each Impact Category. These CF can be considered
as factors used to convert the flows previously quantified in the LCI into an environmental
impact for each category. Thus, if a substance is not included in a method, it does not
include a CF, and therefore it is not taken into account when the environmental impact
is analysed.
ENVIRONMENTAL LIFE CYCLE ASSESSMENT STUDIES OF THE ALTERNATIVE
DWOR CHEMICALS
Page 13

MIDWOR - LIFE14 ENV/ES/000670
With the contribution of the LIFE financial
instrument of the European Commission

Lack of CF for chemical compounds is one of the main shortcomings in the impact
assessment of textile process and products, especially when toxicity is addressed18.
Most of the LCA performed over textile sector omits the potential impact of chemical
compounds (dyes, surfactants, or water-repellent agents…etc.)19, and this may lead to
erroneous conclusions. This problem is not unique from the textile LCA, and also have
been reported in other sectors such printing20 or food packaging21.
Nor the selected method for this LCA (ILCD 2011+), or any of the most common
methods, such ReCiPe, CML, etc. includes PFOA, PFOS or any substance related with
the use of perfluorinated substances. Thus, in order to properly reflect the impact of
DWORs in LCA, it is necessary to create these new substances and assign them a CF
for each impact category.
Definition of CF may be performed by experimental results from toxicity tests or by
different models that predicts toxicity from the chemical characteristics of a substance,
such USETox17. CF can have a great impact in LCA results, and thus must be obtained
from a reliable source that ensures transparency and consistency of the assigned values.
As CF definition is out of the scope of MIDWOR-LIFE project, CF obtained from Roos et
al.19 by USETox method have been used in this LCA, and four new DWOR related
substances have been included in the ILCD2011+ method, in a simplified approach
to reflect the emissions that takes place in the production and application of the
different DWORs.
According with the properties and environmental fate reported for these substances,
three Impact categories have been selected based on its environmental behaviour
reported in literature22–24; Human toxicity (cancer effects), Human toxicity (non-cancer
effects), and Freshwater ecotoxicity.

2.1.6.2 Normalisation
Normalisation is an optional step in LCA according with ISO standard. By expressing the
results in a known reference framework (i.e. the average emissions per person in the
UE), allows to obtain a better perspective of the importance of the emissions in each
category. As normalisation factors have the same units than each category, after
normalising the results all categories has the same units, and thus can be represented
in a graph under the same axis.
For this LCA, normalization have been carried out using the factors corresponding to ECJRC Global (Table 2), which corresponds to the average emissions per person in the
UE27 for each Impact Categories.
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TABLE 2. NORMALISATION FACTORS EC-JRC GLOBAL 25 .

ILCD Impact Category

Unit

Factor

Climate change

kg CO2 eq.

7,07E+03

Ozone depletion

kg CFC-11 eq.

1,22E-02

Human toxicity, cancer effects

CTUh

1,24E-05

Human toxicity, non-cancer effects

CTUh

1,55E-04

kg PM2.5 eq.

5,07E+00

kBq U235 eq. (to air)

2,41E+02

kg NMVOC eq.

4,53E+01

Acidification

mol H+ eq.

5,61E+01

Eutrophication terrestrial

mol N eq.

1,64E+02

Eutrophication freshwater

kg P eq.

6,54E+00

Eutrophication marine

kg N eq.

3,04E+01

kg C deficit

5,20E+06

CTUe

3,74E+03

m3 water eq.

6,89E+01

kg Sb eq.

1,93E-01

Particulate matter/Respiratory inorganics
Ionizing radiation, human health
Photochemical ozone formation, human health

Land use
Ecotoxicity freshwater
Resource depletion water
Resource depletion, mineral, fossils and
renewables

Software and databases used
This LCA have been developed using the software SimaPro 8.5 from Pré Consultants
and the database Ecoinvent v3.4.
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2.2 Inventory analysis for DWOR products
This section describes the inputs used to build the inventory of the six DWORs (3
fluorinated; C8, C6 and PFSi, and 3 Fluorine-free; silicone, dendrimer and paraffin)
used in the LCA assessment.
C8 DWOR inventory
According to the scope of the study, production of C8 DWORs have been modelled into
two stages; the synthesis of a generic Long-Chain fluorinated acrylic copolymer, and
the further formulation of the DWOR using this perfluorinated polymer as main
constituent.
Long-Chain fluorinated acrylic copolymer
Due to the inability to collect real manufacturing data from PFC production, the process
included in the present LCA “Long Chain perfluorinated polymer” has been modelled
using data available from peer-reviewed journals and reports from ECHA26 and
OECD8,10.


Synthesis of the polymer was assumed to be carried out by telomerisation
reaction. This reaction is expected to have a yield of 80%, and its main constituent
are tetrafluoroethylene (85.8%) and Iodine pentafluoride27.



Energy and heat used in the formulation process was estimated in 1.5 kWh and
3 m3 of Natural Gas per ton of fluorinated polymer produced28. This estimation
refers only to the specific process of formulation and mixing of the polymer, as
energy associated to the production of each chemical compound (TFE, citric acid,
etc.) is already considered on each raw matter from Ecoinvent database.



Emissions to the environment are estimated using the “Default worst-case
release factors” scenario values for the manufacture of a substance; Air 5%,
Water (before WWTP) 6% and soil (0.01%)11.



Both water and gas emissions are treated with an average installation efficiency
of 85% for all emissions but perfluorinated substances. According to the fate of
perfluorinated compounds in water treatment systems, no degradation have been
considered for PFOA and perfluorodecyl-acrylate12,29. Emissions derived from the
production of the fluoropolymer were assumed to be in form of TFE, PFOA and
FTOH 8:2, as detailed real composition of emissions from DWOR production or
fluorinated acrylic copolymer are unknown.



Waste production have been estimated as an average value of 0.125 kg per kg
of perfluorinated compound produced24,30. Based on Paul et al.24 most of the
wastes are produced in a solid form and disposed through incineration (63%),
33% are sent to a hazardous waste landfill and another 4% to non-hazardous
landfills.
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C8-DWOR synthesis
C8-DWOR inventory have been built from Safety Data Sheets (SDS) from the products
used at MIDWOR-LIFE project. This data have been completed with additional
information from manufacturers and peer-reviewed journals:


Composition of C8-DWOR at the inventory is: Fluorinated Acrylic Copolymer:
30%, Glycols: 15%, Citric acid: 3%, and Ethoxylated alcohol (emulsifier): 1%.



Production of the C8-DWOR takes place in China/South-east Asia, and is
transported to Europe by sea (14.000 km) and road (1.000 km). This assumption
is based in information collected at validation industries, and matches with current
market situation.



DWOR is shipped in a 5L plastic container made from PET, with an estimated
weight of 0,2 kg, according to the manufacturer specifications.



As mentioned before, energy and heat used in the formulation process was
estimated in 1,5 kWh and 3 m3 of Natural Gas per ton of DWOR produced 28. This
estimation refers only to the specific process of formulation and mixing of the
DWORs, as energy associated to the production of each chemical compound is
already considered on each raw matter (Ecoinvent database).



Due to the lack of more specific information, wastewater production was
estimated in 3 l per kg of DWOR produced. Waste produced was disposed by
incineration, considering the same premises of the fluorinated acrylic production
( 63% of the total waste production; 0,125 kg/kg24,30). The remaining nonhazardous waste was considered negligible and thus not considered in any
scenario. As occurs with energy consumption, these waste flows are referred only
to DWOR formulation, as waste management of each raw matter is already
considered on each process (Ecoinvent)

Emissions to the environment were estimated using the “Default worst-case release
factors”, and the scenario: values for the formulation into a mixture; Air 2.5%, Water
(before WWTP) 2.5% and soil (0.01%) 11. It was assumed than production takes place
in an industrial area nearby a city, thus compartments selected for these emissions were;
high population (air emissions), river (for water emissions) and industrial soil (soil
emissions). PFOA emissions were considered as a long-term emissions, due to the
persistence reported for these compounds.
C6 DWOR
Production of C6-DWOR follows the same scheme than C8-DWOR. In first place, a
short chain fluorinated polymer is obtained by telomerisation. This compound is
used in the production of the short-chained DWOR according with the composition of the
product.


Composition of C6-DWOR were based in the information extracted from the SDS
of the different Short-chain DWORs used in the project; partially fluorinated
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Acrylic Copolymer (30%), Poly(oxy-1,2-ethanediyl),alpha-isodecyl-omegahydroxyl (3%) and Citric acid: 3%.


As in C8-DWOR, production of C6 also takes place in China and it is transported
to Europe by sea (14.000 km) and road (1.000 km). DWOR is shipped in a 5L
plastic container made from PET (0,2 kg).



Assumptions previously reported for C8 DWOR regarding energy consumption
(1,5 kWh and 3 m3 per ton) and waste production were also used for this scenario.

In this case, emissions considered for both C6-DWOR and Short-Chain fluoroacrylate
polymer were estimated to be in form of a short-chain related compounds such
Perfluorohexanoic acid (PFHxA). It was assumed than production takes place in an
industrial area nearby a city, thus compartments selected were; high population, river
and industrial soil for, air, water and soil emissions respectively.
Perfluorosilicone
Perfluorosilicone (PFSi) inventory is based on the composition reported for the
perfluorosilicone DWOR used at Industrial validation. This product includes a short-chain
fluorinated co-polymer in its formulation.


According to manufacturer specifications, PFSi formulation includes: Fluoralkyl
acrylate copolymer + emulsifier (30%), [(Methylenethylen)bis(oxy)]dipropanol (510 %) and water (60%).



In the present LCA, it was considered the same short-chain fluorinated copolymer than constitutes the C6-based DWOR-compound.



DWOR is shipped in a 25L plastic container made from PET (1 kg), with the same
origin than C8 and C6 products.



Due it is a partially Assumptions previously reported for C8 and C6 DWOR
regarding energy consumption (1.5 kWh and 3 m 3 per ton) were taken into
account also for this scenario.



Due to its composition (with a C6 fluorinated polymer) same assumptions
regarding waste production have been considered (0.125 kg of waste/kg DWOR,
63% derived to incineration 24,30). Wastewater production was estimated in 3 L/kg
of DWOR produced.

Emissions for PFSi were mainly considered in form of PFHxA and polydimethyl siloxane
(PDMS) related compounds 5,31. Emissions were estimated according to its composition
and the “Default worst-case release factors” scenario values for the formulation into a
mixture; Air 2.5%, Water (before WWTP) 2.5% and soil (0.01%)11.
Silicone DWOR
According to the specifications provided by the manufacturer, the silicone DWOR used
in the validation at pilot plant comprises a silicone emulsion (56%), an ethoxylated
alcohol (40%) and other minor compounds not reported (< 3%).
ENVIRONMENTAL LIFE CYCLE ASSESSMENT STUDIES OF THE ALTERNATIVE
DWOR CHEMICALS
Page 18

MIDWOR - LIFE14 ENV/ES/000670
With the contribution of the LIFE financial
instrument of the European Commission



Production of this compound takes place in China/South-east Asia, and it is
shipped to Europe by sea and road (14.000 and 1.000 km respectively) in a 25L
plastic container made from PET (1 kg), according to the retailer.



Same considerations as C8, C6 and PFSi, regarding energy consumption and
wastewater production, have been considered for this scenario, with the
exception of the production of hazardous waste for incineration, which was
referred to the presence of fluorinated compounds on its composition24.

Emissions for silicone DWOR are expected to be
polydimethylsiloxane (PDMS)31 and ethoxylated alcohols.

produced

in

form

of

Dendrimer
Dendrimer is based in a hyperbranched polymer with the following composition; a
functionalized polymer (15%), propane-1,2-diol (5%), and other chemical compounds not
reported (10%). Same transportation and energy assumptions have been considered for
this compound.
As in previous DWORs, emissions were estimated according to its composition and the
“Default worst-case release factors” scenario values for the formulation into a mixture;
Air 2.5%, Water (before WWTP) 2.5% and soil (0.01%).11
Paraffin DWOR
According to the specifications of the product used at industrial validation paraffin-based
DWOR is composed by a paraffin wax (80%), a cationic ethoxylated derivative (2.5%)
and other minor compounds (10%). DWOR is provided in a 120 kg drum, shipped from
South-east Asia.
Emissions were estimated according to its composition and the “Default worst-case
release factors” scenario values for the formulation into a mixture; Air 2.5%, Water
(before WWTP) 2.5% and soil (0.01%).11
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2.3 Inventory analysis for textile application process
Inventory for the textile application was built using primary information obtained from
the textile companies involved in Industrial validation (action B1) and partners from
MIDWOR-LIFE project.
In parallel with validation, a questionnaire was sent to each company in order to obtain
the required information to build the inventory (raw matters, water consumption, energy,
waste flows, etc.). This data was combined in order to build one scenario for each
DWOR with the information obtained from the application of each product in each
textile companies.
Secondary data used in the inventory was obtained from technical and scientific journals,
and LCA databases (Ecoinvent, etc.). This sources of information were used for activities
such energy production (electricity and heat), transport, and auxiliaries in the process.
Application of C8-based DWOR
Inputs for the industrial application of C8-DWOR were based in the information provided
by Industries 1, 2 and 5.


It was considered that finishing products are imported and distributed from
Central Europe to Spain, with a transportation distance of 1.100 km.



Water consumption and wastewater was rounded up to 150 L, from the values
reported by Industry 1 (137 L), 2 (127 L) and 5 (150 L).

In addition to the emissions included in the treatment of the wastewater produced by the
process, the inventory for C8-DWOR application also included the emission of
perfluorochemicals substances to the water in the padding process, and the release of
PFOA, VOCs and water to the air in the drying stage. According to the emission
inventories consulted, PFOA is the main form of emissions of perfluorinated substances
(>95%) 26,32.
PFOA release to the water was estimated from the values reported by Clara et al.12 for
textile industries (566 ng/L). Emissions to air were calculated using the “Default worstcase release factors” scenario values for the widespread use leading to inclusion into an
article; Air 15%, Water (before WWTP) 30% and soil (0.01%) 11.
Application of C6-based DWOR
Inputs for the industrial application of C6-DWOR are based in the information provided
by Industry 1 and 4, and MIDWOR-LIFE consortium.


It was considered that finishing process is imported and distributed from central
Europe to northern Italy, with a transportation distance of 700 km.



A wetting agent (1.21 kg) was added to the bath for applying this C6 compound.
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As in previous scenario, electricity consumption for padding and drying were
obtained as the average values reported from textile companies, while thermal
demand was estimated in 800 MJ (50 MJ/kg), according to the BREF for textile
industry 14.



Water consumption and wastewater production was estimated as an average
values from Industry 2 (127 L) and 4 (200 L).

In a similar approach than the C6, inventory for C6-DWOR finishing includes the
emission of short-chain perfluorchemical substances to the water in the padding process,
and the release of these substances, VOCs and water to the air in the drying stage. In
this case, all perfluorinated emissions were in form of perfluorohexanoic acid (PFHxA).
Application of perfluorosilicone based DWOR
Inputs for industrial application of perfluorosilicone (PFSi) are based in the information
provided by Industries 1, 2 and 5.


As in C8 application, it was considered that application takes place in Catalonia,
and finishing product and additives are transported from central Europe by road
(1100 km).



PFSI DWOR used in this scenario was estimated from the average values
reported by validation at Industry 2 (6 kg) and Industry 3 (10 kg).



Water consumption and wastewater was rounded up to 150 L, from the values
reported by Industry 1 (137 L), 2 (127 L) and 5 (150 L).

Emissions of PFSi application were estimated using the “Default worst-case release
factors” scenario values estimated for ECHA for the “widespread use leading to inclusion
into an article”; Air 15%, Water (before WWTP) 30% and soil (0.01%) 11. According to
the composition of PFSi DWOR, PDMS and PFHxA are the substances release to the
environment under this scenario.
Application of silicone based DWOR
Inputs for the finishing process using a silicone-based DWOR are based in the
information collected from Industry 6 and MIDWOR-LIFE consortium.


It was considered that finishing process is imported and distributed from central
Europe to Czech Republic, with a transportation distance of 500 km.



As validation with this compound was performed at a pilot-demonstration plant of
smaller capacity (2 m2), values provided from Industry 6 were extrapolated to 90
m2 to build a similar scenario. Industry 6 also provided average values of its
industrial finishing equipment. These data were used to include the amount of
water and wastewater required, as well as the presence of a catalyst in the
padding process.
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As in previous scenarios, emissions from silicone finishing process were estimated from
ECHA’s “worst case scenario” as described previously.
Application of dendrimer based DWOR
Inputs for dendrimer finishing process are based in the information provided by Industry
1 and 3.


It was considered that finishing products are distributed from the importation
location, central Europe to Italy, with a transportation distance of 700 km.



Emissions considered for the finishing scenario using a dendrimer-based
DWOR, for both water and air. Emissions where estimated from dendrimer
composition and the “default worst-case release factors” indicated by ECHA, as
in previous scenarios.
Application of paraffin/wax based DWOR

As paraffin/wax finishing was not applied at industrial scale, inputs from inventory were
estimated from laboratory results and fluorine-free industrial demonstration at Industry 1
and 3 (dendrimer).


It was considered that finishing products are distributed from the importation
location, central Europe to Spain, with a transportation distance of 1100 km.



Emissions where estimated from paraffin-DWOR composition, and the “default
worst-case release factors” indicated by ECHA for the “widespread use leading
to inclusion into an article”; Air 15%, Water (before WWTP) 30% and soil
(0.01%) 11.
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2.4 Life Cycle Impact Assessment. Results and discussion
Impact of the six scenarios considered at the LCA was calculated from the inventory data
collected in MIDWOR-LIFE project using the ILCD2011+ method. As explained in section
2.1.6.1, several Characterisation Factors (CF) were included to reflect the impact of
fluorinated and non-fluorinated substances involved in the finishing process.
Impact of DWOR production process
In addition to the results obtained for the selected functional unit (FU) of the study (100
m2 of finished fabric), results from the production of 1 kg of each DWORs at the gate
of the distributor in Europe are also reported, for better understanding of the
environmental footprint of conventional and fluorine-free finishing process.
Figure 5 shows the impact of each DWOR over the 6 main categories, which accounts
for nearly the 98% of the total impact of each DWOR. These results are expressed in
normalised values (upper figure) and percentage (bottom figure) assigning for each
category a 100% value to the scenario with highest impact.

FIGURE 5. NORMALISED RESULTS FOR THE PRODUCTION OF 1 KG OF EACH DWOR IN
NORMALISED UNITS (UPPER) AND IN PERCENTAJE (BOTTOM).
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According with the results obtained, fluorine-based DWORs presents a clearly higher
environmental impact in almost all categories analysed. As could be expected by its
characteristics, perfluorosilicone (PFSi) showed a lower environmental impact than C8
and C6 DWORs, but a greater impact than fluorine-free alternatives. This is explained
by PFSi composition, which includes a C6 fluoropolymer, but in a smaller proportion than
a C6-based DWOR.
As Figure 5 reflects, the environmental footprint of the six DWORs analysed takes place
mainly over 6 categories of the 16 analysed, and in the case of fluorine-based DWORs,
Human toxicity and Ozone depletion accounts for over 84% of the total footprint
of the product. C8-DWOR shows the highest impact over human toxicity, both
carcinogenic and non-carcinogenic effects, in a range about 10-12 times higher than the
C6-DWORs and up to 40-60 fold compared to paraffin and dendrimer-based DWORs.
Only in the two categories related with human toxicity and in freshwater ecotoxicity, a
clear difference can be observed between C8 and C6-based DWORs. This difference
can be explained by the reduction of toxicity, bio-magnification and bioaccumulation across the food chain in short-chain fluorinated compounds, and the
higher degradation rates reported 8,33,34.
C8-DWOR impact over human toxicity (cancer effects) in this LCA is caused by the
emissions in form of FTA (8:2) and PFOA from C8-DWOR production and the previous
synthesis of the long-chain perfluorinated polymer which is the its main precursor.
Despite there is a lack of global consensus regarding the carcinogenic effect of PFOA
and PFOS, several clinical studies have shown a positive association with some types
of pancreas, kidney, and prostate cancer. Despite occupational cohorts and other followup studies over population did not show a clear association between PFOA exposure
and some types of cancer (liver, pancreas, and prostate), long-term exposure tests on
animal (rats) has shown a higher incidence, and in this line, the US Environmental
Protection Agency has classified PFOA as an animal carcinogen8.
The higher impact of C8-DWOR over human toxicity (cancer effects) compared to C6DWOR agrees with the results reported by Holmquist et al.5 on their hazard assessment
performed on different finishing products (PFOA, PFHxA, silicones, etc.). Authors
classified the carcinogenic effect of PFOA and PFHxA on high and low respectively. Also
this difference was observed for other endpoints related with non-carcinogenic effects
over human health, such mutagenicity, reproductive toxicity, endocrine activity, or acute
toxicity. Differences between C8, and C6 DWORs are also reflected in the
characterisation factors used in this LCA. These factors, obtained from Roos et al.19 by
the USEtox® model, lays in physicochemical properties from the compounds, such acid
dissociation constant (pKa), partitioning coefficients (Kow and KOC). Based on this
properties, human toxicity (cancer effects) C6 and C4 based substances (FTOH (4:2),
PFHxA, PFBS, etc) were considered negligible. Values over Human toxicity (non-cancer)
and freshwater ecotoxicity were significantly higher for C8 compounds (up to 3 orders of
magnitude) than short-chain alternatives.
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Ozone depletion is other main environmental category affected by fluorine-based
DWORs. Impact observed over ozone layer is caused by the release of ozone depleting
substances in the production of tetrafluoroethylene, the main precursor used in the
synthesis of the fluorinated acrylic copolymers. Besides its wide use as refrigerant,
chlorodifluoromethylene (ClCF2H), known also as R-22, is widely used as precursor of
tetrafluoroethylene by a pyrolysis process35. Despite it is a low ozone-depleting
substance compared with other refrigerants that replaces (CFC-11, CFC-12),
chlorodifluoromethylene is cataloged as a HCFC and currently under a phase-out
process according to the Montreal Protocol. Moreover, chlorodifluoromethylene also has
a high greenhouse gas potential (over 1.810 kg CO2eq/kg36) which explains the impact
observed over Climate Change category of fluorinated DWORs. According with
Ecoinvent database, 1.8 kg of chlorodifluoromethylene is used to produce 1 kg of
tetrafluoroethylene37.
A better perspective of the difference between the 6 DWORs evaluated can be observed
in Figure 6, where the impact of each product is presented in an accumulative way in
total impact units.

FIGURE 6. TOTAL IMPACT FOR THE PRODUCTION OF 1 KG OF EACH DWOR

As mentioned before, C8-DWOR presents the highest environmental impact of all
DWORs evaluated (56.9 mPt8). This impact is over 2 fold greater than the equivalent
C6-based DWOR (22.9 mPt), and over 3 times when it is compared with the
perfluorosilicone (15.4 mPt). Human toxicity and ozone depletion are the main
contributors to this total impact. Fluorine-free alternatives presents a much lower
impact, ranging 30-50 times lower than a C8-based DWOR in global terms. As in the
other DWORs, human toxicity is the category where these DWORs presents its highest
impact, as result of the chemical compounds used on its formulation.
8

Pt: Single score points, it is a score unit to express results for all categories after normalization.
1000 mPt = 1 Pt
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Impact of textile finishing process
As main output of Action B3, results regarding the environmental impact of the textile
finishing process have been obtained for the 6 scenarios analysed. These results
corresponds to the treatment of 100 m2 of fabric, the functional unit (FU) set for the
study.
2.4.2.1 Comparison of fluorinated and Fluorine-free scenarios
In addition to the analysis of the results obtained for each scenario, a comparative study
was also performed in order to reflect the differences observed between the applications
of the 6 DWORs.
Figure 7 shows the total accumulative impact of the 6 finishing scenarios analysed in
MIDWOR-LIFE life cycle assessment, disaggregating them by the contribution of the
products and processes involved. In a similar way, Figure 8 shows the total impact of the
6 scenarios, but disaggregating the results by the 6 key impact categories (2 x Human
toxicity, Ozone depletion, Freshwater ecotoxicity, Resource depletion, and Climate
Change).
Both figures shows that C8 finishing presents the greatest environmental impact of
all scenarios evaluated (254 mPt), followed by the other fluorine-based finishing
processes. In all finishing processes but Dendrimer and Paraffin finishing, DWOR
production accounts for most of the footprint of the scenario, followed by the drying and
curing stage, as discussed previously. Main effect of this impact takes place over Human
toxicity and ozone depletion (Figure 8).

FIGURE 7. TOTAL IMPACT OF 100 m 2 FINISHING, DISSAGREGATE BY PROCESS
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FIGURE 8. TOTAL IMPACT OF 100 m 2 FINISHING, DISSAGREGATE BY IMPACT CATEGORY

In contrast with the results shown for the production of 1 kg of each DWOR, textile
application of perfluorosilicone (158 mPt) presents a slightly higher impact than C6 (136
mPt), despite the footprint of the DWOR itself was reported to be higher. This difference
is explained by the amount of DWOR used in textile application, higher for the
perfluorosilicone (8 kg) scenario than for C6 finishing (4,5 kg) for the same surface of
fabric. In both cases, DWOR production is the main source of environment impact,
which points mainly to human toxicity – cancer effects, and ozone depletion in both
cases.
Differences between the results obtained for DWOR production (1 kg) and finishing
process (100 m2) for C6 and PFSi reflects how technical performance of the DWORs
may have a great importance in the environmental impact of the finishing process.
Fluorine-free alternatives; silicone (63 mPt), dendrimer (30 mPt) paraffin (28 mPt),
presents a clear lower environmental impact compared with fluorinated finishing
processes. Silicone finishing presents the highest impact among the Fluorine-free
DWORs, and both DWOR and wetting agent used have a great contribution to the total
environmental impact. Human toxicity and ozone depletion are the main categories of
impact also in these three scenarios. This can be explained by the footprint of the fossil
fuels used at the drying and curing stage (mainly natural gas), and the impact of
dendrimer and paraffin synthesis in small extent.
The lack of life cycle assessments performed over textile finishing and the many
variables that affects the process (DWOR composition, type of fabric, equipment at the
textile plant, etc.) makes difficult to compare the results obtained in present LCA with
other studies carried out in the textile sector.
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W.L. GORE & Associates is a main manufacturer of products derived from
fluoropolymers, among them the waterproof and breathable GoreTex fabrics. On 2013
they published a LCA of a waterproof jacket, comparing its technical fabric, based on a
short-chain fluoropolymer with a fluorine-free alternative and a C8 based DWOR38.
Results reported by GORE & Associates differs significantly from the results obtained in
the process. Authors did not found a clear difference between the short-chain DWOR
used and a fluorine-free alternative, in terms of terrestrial, freshwater and marine
ecotoxicity, while a slight difference was obtained in Human toxicity, non-carcinogenic.
These differences can be explained by the assumptions made by Gore and Associates
on their study (i.e. Fluorine-free jacket is washed 26 times/per year, while fluorine-based
jacket is washed 2 times) that leads to a higher footprint of the first scenario38, and the
use of USEtox® and ReCiPe methods, which does not take perfluorinated substances
into account (PFOA, PFOS, PFHxA, etc.), thus underestimating the toxicity of the shortchain DWOR.
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3 Conclusions
MIDWOR-LIFE project aims to mitigate the environmental, health and safety impact of
current and future durable water and oil repellents (DWORs) and future alternatives, by
analysing their environmental impact and technical performance.
A Life cycle assessment has been performed under Action B3 in order to evaluate the
environmental impact of 6 different DWORs tested at industrial scale in the project. This
LCA allows to extract the following conclusions:
1. Fluorinated DWORs presents a clearly higher environmental impact
compared with fluorine-free alternatives. This difference is also observed
when comparing the complete finishing process, due to the great contribution
of DWOR production in the textile application (over 85% for C8, C6 and
perfluorosilicone finishing).
2. Release of tetrafluoroethylene and perfluorinated substances (PFOA,
PFHxA, etc.), are the main cause of the largest impact observed for Fluor-based
scenarios. Human toxicity and ozone depletion are the main environmental
categories affected by fluorinated DWORs.
3. Fluorine-free DWORs presents a clearly lower impact in almost every
category studied in the LCA. Total impact of these compounds can be estimated
in 30-50 times lower than the C8-DWOR used as reference.
4. Despite C6-DWOR production showed a higher impact than PFSi, its
application in fabric finishing was slightly lower due to the lower amount of
DWOR required. Thus, technical performance of DWOR can be determinant for
identifying the best available alternative from an environmental perspective.
5. Under similar conditions, textile finishing with Fluorine-free DWORs can
achieve a reduction of process footprint of 4 to 9 times compared with a C8finishing
6. Additionally, energy efficiency measures in textile finishing, mainly in drying
and curing stage, can have a great impact in reducing the finishing process
footprint, especially among the Fluor free alternatives.
7. Uncertainty regarding the composition of the different Fluorine-free DWORs
evaluated does not allow to appreciate differences between dendrimer and
paraffin finishing process.
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