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summary

Recycling garments made from mixed fibers is a challenge on account of the difficulty associated
with separating them into their component polymers. For this reason, large quantities of clothing
end up in landfill or incinerators. However, progress has been made recently towards the
recycling of mixed textiles. Taking laboratory results and scaling them up is a major undertaking,
and one which should ideally be subjected to environmental assessment prior to any investment.
This report summarizes the environmental assessment work done in the Mistra Future Fashion
program which was focused on the potential to recycle fabric made of a blend of fibers.

The process in focus is the Blend Re:wind method developed in the program. The process is
evaluated at a small industrial scale, as there are operational questions to examine before large-
scale industrial implementation, and the potential to use relatively uncomplicated feedstocks
exists at smaller scales. In particular, the main scenario under investigation is the polymeric
recycling of textiles from the commercial laundries in Sweden that provide services to the
healthcare sector. We estimate a flow of about 850 tonnes of disused fabric is potentially
available from this sector in 2023. A scenario based on a single Swedish facility processing this
flow was compared with two alternative baselines: the single use of cotton or viscose textiles.
The scenarios exclude life cycle stages such as garment production and retailing, as these would
not differ between scenarios. A scendario in which only the terephthalic acid was recovered from
the polyester, but new ethylene glycol is obtained in the market prior to the synthesis of (partly)
recycled polyester, was also examined.

The assessment was performed using environmental life cycle assessment. Key environmental
effect categories considered as part of this work include water use, climate change (greenhouse
gas emissions), freshwater eutrophication, freshwater ecotoxicity and human toxicity (cancer
and non-cancer).

The results indicate that the recycling system is competitive with the single use alternatives for
a small majority of indicators. While it underperforms with respect to energy consumption,
greenhouse gas emissions and acidification, the outcomes are of the same order of magnitude
as the single use alternatives. This is a promising outcome, given the relatively low level of
technical development (i.e. laboratory scale) associated with the recycling system versus the
long development history and large scale of the single use alternatives. Additionally, this report
has identified areas of potential improvement for the recycling system which would make it more
competitive.

The scenarios in this report are based on a blend of publicly available data sources and should be
considered explorative rather than attempts to model existing businesses. The reader should
therefore be cautious when interpreting them. Nevertheless, the results suggest a bright future
for the Blend Re:wind process.
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List of abbreviations

AWARE = Available WAter REmaining (an LCIA method)
BRW = Blend Re:wind (recycling process)

CO2 = carbon dioxide

CTUe = comparative toxicity units for ecosystems
CTUh = comparative toxicity units for humans

EG = ethylene glycol

H2S04 = sulfuric acid

LCA = life cycle assessment

LCI = life cycle inventory

LCIA = life cycle impact assessment

ILCD = International Reference Life Cycle Data System
IPCC = Intergovernmental Panel on Climate Change
ISO = International Organization for Standardization
NMMO = 4-Methylmorpholine N-oxide

NMVOC = non-methane volatile organic compound
NaOH = sodium hydroxide

Na2TP = sodium terephthalate

P = phosphorus

PEF = product environmental footprint

PES = polyester

rPES = recycled PES

vPES = virgin PES

PET = polyethylene terephthalate

SO2 = sulphur dioxide

TPA = terephthalic acid

VOC = volatile organic compounds

WWTP = waste water treatment plant
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1. introduction

1.1. aim of this report

The overall aim of this report is to examine the potential to reduce environmental damage by
recycling textile blends, i.e. fabrics with several fibers. This report describes a life cycle
assessment (LCA) which was focussed on the potential of the Blend Re:wind ("BRW") process for
recycling textile blends, and was performed as part of the Mistra Future Fashion research
program. We identify the extent to which alternative recycling systems represent an
improvement over reference scenarios, and the key parameters which contribute to differences
between scenarios. The intended audience for the report is in the first place the Mistra Future
Fashion consortium’s researchers and corporate partners. This is a curiosity-driven activity which
is not directly coupled to a particular decision-maker nor the making of claims for the marketing
of a particular commercial product. On the other hand, it is also intended to inform the debate
around textile industry impacts and resource management, and has strategic consequences for
the design of sustainable textile life cycles.

Previous work on the technical opportunities of Swedish textile recycling has revealed that
polymer, oligomer and monomer recycling is hindered by a lack of technologies for sorting and
separating textile waste into sufficiently pure fractions (Ostlund et al. 2015). Furthermore, LCAs
have pointed to the fact that there is a risk that recycling processes could cause increases in e.g.
climate impact in case fossil fuels are used to power the processes, especially if the fibers (e.g.
viscose) resulting from the recycling process is thought to replace cotton which has relatively low
impact on climate change (Ostlund et al. 2015).

In general, however, published LCA results indicates that recycling reduces environmental
impact compared to incineration and landfilling, mainly from avoidance of manufacturing of
virgin materials. Whereas most published studies focus on fiber recycling or polymer/oligomer
recycling, monomer recycling (in which, for example, polyester is broken down into monomeric
units before reassembly) is less studied (Sandin and Peters, 2018), which is why the current study
can provide valuable insights. Previous LCAs have in many cases been limited in choice of
environmental impact categories, mainly focusing on climate change while e.g. water depletion
and toxicity, which are included in the present study, are of great concern when discussing
cotton. Another feature of many previous LCAs is the exclusion of collection and sorting
processes, risking underestimation of environmental impacts, the present study tries to come to
terms with this.

1.2. setting the scene

Along with economic development, the demand for textiles fibers, and consequently the
production of fibers, has been growing since the industrial revolution. Since the introduction of
synthetic fibers in the 1920s, cotton’s share of the global fiber consumption has been trending
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downward, although production and consumption has continued to grow in absolute terms. The
1960s marked the real break-through for synthetic fibers, especially polyester, but it was not
until the early 1990s that the share of cotton in the global textile fiber consumption was
surpassed by polyester. Total demand for textile fibers is expected to increase along with
economic development and although production and consumption of cotton is expected to grow
in the coming ten years, the growth rate will be substantially lower than it will be for synthetic
fibers.

Rising demand for cotton fiber may conflict with for example rising demands for agricultural
land for food production, and fluctuations in water availability due to climate change may
hamper cotton production. Rising demand for virgin polyester fiber is in conflict with global
efforts to combat climate change by consuming less fossil resources. Meanwhile, there are
substantial amounts of used textiles being discarded, often destined for waste management
systems using incineration or landfilling. Although microbially engineered pathways may be
commercially available in the future (for example based on bacterial degradation of polyester -
see Austin et al, 2018), at the moment, the systems available for mechanical recycling of used
textiles into industrial rags, upholstery or insulation, are typical examples of "down-cycling",
where the recycled material is used for a product which cannot replace the original product. If
the fibers instead can be utilized to manufacture new textiles (i.e. “closed loop recycling”),
production of fibers from virgin sources could be reduced.

Fiber manufacturing contributes a comparatively large part of the total life cycle impact of many
textile products. For example, products made from cotton fiber cause major freshwater usage
impacts in the fiber production process. Furthermore, the third largest contributor to climate
impact for the average Swedish fashion product is fiber production, following fabric production
and consumer transport (Roos et al, 2015). The large impact of virgin fiber products indicates a
potential environmental benefit to be achieved from extending the life of garments (Zamani et
al, 2017) or by recycling their materials, either as fibers, polymers/oligomers or monomers.

1.3. scope for recycling of blended
material in Sweden

In the international context Sweden has a well-established system for waste management with
high recycling rates, including a well adopted national recovery system for packaging and
newspaper. Textile recycling is not as mature although there are charity organizations, and more
recently fashion retailers, that collect used textiles for reuse and recycling. The contamination
of used textiles with other wastes is one of several obstacles to recycling and therefore large
volumes of used textiles are being sent to incineration with energy recovery. As mentioned
previously, existing recycling systems are mainly mechanical and result in down-cycling.
Pioneering chemical recycling processes, e.g. Re:newcell, where cellulose rich textile waste
streams can be turned into recycled regenerated cellulose fiber, are not suited for recycling of
fiber blends like polycotton (a mix of polyester and cotton). In contrast, the BRW process is
designed to be able to treat polycotton — one of the most common fiber blends. In this process,
polycotton materials are separated into solid cotton fibers, which can be used as raw material
for regenerated cellulose fibers, and a liquid fraction containing the building blocks of polyester,
which potentially can be used to manufacture recycled polyester.
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Despite the potential for the BRW process to be applied to mixed waste streams, there remains
the key challenge of creating a reliable input flow of appropriate quality recyclable material. For
this reason, we have focussed on a particular industry sector with large waste flows. The health
and care sector in Sweden is divided into healthcare (i.e. hospitals and primary care facilities),
which is the responsibility of the county councils/regions, and care (e.g. elderly care), which is
the responsibility of the municipalities. Health and care facilities use textiles for staff as well as
for patients and clients, and frequently the textiles are made from polycotton. The facilities’
laundry requirements are provided by a few major actors in Sweden. Two private companies,
Textilia and Berendsen, have several facilities treating laundry from both municipalities and
county councils/regions, as well as others (e.g. hotels). In total, Textilia and Berendsen have
eleven facilities around the country specialised in laundry from health and care facilities. Besides
the private companies there are five laundries operated by the county councils/regions
themselves while some municipalities have their own laundry service or utilise other, local,
laundry companies.

Some laundry services apply microchips to textiles for tracking purposes. The major route for care
textiles being taken out of service is when they are discarded by the laundries for not meeting
quality requirements. Altogether, the health and care sector textile waste is a comparatively
homogenous polycotton stream that already is collected and handled by a few major actors,
making it something of a "low hanging fruit" for potential recycling interventions. Furthermore,
there is a potential for laundries to avoid costs associated with waste handling as well as to claim
environmental benefits from sending discarded textiles to recycling.

figure 1 Population and laundry waste projections
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Laundry services in Sweden have previously been estimated to generate approximately 763
tonnes unsorted discarded textiles in 2012 (Brismar, 2014). In this estimation there are some other
sources outside the care sector, e.g. hotels, restaurants and catering, but these use similar
textiles. The estimation relies on figures from 2012 and assuming a linear relationship between
population size and amounts of discarded textiles the potential would have been 808 tonnes in
2017 and is projected to be about 854 tonnes in 2023 (see figure 1). Avoiding excess precision, we
use a figure of 850 tonnes for the rest of this report.

1.4. what is life cycle assessment?

The assessment is based on the life cycle assessment (LCA) method as outlined in ISO 14040 and
14044 (ISO 2006a, ISO 2006b). LCA is an internationally accepted and widely used method
capable of assessing a wide range of environmental impacts over the life cycle of products and
services. In short, an LCA accounts for all environmentally relevant flows of energy and materials
across the system boundaries, from cradle to grave (or cradle to gate, in more limited studies),
and uses characterisation methods to “translate” these flows into environmental pressures
expressed in impact categories such as climate change, acidification, eutrophication, toxicity
and water depletion. In this way, LCA provides an overview of the environmental performance of
the studied product and enables the identification of environmental hotspots in the product life
cycle. This information can be useful in decision making, such as in prioritising measures for
improved environmental performance.

figure 1 Population and laundry waste projections

The LCA procedure consists of four steps, as explained below and illustrated in figure 2

O )

Goal and scope
definition

Life cycle
inventory Interpretation
analysis

Life cycle impact
assessment

—

figure 2 Schematic illustration of the four phases of LCA and their interconnectedness.
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l. Goal and scope definition: The aim of the assessment, the functional unit and the
product life cycle are defined, including boundaries to other product systems and the
environment. The functional unit is a quantitative unit reflecting the function of the
product, which enables comparisons of different products with identical functions.

Il Life cycle inventory analysis (LC/): All environmentally relevant material and energy flows
between processes within the defined product system, and between the system and the
environment or other product systems, are quantified and expressed per functional unit.
Flows between the defined system and the environment consist of emissions and the use
of natural resources.

M. Life cycle impact assessment (LCIA): By means of characterization methods, the LCl data
is translated into potential environmental interventions, classified into impact
categories. The LCIA can also include normalization and weighting, in which results for
several impact categories are aggregated on a single yardstick - these steps are not
included in the present study.

Iv. Interpretation: The result of the LCIA is interpreted, taking into account the goal and
scope definition (e.g. the system boundaries) and the LCI (e.g. data gaps and data
uncertainties), and recommendations are made to the intended audience.

As illustrated in figure 2, carrying out an LCA is an iterative process, since intermediate results
and insights may call for revision of earlier steps.

n
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2. goal and scope definition

2.1. godl

As previously stated, the overall aim of the study is primarily to inform public debate and business
developers regarding the potential to reduce environmental damage by recycling mixed fibers.
More specifically - the goal is to find out to what extent the BRW recycling process developed in
the Mistra Future Fashion program can provide benefits over business as usual. We aim to make
this comparison, identify key process hotspots and parameters of interest for life cycle
optimisation of recycling system design and policies towards a circular economy. The report is
intended initially for the Mistra Future Fashion consortium researchers and corporate partners,
and more generally for policy and business planners within the textile and public sectors.

2.2. functional unit

In LCA, a functional unit is an attempt to provide a quantitative definition of the basis for
comparing alternative systems. In this study the functional unit is defined as the production of
fibers equivalent to the potential production from Sweden’s annual commercial laundry waste
flow, i.e. 350 tonnes of polyester and 280 tonnes of regenerated cellulose fibers. This functional
unit facilitates comparison between processes that create fiber from virgin raw materials, and
processes that create fibers from recycled raw materials.

2.3. system description

Many different systems can be imagined for delivery of the function described above, so we have
identified four key scenarios to explore the environmental performance of recycling systems. The
scenarios described in this section of the report are the result of discussions between the
manager of the Recycling Theme of Mistra Future Fashion (one of four themes in the research
program), Maria Gunnarsson, and the authors. This discussion was guided by the collected
experience of many other researchers in the program who have worked on the chemistry of the
Blend Re:wind process (including Anna Palme and Stina Bjorquist at Chalmers University of
Technology) and the environmental assessment of textile systems (including Sandra Roos at RISE
Research Institutes of Sweden).

Throughout this work, these scenarios are considered to be potential future scenarios. We have
attempted to avoid creating scenarios that can obviously only exist in the imagination.
Nevertheless, we will assume the existence of certain industrial processes that need not exist
today, but may exist in the future. Our task is not to report on what has been demonstrated to
work, but to find out whether some ideas about the future are attractive from an environmental
perspective.

Diagrams representing the physical flows in the alternative scenarios in this study are shown in
figure 3 and figure 4. All the foreground processes numbered in figure 3 are assumed to occur in
Sweden. The numbers are consistent with the numbering of the subheadings in chapter 3.1 of

13



this report. Several variations of the BRW scenario are possible: exactly which cellulosic fiber is
produced from the recovered cotton is a question. Viscose, lyocell and cellulose carbamate are
three possibilities. Furthermore, compared with the terephthalic acid (TPA), the ethylene glycol
(EG) may be less desirable as a recyclate because the distillative purification process is energy
intense when the starting solution is as dilute as Palme et al (2017) suggests. Also, ethylene glycol
is relatively inexpensive (typically USD 500-1000 per tonne) compared with terephthalic acid and
the mass available is relatively small (theoretically 323 kg per tonne of polyester). (The
corresponding figures for terephthalic acid are typically USD 800-1200 per tonne, and 865 kg per
tonne, which is relatively easily recovered by a pH shift and filtration.) Therefore, the alternative
of just recovering the terephthalic acid and using virgin ethylene glycol in polyester synthesis (a
“no EG BRW scenario”) was also considered in addition to the basic BRW scenario shown in the
figure.

1. material .
. «—— diesel
collection
2. cutting &
UHHIng (new) NaOH
ripping
' b
acetic .
acid 3. hydrolysis « NaOH
; /
recovere . . Na,TP;
otton © 4. filtration — NaOIf;EG
5.
Na,TP; EG nanofiltration
|
. «— H,SO
acidification 24
7. filtration > 8._g_|ycc_>|
purification
9. ceIIuI{?sm TPA 10. polye;ter £G
production production
cellulosic polyester
fibre fiber

figure 3 Overview of the basic BRW recycling scenario
As shown in figure 4, the normal life cycle of textile products in Sweden ends with combustion

with energy recovery for district heating and electricity production. These processes are absent
from the recycling scenario.
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virgin waste virgin
resource material resource
extraction collection extraction
: avoided avoided
cellulosic : . vPES
. heat < combustion — > electricity .
production . . production
production production
cellulosic polyester
fibre fiber

figure 4 Overview of the single-use baseline scenario

2.4. modelling approaches

The present study is a process-based LCA, which is “bottom-up” modelling in which the
environmental impact of the life cycle is mapped based on its constituting parts — the unit
processes — which are modelled separately and in detail. This is in contrast to an input/output
(1/0) LCA, in which the life cycle is modelled by assigning a certain share of the flows or impacts
of an industrial sector (e.g. Alvarez-Gaitan et al, 2013).

Furthermore, the present study is an attributional LCA. This means that we are attempting to
map the product system as it is (or in the case of the present report: as we anticipate it to be),
to learn more about the system and its associated environmental hotspots. This is in contrast to
a consequential LCA, in which one attempts to map the consequences of a specific change or
decision. The choice of an attributional rather than a consequential modelling approach has
implications for the definition of system boundaries and the choice of allocation methods.
Among others, consequential modelling is more inclined to account for secondary or tertiary
affects arising due to market mechanisms.

Also, the study is a prospective LCA, i.e. a study of an emerging, yet non-existing product system
(Arvidsson et al. 2017). Such studies are associated with some specific uncertainties, particularly
because (i) some processes of the studied system do not yet exist and, in our case, had to be
modelled based on pilot or bench scale data combined with some rough estimates on what is
possible to achieve in terms of efficiencies; and (ii) background systems (electricity and heat
production, production of input chemicals, etc.) change over time, and may therefore be rather
different at a time when a commercial scale system has been realized.

15
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2.5. allocation procedures

An important choice when conducting an LCA is how to allocate the environmental burden of
multi-functional processes between the functions. How to solve such allocation problems is
particularly an important choice in studies of products made from recycled feedstock. The key
question is whether the incoming recycled (pre- or post-consumer) textile material should be
considered to be responsible for any environmental burden of its previous life cycle (primarily,
the initial raw material extraction) or whether it should be considered to be free of environmental
burden from its previous processes. The first option reflects a view that the recycled material is
a co-product of the previous product system, and that, for example, the economic profit of the
previous product system, and therefore the demand for it, is influenced by the subsequent
recycling of the material. The second option reflects a view that the recycled material is a waste
that has no (or negligible) economic influence on the previous production system and should
thus be considered to be free of environmental burden. The second option can be described as
“cut-off allocation”. If the first option is chosen, the recycled material should be allocated a
share of the burden of the initial raw material extraction (then a new allocation problem arises:
how this share should be decided).

The second option for allocating the recycled material has been identified as the most common
allocation procedure in LCAs of textile recycling in a recently published literature review (Sandin
and Peters 2018), and is therefore chosen in the present study. Sandin and Peters (2018) also
show it is common practice to apply system expansion and assign credit to the studied product
because the presumably replaced production of some product from virgin materials. This
approach is therefore also adopted in this study.

2.6. impact categories

In LCA, there is a wide range of impact categories to potentially include. For each impact
category, there are several characterization methods to choose from. In the present study, the
choice of impact categories and characterization methods is based on the choices made in a
previous Mistra Future Fashion report (Roos et al. 2015), a selection that reflects important
environmental issues facing the textile industry. Some modifications have, however, been made.
We examine renewable and non-renewable energy, rather than just non-renewable, since the
latter even more strongly correlated with the climate change indicator, while the former is a
better (if indirect) indicator of intra-generational equity. We considered including a land use
indicator (i.e. LANCA, Beck et al, 2010) but while the original method has been substantially
revised in response to perceived shortcomings, the current version has not been implemented in
the Gabi software, so we omitted it. We do not present results for ecotoxicity as they are strongly
correlated with the results of other indicators. table 1 lists the selected impact categories and
characterization methods. The impact categories are further described in the appendix.

16
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table 1 Selected impact categories and characterisation methods

Impact category | Characterisation

Climate change

method

Global warming
potential with a 100
year perspective
(GWPi00), excluding

Unit

kg CO; equivalent

Reference for
characterisation method
IPCC (2013) as
implemented in Gabi
IPCC (2013) as
implemented in GaBi

eutrophication

eutrophication
potential (EUTREND
model)

biogenic CO; (ILCD PEF
emissions recommendation, v1.09)
Acidification Accumulated Mole H+ equivalents Seppadld et al. (2006) and
exceedence Posch et al. (2008) as
implemented in Gabi
Freshwater Freshwater kg P equivalents Struijs et al. (2009) as

implemented in Gabi

Freshwater
ecotoxicity

Ecotoxicity potential
(USEtox model,
recommended +
interim)

Comparative toxic
units for ecosystems
(CTUe)

Rosenbaum et al. (2008)
as implemented in Gabi

Human toxicity,
carcinogenic

Human toxicity
potential (USEtox
model,
recommended +
interim)

Comparative toxic
units for human
(CTUN)

Rosenbaum et al. (2008)
as implemented in Gabi

Human toxicity,
non-
carcinogenic

Human toxicity
potential (USEtox
model,
recommended +
interim)

Comparative toxic

units for human
(CTUR)

Rosenbaum et al. (2008)
as implemented in Gabi

Energy use Primary energy from | MJ Primary energy from
renewable and non- renewable and non-
renewable resources renewable resources as
(net. cal. value) implemented in Gabi

Water use AWARE Stress-weighted ML Boulay et al (2017) as

impacts implemented in Gabi

2.7. software and LCl databases

The Gabi Professional software, developed by ThinkStep, was used for modelling the product
system and calculating the LCIA results. The Gabi Professional database (version 8.7, service
pack 36) provided LCI data for the background processes. In cases where this was inadequate it
was complimented with some data from the current Ecoinvent database (version 3.5) provided

by Thinkstep.
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2.8. limitations

Like many LCAs, the accuracy of this report is limited by life cycle data availability and ongoing
methodological debates.

A fundamental issue for life cycle inventory data collection for this study is that it is an attempt
to look forward to systems that do not yet exist in the commercial marketplace. There is
therefore a need to scale up laboratory scale data to a larger scale. The scale we are considering
here would be considered a large pilot plant rather than fully commercial - as long as we limit
ourselves to commercial laundry waste (in order to have some certainty about its quality) then
we are limited to textile flows at this scale in Sweden. The authors believe that it is necessary for
process developers to gain experience operating at this scale before any further expansion is
considered, so therefore it is also relevant to perform an environmental assessment at the
current scale. Data from such a pilot facility will be necessary in order to refine the quality of this
LCA and reduce uncertainty regarding the inventory data. Therefore this is essentially an
examination of scenarios developed to understand the potential of particular future options.
Some quantitative assumptions had to be made. Building rational assumptions about systems
based on today’s technologies is a worthwhile approach to grounding an LCA in reality. On the
other hand, there will be economies of scale associated with the development of the Blend
Re:wind process which cannot be assessed today. Studies like these are dependent on the use of
life cycle inventory data collected by other analysts and compiled in the databases named in
Section 2.7. This may introduce errors. There may be other issues of which we are unaware.

A key methodological uncertainty in LCA concerns the choice of attributional or consequential
approaches. For an introduction to these ideas, see Baumann and Tillman, 2004. Many LCAs
include features of both approaches. In this LCA we have attempted to adopt an attributional
approach as far as possible, however the norm of considering that byproducts generate benefits
through the creation of avoided products is arguably a consequentialist feature of this work.

There are other uncertainties associated with the use of linear impact characterization factors

in LCA and the underlying models used to calculate them. This report reflects contemporary LCA
practice, but the models are subject to improvement in the future.
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3. inventory analysis

Life cycle inventory data describes the material and energy flows between processes within the
life cycle of a system. In the case of this work, the systems under study are described in section
3.3. By processes we mean the engineered and user activities indicated by the figures in that
section. Data representing background systems (energy supply, transportation etc) are drawn
from commercial databases as described in Section 2.5 and not elaborated here. Data for other
key processes is described in this section of the report.

3.1. Blend Re:wind process

An overall mass balance for the process was developed using elementary numerical methods and
is presented in table 2 to table 4. The numbering of the processes is consistent between the level
three headings in the subsequent text, and those indicated in figure 5.

3.1.1. material collection

The five county laundry facilities operated by local councils and regional governments, and the
eleven facilities operated by Textilia or Berendsen are distributed throughout Sweden from Boden
in the north to Malmé in the south. The majority of them are located in the southern part of
Sweden, reflecting the population density. The distance from them to Gothenburg, the assumed
location of a BRW site, varies between 10 and 1270 km with an average distance of 378 km.
Whereas these sixteen laundry facilities do not represent all laundries from which collections
need to be made in order to achieve the full potential of the recycling system, from their
distribution it seems plausible to assume a 400 km average transport distance from the laundries
to Gothenburg. Assuming that the annual supply of 850 tonnes of waste had been generated by
sixteen laundries, each laundry would generate about 1tonne/week. Since the value of the goods
is low and the used textiles have a long shelf-life when stored correctly, it is reasonable to believe
the laundries would store used textiles in a shipping container, accumulating approximately ten
tonnes in ten weeks for subsequent transport to the recycling facility. When compacted, this
material would occupy most of the volume of a 12 metre shipping container on a 28 tonnes
semitrailer truck.
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table 2 Annual mass (tonnes) and energy (GWh) balance, collection to hydrolysis

Process ‘ 1 | 2 | 3 ‘ 4
collection cutting & ripping | hydrolysis filtration
Flow ) ) ) in in out losses
n out n out In fresh | recyclate | out
total fiber 8.5E+02 | 8.5E+02 | 8.5E+02 | 6.9E+02 | 6.9E+02
cotton fiber 3.8E+02 | 3.8E+02 | 3.8E+02 | 3.1E+02 | 3.1E+02 3.1E+02 | 3.1E+02 | 2.9E+02 | 1.9E+01
polyester fiber | 4.7E+02 | 4.7E+02 | 4.7E+02 | 3.8E+02 | 3.8E+02
Na,TP 4.1E+02 | 9.0E+01 | 5.0E+02 | 5.0E+02 | 4.7E+02 | 3.0E+01
TPA
EG 1.2E+02 | 1.6E+02 | 2.8E+02 | 2.8E+02 | 2.6E+02 | 1.7E+01
NaOH 5.5E+02 | 1.1E+03 | 1.5E+03 | 1.5E+03 | 1.4E+03 | 9.4E+01
acetic acid
H>50,
Na;SO;
water (fresh)
water (other) 4.8E+03 | 1.6E+04 | 2.1E+04 | 2.1E+04 | 1.9E+04 | 1.2E+03
total mass 6.2E+03 | 1.7E+04 | 2.3E+04 | 2.3E+04 | 2.2E+04 | 1.3E+03
electricity 5.1E-01 7.7E-03 4 .8E-03

3.1.2. cutting and ripping

Some physical pre-processing of the materials is expected. An emphasis is placed on manual
preselection of appropriate polycotton materials in the collection phase, but some garments
(e.g. trousers) may have elasticized waistbands which would need manual removal to prevent
elastane contamination of subsequent process steps. Zippers and buttons would also be
removed. This will result in some material losses, assumed to be 19% of the material inflow

(Spathas, 2018). Once these contaminants are removed, ripping and shredding machines can be

more reliably operated. These processes are assumed to demand 2.68 MJ/kg inflow in accordance
with Spathas (2018).
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table 3 Annual mass (tonnes) and energy (GWh) balance, filtration and washing

Process 4b 4c 5
cotton acid wash cotton neutral wash nanofiltration
Flow in ex in ex out out in out losses |in retent- | perm-
filter recycled (aq.) (prod.) ate eate
acid
total fiber
cotton fiber |2.9E+02 2.9E+02 2.9E+02 | 2.9E+02
polyester
fiber
Na,TP 3.0E+01| 5.7E+02 6.0E+02 4.7E+02 | 3.8E+02 | 9.0E+01
TPA
EG 1.7E+01 | 3.2E+02 3.4E+02 2.6E+02 | 1.1E+02 | 1.6E+02
NaOH 9.4E+01 1.4E+03 | 3.0E+02 | 1.1E+03
acetic acid |3.6E+02| 4.2E+03 4.4E+03 | 2.3E+01 2.3E+01
H.50;
N(.72504
water
(fresh) 1.0E+04 2.3E+05
‘;;Z:Zr} 1.2E403 | 2.1E+05 |2.3E405 | 1.1E+04 |1.2E+03 | 1.2E+03 | 2.3E+05 | 1.9E+04 | 3.7E+03 | 1.6E+04
total mass | 1.2E+04 | 2.2E+05 | 2.3E+05 | 1.7E+04 |2.3E+05|1.4E+03 | 2.3E+05 | 2.2E+04 | 4.5E+03 | 1.7E+04
electricity 7.9E-02
table 4 Annual mass (tonnes) and energy (GWh) balance, nanofiltration to PES synthesis
Process 6 7 8 9 10
acidification filtration purification cellulosic PES synthesis
production
Flow in out in out in out in out in out
(prod.)
total fiber
cotton fiber 2.9E+0 | 2.8E+0
2 2
3.5E+0
polyester 2
Na,TP 3.8E+02
3.0E+0 | 3.0E+0 3.0E+0
TPA 2 2 2
EG 1.1E+02 | 1.1E+02 | 1.1E+02 | 1.1E+02 | 1.1E+02 | 1.1E+02 1.1E+02
NaOH 3.0E+02
acetic acid
H.50; 5.1E+02
Na:SO, 7.4E+0 | 7.4E+0 | 7.4E+0 7 AE+02
2 2 2
water (fresh)
water 3.8E+0 | 3.8E+0 | 3.8E+0 5.1E+0 6.6E+0
(other) 3.7E+03 3 3 3 3.8E+03 0 1
total mass 5 0E+03 5.0E+0 | 5.0E+0 | 4.7E+0 4.7E+03 | 1.1E+02 2.9E+0 | 2.8E+0 | 4.2E+0 | 4.2E+0
3 3 3 2 2 2 2
electricity 308:,5 ) 2.6E+00
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3.1.3. hydrolysis

The alkaline hydrolysis process included in this LCA is based on the work of Palme et al (2017) and
Bjorquist (2017), particularly the latter with its phase-transfer-catalyst-free variant on the
former’s process. Principle inputs to the process are listed in Table 4.4 (ranges are from Bjérquist
(2017), the middle value was assumed for the present study).

table 5 Lab-scale hydrolysis conditions

Input or variable Unit Value Range
Polycotton material g 3 1-5
Sodium hydroxide solution g 97

% 7.5 5-10
Temperature °C 80 70-90
Stirring rem 150
Time minutes 390

To estimate the energy demand associated with the process at large-scale, assumptions about
the stirring and heating were necessary. Stirring was assumed to be provided with a 370 W stirrer
based on a previous assessment of similarly dilute sludge stirring systems in the wastewater
industry (Peters et al, 2009). It was assumed that the reactor system is operated without energy
recovery, with the water for the sodium hydroxide solution starting at 15°C and heated using
electricity. This initial worst case assumption (i.e. the absence of energy recovery) did not
significantly affect the results, and was therefore retained for the final LCA without additional
refinement.

3.1.4. filtration

The cotton material remaining in the solid phase after dissolution of the polyester through
alkaline hydrolysis is not suitable for direct respinning to cotton yarn due to it having too low a
degree of polymerization, but can be used as an input to the production of viscose (rayon) or
lyocell fibers (Tencel), much like dissolving pulp. Removal of the denatured cotton was assumed
to occur using a belt filter press. These devices are relatively easy to use and can handle variations
in inflow concentrations associated with startup conditions or other influences. Power
consumption for a belt filter accepting 1-2% solids at 90-300 (kg solids)/hr was 1.5 kW, consistent
with Peters and Rowley (2009). Three such devices were considered in order to continuously
process the cotton after separation from polyester, after acid washing and neutral washing.

In an early iteration of this LCA it was identified that acetic acid consumption could skew the
results unless some rational assumptions regarding scale-up were taken. The lab-scale process
described in Bjérquist (2017) suggests the recovered cotton should be initially washed in a 2%
acetic acid solution in order to neutralize sodium hydroxide in the liquid absorbed by the
recovered cotton. A liter of this solution was used to treat just over a gram of cotton in this way.
Based on a mass balance over the sodium terephthalate and considering the scale of losses, we
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estimated the filtered cotton has a moisture:solids ratio of 4.4:1, which is within the feasible
range of 0:1to 27:1 (Cotton Inc, 2018). This means that at laboratory scale, over thirty times the
stoichiometric acid requirement was employed to ensure complete neutralization. One could
make the assumption that after an initial charge, the acid is dosed continuously into the
neutralization vessel at the stoichiometric rate, but the need exists for a bleed stream to prevent
the buildup of entrained ethylene glycol and sodium terephthalate. Therefore we assumed that
the neutralizing acid solution was recycled at a rate of 95% of the inlet acid solution. This value
was arbitrarily chosen to prevent the concentration of salt (sodium terephthalate) from rising
above 10% of the acid concentration.

After acid washing, a wash with deionized water is used to eliminate the retained acid from the
cotton. Losses of cotton during processing are assumed to be 6% (Bjorquist, 2017). The massive
single-use of water for this purpose in laboratory experiments was scaled back on the basis that
commercial cotton washing processes use 1% of the laboratory values. In the data provided by
Palme et al (2017), the water use is very large compared with the mass of cotton (three orders
of magnitude larger). This value would presumably be reduced in a practical larger-scale
operation. An indication of the potential for saving water may be apprehended from the ratio of
the mass of water to cotton in the laboratory (788:1) versus the range of ratios for Electrolux's
current range of washing machines. According to the efficiency data available at
www.electrolux.se/laundry/laundry/washing-machines/ at the time of writing, this ranges from
5.7:1 for their best A+++ rated machines to 10:1 for their worst, the A+ rated machines. While
other equipment may be more appropriate for industrial conditions, this data indicates that it
may be practical to save more than 99% of the water used in the neutral washing step after
scaling up from (laboratory) gram scale to kilogram scale batch operations. We therefore scaled
the water use down by this factor.

3.1.5. nanofiltration

Preliminary assessment of the stoichiometric relationships in the process described by Palme et
al (2017) and Bjorquist (2017) indicated that the Blend Re:wind process will generate large
amounts of a salt (sodium sulfate) as a consequence of the dissolution and precipitation
reagents (sodium hydroxide and sulfuric acid). This could create scaling problems for
downstream processes and ultimately a large mass of waste, in addition to the impacts
associated with the requirement for large flows of reagents into the process.

Fortunately there is some literature providing some information on how the sodium hydroxide
can be separated for reuse. Choe et al (2005) describe a similar situation in relation to
saponification effluent. Saponification of polyester using sodium hydroxide imparts a soft feel
to garments, but results in the partial dissolution of the material to disodium terephthalate and
ethylene glycol. In their experiments, inlet concentrations of disodium terephthalate, ethylene
glycol and sodium hydroxide were in the ranges of 2-4%, 0.5-1.0% and 1-4%, respectively. Using
nanofiltration membranes they were able to separate 72-87% and 36-45% of the disodium
terephthalate and ethylene glycol, respectively, creating a permeate with 72-84% of the sodium
hydroxide depending on the rate at which the influent was recycled in the process. Of course,
the more sodium hydroxide was recovered in the permeate, the lower the retention of disodium
terephthalate and ethylene glycol. For this LCA we chose the average of the results: 79% of the
sodium hydroxide in the permeate, 81% of the disodium terephthalate and of the 40% ethylene

24


anders
Fremhæv

anders
Fremhæv

anders
Fremhæv

anders
Fremhæv

anders
Fremhæv

anders
Fremhæv

anders
Fremhæv

anders
Fremhæv

anders
Fremhæv

anders
Fremhæv


glycol in the retentate. These results can be compared with those of Orecki et al (2006). The
latter reported experiments designed to separate ethylene glycol in which, depending on the
choice of nanofiltration membrane, between 12 and 70% of the glycol from a 5% solution was
kept in the retentate on nanofiltration membranes operating at a pressure drop of 1.5 MPa and
a flux of 50 +/- 2 dm3*/m?/hr. Unfortunately they did not report the rate of water retention, which
hampers the design of a glycol separation processes using their data.

3.1.6. acidification

In this step, sulfuric acid is added to the retentate from the nanofiltration step in order to
precipitate the disodium terephthalate as terephthalic acid. Disodium sulfate salt is produced
both by precipitation of the terephthalic acid (one mole per mole of TPA) and neutralisation of
the sodium hydroxide solution (one mole per mole). This creates a very salty solution (16% sodium
sulfate) which is nevertheless below the solubility limits for solutions above 15 °C. The salt reaches
maximum solubility 49.7 g/100 mL at 32.4 °C (see Figure 4.1). In this LCA model, sufficient heat
is assumed to be carried over from the heated hydrolysis reactor to the acidification process to
keep the salt in solution.

figure 5 Solubility of sodium sulfate
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3.1.7. filtration

A filtration process is performed after acidification to remove the solid-phase terephthalic acid
from the neutralised solution. As with the previous filtration step for the removal of denatured
cotton, this is assumed to require a belt filter press drawing 1.49 kW.

3.1.8. glycol purification

Compared with the separation from sodium hydroxide, separating ethylene glycol from sodium
sulfate appears more challenging. The glycol is only 0.48 nm in size (Dougan, 2011), similar to
the ionic radius of sulfate in solution 0.40 nm (Marcus, 1988), about twice the size of water (0.24
nm, Dougan, 2011; 0.28, Marcus, 1988). Moreover, the high solubility of ethylene glycol makes it
a challenging chemical to separate from water. Several methods for extracting glycol from the
aqueous phase have been suggested. Various authors describe the use of membrane and
thermal approaches. For example Jehle et al (1995) described a combined process for
concentrating glycol using evaporation, membrane filtration and pervaporation. The
evaporation process was central to the design, dividing the 25% glycol mixture into a 0.5% and
a 70% stream. To raise the concentration above this to 95%, more efficient separation was
obtained using a pervaporation process. The efficiency is higher because in contrast to simpler
evaporative processes, the introduction of a water-selective membrane in pervaporation means
that only a fraction of the feed change phases (Nik et al, 2006). The pervaporation membranes
they preferred had a permeate flux of about 2.6 L/m2.hr at 75 degrees Celsius. The overhead
product from the evaporation process and the permeate from the pervaporation process were
cleaned using a reverse osmosis membrane, which reduced the glycol concentration of the
permeate from about 0.5-1% to about a tenth of those figures. Bench-scale tests were
performed using a rotary vacuum evaporator (Eurodelta CN 250, Milano, Italy) with a capacity
of 10 L/h distillate. This device required 0.1 kWh/L of 25% glycol to separate the liquid into a 0.5%
and a 70% glycol stream.

In the case of the Blend:Rewind process, a challenge to evaporative and pervaporative processes
like that of Jehle et al (1995) is the high concentration of salt in the solution. Even after
implementation of a process like that of Choe et al (2005) to recycle the sodium hydroxide, thus
reducing the sulfuric acid demand in the acidification process, the concentration of sodium
sulfate in the product solution is an order of magnitude higher than the ethylene glycol
concentration. Since ethylene glycol has a higher boiling point than water (i.e. 198°C), the salt
would be retained in the ethylene glycol stream in these separation (i.e. dehydration) processes.
Additionally, sodium sulfate is not as soluble as sodium chloride and 16% salt, is at fully 32% of
its maximum solubility (which is attained at 32°C), so a heightened risk of fouling would be
associated with pervaporation processes applied immediately after acidification.

Other technologies for separating the salt and ethylene glycol solution include sorption, ion
exchange, distillation and reverse osmosis. For analytical purposes, where ethylene glycol
concentrations are in the ug/mL range, Sidisky et al (2010) recommended the use of a
microporous carbon molecular sieve material as an absorbent for preconcentration of the glycol.
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Methods have also been proposed based on ion-exchange membranes, but only at low salt
concentrations (Butyrskaya et al 2012).

At a larger scale, ion exchange resins (typically in bead form) are used to adsorb unwanted ions
from solutions. However, this was not considered for this LCA because preliminary assessment
of these alternatives suggested large flows of resin regeneration chemicals would be required.
The more robust but more energy intensive distillation methods in use in the oil and gas industry
work by evaporating both water and glycol, concentrating salt in a brine for crystallization or
disposal at sea. Subsequently the water and glycol are separated based on their different boiling
points. The process has to occur under vacuum to reduce the operating temperature and reduce
the risk of ethylene glycol degradation (Schlumberger, 2016). Dialogue with a manufacturer of
glycol distillation equipment indicated an electrical duty of 422 kW for circulation and vacuum
pumps and 6.7 MW heating duty. This was assumed to be provided by steam to the distillation
column in this LCA, with natural gas as the ultimate energy source. This choice of source was
made on the basis that it is an important fuel in the Gothenburg region, and it sits between the
possible extremes in terms of the climate impacts assessed in a typical LCA (e.g. between
Swedish wind power and marginal German coal power).

3.1.9. production of regenerated cellulose
fibers

The most common regenerated cellulose fibers are viscose, lyocell, cellulose acetate and cupro.
Regenerated cellulose fibers are conventionally manufactured from virgin pulp, either in
integrated mills producing both pulp and fibers or in mills producing fibers from market pulp.
Production of regenerated cellulose fibers from recovered sources, e.g. post-consumer paper and
cotton textiles, is technically possible and is being researched but there is currently no LCl data
available. A notable development in this area is the launch last year of Lenzing’s “Refibra”
product made from pre-consumer waste textiles and new wood resources.

The environmental impacts from Lenzing’s production of viscose and lyocell, the two types of
regenerated cellulose fibers that together dominate the market, have been studied by LCA (Shen
and Patel, 2010). It has been concluded that the more modern and resource efficient lyocell
process has lower impacts than the viscose process but also that integrated production has lower
impact than pulp and fiber production in different sites and that the choice of energy source has
a large influence on the environmental impact. Altogether, the environmental impacts of
regenerated cellulose fibers depend less on the choice of fiber (e.g. viscose vs. lyocell) and more
on the kind of production facility (integrated mill or not, electricity supply, heat supply etc). In
other words, the range of results for viscose roughly spans the claimed range that the newer
cellulosic fibers occupy. Therefore, in this LCA we used data from the Ecoinvent database (i.e.:
“Viscose production, global average”) that occupies a position in the mid-range of Shen and
Patel’s estimates of the impacts of viscose production . From this aggregated LCl dataset we
subtracted the impacts of the production of bleached sulfate pulp which fully replaced by the
recovered cotton fiber in the BRW process.
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3.1.10. polyester synthesis

Polyester production was modelled based on the data collected by PlasticsEurope and included
in the Gabi Professional database. This implies a mix of ester interchange and direct
esterification routes. Using the same original data source, the production of ethylene glycol and
terephthalic acid was subtracted from the process in proportion to the flows of these substances
recycled into polyester synthesis by the Blend Re:wind process. There was a small stoichiometric
mismatch caused by higher losses of ethylene glycol than terephthalic acid en route to polyester
synthesis. This was compensated for by inclusion of virgin ethylene glycol.

3.2. single use baseline

If the blended fiber waste is not chemically recycled, its most likely fate in Sweden is either
mechanical recycling or (most likely) combustion with energy recovery. The textiles in question
are sufficiently damaged that higher-value recycling is unlikely. Opportunities for mechanical
recycling into cleaning rags or thermal or acoustic insulation exist but the market is saturated.
The route to energy recovery is well-established and unmet demand exists as demonstrated by
the importation of municipal solid waste to Sweden for combustion. Therefore combustion with
energy recovery was selected for the single use baseline.

Combustion facilities are located throughout Sweden near population centres. Used textiles were
assumed to be trucked an average of 40 km to these facilities (i.e. the materials were assumed
to be transported only 10% of the distance used in the Blend Re:wind scenario).

The production of materials in the baseline scenario was scaled to be equivalent to the amounts
of recycled polyester and regenerated cellulosic materials which are generated in the BRW
scenario. Virgin viscose and cotton production data were taken from the Ecoinvent database on
the basis described in Section 3.1.9 (but without subtracting the production of bleached sulfate
pulp), and virgin polyester production data were taken from the Gabi Professional database in
line with Section 3.1.10.

3.3. alternative analysis

3.3.1. quantitative sensitivity analysis

At this stage of technology development, there is considerable uncertainty about the selection
of unit operations for the recycling systems and the appropriate baseline with which to compare
them. Therefore, rather than offering false precision via detailed statistical error analysis, the
principal approach to sensitivity analysis adopted here is the examination of alternative
scenarios.

28


anders
Fremhæv

anders
Fremhæv


In order to illustrate the effect of alternative single use systems on the relative performance of
the BRW recycling system, a further single use scenario was examined in addition to the one
described in Section 3.2. As in the single use baseline scenario, polyester produced from virgin
fossil resources was included, but in the alternative baseline scenario, the cellulosic fiber in
contention is cotton rather than forest-based viscose fiber. The polyester and cellulosic fiber was
assumed to be produced in the same quantity as the polyester and viscose produced by the
recycling system. This scenario may be interesting given that current cotton production exceeds
forest cellulosic fiber production, so can also be thought to represent business-as-usual.

Preliminary analysis indicated that one of the largest contributors to energy consumption and
climate impacts in the BRW recycling system is the purification of ethylene glycol. Therefore a
further scenario was considered in the LCA in which the liquid waste stream remaining after
separation of terephthalic acid was disposed of to a wastewater treatment facility, and new
ethylene glycol made from fossil resources was used in the synthesis of polyester with the
recycled terephthalic acid. We speculate that this scenario may be interesting from an
environmental and cost perspective.

3.3.2. rejected alternative scenarios

Since the glycol distillation process is a major energy user in this model, some alternative unit
operations were considered. Pervaporation was considered for separation of glycol and water.
Pervaporation means boiling off part of a mixture using a membrane that only allows that part
to pass. In this case, given the fact that glycol has a higher boiling point, it would mean boiling
off the water and retaining the glycol. On account of this fact, introduction of pervaporation
would be unhelpful since it would mean concentrating the sodium sulfate salt in the product
(glycol) stream. Furthermore, Guo et al (2006) report that pervaporation is primarily
advantageous for glycol feed concentrations over 70%, a statement supported by a quantitative
model presented by Huang et al (2002).

Membranes might be more interesting later in the overall process - having to boil the whole glycol
solution to eliminate the salt by distillation could in principle be avoided by preliminarily rejecting
the salt via a membrane treatment such as reverse osmosis. We considered this alternative as a
potential scenario but rejected it before detailed analysis for two principal reasons. Firstly, the
glycol solution after acidification has a very high salt concentration compared with the typical
inlet salt concentration of reverse osmosis membranes (i.e. seawater, c. 3.5%). Experimentation
with the Dow WAVE model (Dow, 2018) suggested that the glycol solution would need to be
diluted several times with fresh water in order for the operating limits of the reverse osmosis
elements to be respected. This has the effect of driving up the total liquid volume to be filtered,
and with it, the energy consumption of the system. Secondly, the gains to be had from this
process are limited since the concentration of glycol in the solution post-acidification is rather
low. Consequently, the energy to be saved by only evaporating the water and using membranes
to remove salt from the glycol is relatively small in comparison with the likely cost and complexity
of adding a reverse osmosis unit operation to the overall process (see Huang et al, 2002).
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4. impact assessment results and
discussion

4.1. hotspots of the BRW scenario

figure 6 summarizes the results for the three indicators with the strongest association with
energy consumption in this LCA. Note the use of a logarithmic y-axis. There is a common pattern
across many of the unit operations shown in the figure, with the processes of hydrolysis, glycol
separation, and production of regenerated cellulosic fiber (“cellulosic production” in the below
figures) being the outstanding factors for the environment. Perhaps unsurprisingly, production
of chemicals for acidification of the sodium terephthalate also plays an important role in
contributing to the result for acidification of the environment. The viscose production relies on
considerable quantities of chemicals and even though the data used for this LCA reflects the use
of internal recycling within the viscose mill, the production and recovery of the chemicals is
nevertheless energy intensive, explaining the impacts from cellulosic production.

figure 6 Acidification, climate impact and energy consumption for the BRW scenario

The dominant contributor to the impact of the glycol separation process is the production of
steam to heat the distillation process. The fundamental energy requirement is unavoidable given
the need to separate the liquids from salt contamination using a phase change, but it may be
possible to reduce the impacts associated with this process by integrating the recycling facility
with other future industrial operations possessing waste heat. On the other hand, the impact of
the filtration and hydrolysis processes is dominated by the production of acetic acid and sodium
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hydroxide, respectively. Therefore reduction of the impact of these processes within the recycling
operation will depend on whether it is feasible to obtain supplies of these commodity chemicals
that are environmentally superior to the market average supplies incorporated in the model, or
further reducing their use by fine tuning the internal recycling processes built into the model - in
particular, the nanofiltration process which recycles the sodium hydroxide, and the return flow
of acetic acid in the recovered cotton washing process. The former would in turn also reduce the
amount of sulfuric acid required in the acidification process for precipitation of terephthalic acid.

The eutrophication indicator was dominated by the process for turning the recovered cotton into
viscose, see figure 7 (note the logarithmic y-axis). This may be a consequence of the production
of carbon sulfide and other chemicals for the process. Note that figure 7 excludes a small
avoided emission (-2.3 kg P-equivalent) associated with the production of polyester. This is the
result of subtracting the production of virgin ethylene glycol and terephthalic acid from an
aggregated polyester synthesis process.

figure 7 Eutrophication in the BRW scenario (kg P equivalent)

The contributions to human toxicity are more evenly spread across unit operations for cancer
than for non-cancer effects, as shown in figure 8. (Note the use of a log scale, which enables
both indicators to be shown in this figure.) As it is with eutrophication, the single largest
contributor to the overall score is the viscose production process. There is also a small reduction
in the overall non-cancer score (-0.0009 CTUh) associated with the production of polyester (not
shown in the figure). Hydrolysis and acidification appear in the profile on account of their
demand for chemicals and water. The freshwater ecotoxicity indicator is not shown here for
brevity as the distribution of impacts across processes mimics the human toxicity indicators.
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figure 8 Human toxicity in the BRW scenario

The hydrolysis step is the main cause of water use impacts in the textile recycling process (figure
9). This is primarily a consequence of the production of sodium hydroxide, and to a lesser extent,
the process water used to dilute it during the BRW process. The viscose production process is the
next most important user of water resources. That the ostensibly dry ripping process is a water
consumer may surprise some readers but is a consequence of water use in the production of
electrical energy.

The data on water consumption are based on a set of characterisation factors implemented in
the Gabi Professional software which assume that when data on the location of water use is
unavailable, a low characterisation factor is used. This is considered appropriate for this LCA
given the location of the processes in mainland Sweden, where generally speaking water
shortages do not occur. In particular, if the recycling facility is located in Gothenburg, it is
assumed that the water supplied via the Géta River, which drains Sweden's largest lake, is not a
limiting factor. This approach and these assumptions may be worth discussing in terms of future
climate scenarios or alternative locations for the infrastructure.
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figure 9 Water impacts in the BRW scenario (m? equivalent)

4.2. Sensitivity analysis and comparison
with single use

Overdll it can be said that the relative performance of the BRW scenarios (with and without
ethylene glycol recovery) differs between the calculated indicators. For half of the assessed
indicators the basic BRW scenario outperforms at least one of the single use scenarios. However,
in absolute terms, the differences in performance are mostly less than an order of magnitude,
and indicate that the BRW process does not lead to significantly higher or lower environmental
impacts. This is encouraging for the BRW process, since the BRW scenarios are based on scaled-
up laboratory data, while the single-use scenarios are based on optimised, commercial-scale,
industrial operations.

figure 10 indicates that performance of the BRW process, in terms of its primary energy demand,
is of the same order of magnitude as its single-use benchmarks. Eliminating the ethylene glycol
recovery step from the process reduces the energy demand to the same level as producing viscose
from virgin materials. The single use alternative of using virgin cotton and polyester is the
superior alternative to the single use of virgin viscose and polyester. There are many reasons for
the overall pattern here. Fundamentally, the recycling scenario is at a bench-scale level of
development and has not had the worker-centuries of effort put into improving the energy
balance of the system, unlike the level of development of the cotton and virgin viscose
alternatives.
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figure 10 Primary energy consumption for alternative scenarios

As figure 11 indicates, the climate change indicator shows a similar profile to the energy
consumption indicator across the four alternatives, indicating a strong influence of fossil fuels
on the results for both indicators. The results differ from those presented by Zamani et al (2015),
in which there appeared to be a significantly better climate impact result for polymer recycling
in comparison to energy recovery. The difference may be a result of the use of more recent and
detailed data in this LCA, or the decision to avoid the expensive NMMO solvent by selecting the
BRW process.

figure 11 Climate impact for alternative scenarios

Despite the role of energy supply and fossil fuel combustion in environmental acidification
problems, the acidification indicator (figure 12) exhibits a different profile to the previous two
indicators, in particular suggesting the superiority of single-use viscose over single-use cotton.
While the process for the production of viscose is superior to cotton production in this respect,
both the single-use scenarios benefit from the production of energy from waste material, which
prevents other power generation activities. Additionally, as might be expected, the acidification
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process and the production of sulfuric acid that it demands, is associated with additional
acidifying emissions.

figure 12 Acidification potential for four scenarios

The eutrophication calculations favour the recycling systems over the single use alternatives by
a small margin, as shown in figure 13. The relatively poor performance of the cotton alternative
is caused by, the use of fertilisers in cotton cultivation.

figure 13 Eutrophication potential for alternative scenarios
The toxicity indicators shown in figure 14 present different messages. (Note the use of a log scale,

which enables both indicators to be shown in this figure.) The indicator for cancer as a health
effect favours recycling using BRW. The largest single contributor to the scores for the recycling
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systems is the cellulosic fiber production process, but for cancer effects there are many other
contributions connected with production of process chemicals such as acetic acid, sulfuric acid
and sodium hydroxide. In the case of this indicator there is a small penalty associated with not
recycling the ethylene glycol but on the other hand the results for the BRW scenario and the no
EG BRW scenario are very similar for the non-cancer health effects indicator. In the case of this
indicator, the single-use cotton scenario seems superior but the single use viscose benchmark
generates a very similar result to the BRW scenarios.

(The freshwater ecotoxicity indicator is not shown here for brevity as the distribution of impacts
across processes mimics the human toxicity (cancer) and eutrophication indicators.)

figure 14 Human toxicity for alternative scenarios

An exception to the patterns revealed so far in this report is the water use impact indicator as
shown in figure 15. Here the massive consumption of water associated with the irrigation of
cotton agriculture, combined with the water scarcity of the country’s in which cotton is grown,
is shown in the relative underperformance of the single use of cotton. On the other hand, as it is
with the indicators previously shown in this report, recycling mixed fabrics to viscose and
polyester is apparently not favoured over the use of viscose from new forest materials.

37


anders
Fremhæv

anders
Fremhæv

anders
Fremhæv


figure 15 Water use impacts for alternative scenarios
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5. Conclusions

This report is the first public assessment of the Blend Re:wind process using the method of LCA.
It compares this recycling process for mixed (polycotton) textile waste (with and without
recovery of ethylene glycol) with two single use scenarios. The latter are based on conventional
waste handling of textile waste (incineration with energy recovery) and the production of virgin
cotton or viscose (the two scenarios) and virgin polyester. The indicators considered included
water and energy use, climate changing, acidifying and eutrophying emissions, and toxic
emissions with the potential to cause human health and ecological effects.

Half the indicators assessed here favour the recycling scenarios over one or both of the single use
scenarios. In most cases the results for the different scenarios are of the same order of
magnitude. Since the only publically available data about the Blend Re:wind is based on
laboratory scale experiments, it is exciting that this recycling process performs relatively well in
comparison to established, industrial-scale production processes for cotton, viscose and
polyester. One part of the process which has a considerable influence on many of the indicators
is the process for conversion of recovered cotton to viscose fibers. Literature data suggests that
the range in the environmental of performance of viscose production facilities spans the
potential improvement associated with the use of other cellulosic fibers, so selection of the fiber
and selection of an integrated production facility are key matters.

Improved results due to economies of scale are to be expected in the future. While some energy
consuming processes are constrained by fundamental principles of chemical engineering (e.g.
the heat required for distillation of the water/glycol mixture is related to the enthalpy of
vaporisation for the chemicals) and therefore not expected to yield significant improvements on
scale-up, there are other aspects which are ripe for optimisation. The authors would direct the
attention of process developers to the membrane process for separation of sodium hydroxide
from the products of polyester hydrolysis as an example of this potential. As stated earlier,
developers should also carefully select the cellulosic fiber production facility, which can have a
major and positive impact on most of the indicators considered here. We suggest to policy
makers that the development of the Blend Re:wind process is worth supporting. We suggest
future LCA work should consider additional scenarios, sensitivity analyses and new life cycle
inventory data as it becomes available.
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appendix - Description of impact
categories

Descriptions about the included impact categories shown below are taken from Roos et al.
(2015), with some minor modifications.

Water use impacts

Freshwater resources, particularly surface water flows in lakes and rivers, and groundwater flows
and stocks (which include deep aquifers with slow recharge rates) are increasingly under stress
due to human industrial and agricultural interventions. Excessive consumption of water by for
example cotton production can have consequences, not only for other human users of water in
the local area, who might have put it to use in food production, but also downstream users and
the environment. Environmental impacts of excess water use include the destruction of wetland
ecosystems, riparian forests and the extinction of associated animals. Additionally, the
reduction in river flows reduces the resilience of river systems to nutrient and other pollutant
discharges.

Water use in considered in this LCA using the AWARE method (Boulay et al, 2018). This is
essentially a midpoint indicator system, in which the use of water in a catchment is adjusted by
a factor between 0.1 and 100 that reflects the scarcity of water in the location of use. We used
the method as implemented in the Gabi software by Thinkstep. Thinkstep has implemented the
method with three alternative assumptions about water use in uncertain locations: a high
characterisation factor (56.9 m3-equivalent), a low factor (1.73 m3-equivalent) and a midrange
factor for OECD and “BRIC” (Brazil, Russia, India, China) situations (34.4 m3-equivalent). The
location of the BRW facility is not known but given the Scandinavian focus of this work, we
selected the low factor implementation of the AWARE method. This was motivated by the fact
that the national factor for Sweden is 4.0, which is biased by population distribution, while most
of the Swedish countryside has a factor between 0.5 and 1.0. So the value implemented is
somewhere between urban and rural expectations in Sweden.

Climate change

Climate change refers to the consequences of increased average temperatures of the earth’s
atmosphere and oceans. This increase is mainly because of emissions of greenhouse gases such
as carbon dioxide (CO2), methane (CH4), nitrous oxide (N20) and chlorofluorocarbons (CFCs)
from anthropogenic sources such as the combustion of fossil fuels and deforestation (IPCC 2013).
For characterising climate impact, in this report we used the Global Warming Potential (GWP)
with a 100 year perspective (GWP100) expressed in kg CO2 equivalents (IPCC 2013), and assumed
that biogenic CO2 emissions are climate neutral. The latter assumption presumes that within
relevant spatial system boundaries (e.g. at a landscape or national level) or within a reasonable
time horizon (e.g. within one rotation period: the time period from harvest to harvest), the
forestry or agriculture that generates the extracted biomass is carbon neutral. This means that
the land management practices ensure that as much carbon is sequestered (above and below
ground) as is harvested. In other words, the land is sustainably used with regard to carbon
extraction.

Acidification
Precipitation (rain, snow, fog, etc.) deposit acidifying substances from anthropogenic sources
(e.g. sulphur dioxide (SO2) and nitrogen oxides (NOX) released in combustion) to terrestrial and
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aquatic ecosystems which may increase pH levels (the concentration of hydrogen ions, H+). This
may damage freshwater and coastal ecosystems and soils, with consequences such as forest
decline, increased fish mortality and damages to buildings (Guinée et al., 2002). Also, heavy
metals released due to increased pH levels can damage freshwater resources. For characterising
acidification impact, we used the accumulated exceedance method developed by Seppdld et al.
(2006), with characterisation factors expressed as mole H+ equivalents.

Freshwater eutrophication

Nutrients like phosphorus (P) or nitrogen (N) released to freshwater systems may cause
increased biological productivity, such as production of planktonic algae. The algae sink to the
bottom and are broken down with consumption of oxygen in the bottom layers, causing a dead
environment and (among others) increased fish mortality. The most significant sources of
nutrient enrichment are the agricultural use of fertilizers, the emissions of nitrogen oxides from
combustion and wastewater from households and industry. For characterising freshwater
eutrophication impact, we used the EUTREND model method developed by Struijs et al. (2009),
with characterisation factors expressed as kg P equivalents.

Toxicity

The toxicity has been evaluated with the LCA method USEtox (Rosenbaum et al. 2008), which is
the recommended method by European Commission (2012). USEtox calculates characterization
factors for human toxicity and freshwater ecotoxicity at midpoint level. USEtox uses the unit CTU
(Comparative Toxic Unit) which is an indirect measure of the number of cases per year caused
by toxic effects.

The ILCD handbook (European Commission 2012) recommends that the LCA practitioner should
complement the methods with missing characterisation factors if they can have impact on the
results. This can be done for processes that are modelled within a project but it is practically
impossible to compensate for missing data in database data.

The characterization factor for human toxicity impacts (human toxicity potential) is expressed
in comparative toxic units (CTUh), and is the estimated increase in morbidity in the total human
population, per unit mass of a chemical emitted. The result is calculated as [CTUh per kg
emitted] = [disease cases per kg emitted]. All cases of non-mortal human toxicity impacts, which
do not lead to death but to disability and illness, are weighted against their relative severity
compared to death.

The characterization factor for freshwater ecotoxicity impacts (ecotoxicity potential) is
expressed in comparative toxic units (CTUe), and is an estimate of the potentially affected
fraction of species (PAF) integrated over time and volume, per unit mass of a chemical emitted.
The result is calculated as [CTUe per kg emitted] = [PAF x m* x day per kg emitted].

One CTUe thus equals one cubic meter of freshwater where the species in the ecosystem are
exposed daily to a concentration above their no-observed effect concentration (NOEC). An
environmental concentration is considered to present an acceptable risk if not more than 5% of
all species is exposed above their NOEC.
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