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A B S T R A C T

Rising textile consumption, low level of circularity in the textile sector, and recent European legislative de
velopments, have increased attention on textile waste management. While several studies have assessed the 
environmental impacts of individual textile waste treatment processes, analyses of integrated textile waste 
management systems remain limited. To address this gap and support decision making, this study combines 
Material Flow Analysis and Life Cycle Assessment to evaluate strategies for managing post–consumer textile 
waste, with a case study from an Italian region. Six scenarios were analysed, exploring the effects of restricting 
exports of textiles outside Europe, increasing the share of renewable electricity, improving separate collection 
rates, and implementing chemical recycling. A Material Recovery Score was also introduced to capture the trade- 
offs between material recovery and environmental impacts. Results confirm that preparing textiles for reuse 
delivers relevant environmental benefits, due to avoided impacts from virgin production, while restricting ex
ports for reuse increases overall impacts. Future scenarios, characterised by higher separate collection rate and 
by the introduction of chemical recycling, achieve the highest Material Recovery Scores but also show higher 
environmental impacts, driven by energy demand and solvent use of chemical recycling processes. The adoption 
of more renewable electricity mixes results in slightly higher overall impacts in some categories, such as Climate 
Change, while categories like Resource Use (minerals and metals) show the opposite pattern. Overall, these 
findings emphasize the need to improve chemical recycling performance and prioritise effective reuse to mini
mise the environmental impacts of the waste management system, offering valuable guidance to policymakers 
and industry stakeholders.

1. Introduction

Textile waste management has recently attracted increasing atten
tion, mainly due to rising consumption and the limited capacity for 
sorting and recycling (Deckers et al., 2024). Globally, textile production 
and consumption are steadily growing, also because of fast fashion ex
plosion, resulting in higher waste generation and associated environ
mental impacts (Ellen MacArthur Foundation, 2017). Focusing on 
Europe, landfilling and incineration have been the predominant 
methods for textile waste treatment (Napolano et al., 2025). However, 
the European Union (EU) has set the goal to improve the environmental 
performances and the circularity of the textile sector (European Com
mission, 2022). A key step toward this objective is the Revised Waste 

Framework Directive (European Parliament, 2025), which establishes 
for Member States to implement post-consumer textile waste (PCTW) 
separate collection by January 1, 2025, and Extended Producer Re
sponsibility schemes for textiles. Increasing PCTW volumes are going to 
be separately collected, and there is the need to support the design of 
future waste management systems.

Quantitative analytical tools such as Material Flow Analysis (MFA) 
and Life Cycle Assessment (LCA) are widely used to support the devel
opment of waste management systems and to identify effective path
ways towards circularity. MFA enables a systematic description of the 
material flows of a system, while LCA provides a global estimate of its 
potential environmental impacts. Christensen et al. (2020) stated that 
LCA is expected to play a role in waste management understanding and 
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improving existing waste management systems, comparing alternative 
technologies, and developing both new technologies and policies. For 
instance, Amadei et al. (2024) combined MFA and LCA to map the im
pacts of the EU plastic value chain, including waste management, 
Rigamonti et al. (2013) to improve the municipal solid waste manage
ment system at the regional level while Turner et al. (2016) at the 
municipal level.

Focusing specifically on PCTW, Napolano et al. (2025) developed an 
MFA, founding that in EU in 2019 approximately 11 Mt of textile 
products were discarded, with about 80% destined for incineration or 
landfill, and they forecasted that the total discarded textiles in 2035 
could be more than 15 Mt. Regarding waste management options, LCA 
studies confirm the soundness of the waste hierarchy. For instance, Solis 
et al. (2024a), evaluating different technologies, concluded that prepa
ration for reuse is the most beneficial management pathway, and the 
environmental benefits of reuse have been confirmed also by Zamani 
et al. (2015). In the field of recycling, Moazzem et al. (2021) highlighted 
that open-loop fabric recycling achieved lower environmental impacts 
than fibre recycling into yarn, open-loop fibre recycling, and monomeric 
or polymeric chemical recycling. MFA and LCA were applied by Morell- 
Delgado et al. (2024) about PCTW management in Catalonia (Spain), 
without the impacts assessment of future scenarios. In Dahlbo et al. 
(2017) also alternative scenarios of PCTW management in Finland have 
been evaluated, but the life cycle inventory (LCI) of chemical recycling 
lack of details. Koligkioni et al. (2018) combined MFA and LCA, but only 
reuse in different geographical areas was considered, without any 
recycling treatment. The most complete study about this topic is Solis 
et al. (2024b), where different strategies such as the increase of separate 
collection, the availability of advanced recycling technologies and a ban 
on textile exports have been assessed for the EU context.

The present study aims to go more into depth in the analysis of PCTW 
management systems, focusing on four issues that were overlooked in 
past studies. First, rather than analysing single treatment options, this 
study evaluates integrated textile waste management systems, consid
ering the full range of available pathways. Second, this work considered 
into depth the influence on LCA results of Substitution Factors (SFs), 
representing the displacement of virgin materials by reuse and recycling 
(Abagnato et al., 2024; Sandin & Peters, 2018). Third, updated LCIs 
about fibre and monomeric chemical recycling processes are proposed, 
explicitly including a de-dyeing step. Indeed, dye removal represents a 
key stage before recycling, since dye residues can cause instability in 
recycling processes and lead to inconsistent colour in recycled materials, 
thus reducing the market value, as confirmed by several studies (Gorreta 
et al., 2025; Määttänen et al., 2019; Mu & Yang, 2022; Munasinghe 
Arachchilage et al., 2025; Periyasamy & Harlin, 2025). However, this 
issue seems overlooked in previous LCA studies. Fourth, the influence of 
a more renewable electricity mix is considered both in the waste treat
ments and in the virgin processes replaced by material or energy re
covery, as suggested by Bisinella et al. (2024).

These issues are investigated combining MFA and LCA with a case 
study from Lombardy region (Italy), selected due to the availability of 
primary data on PCTW management. To the best of the authors’ 
knowledge, this is the first study applying MFA and LCA to a compre
hensive PCTW management system in Italy, one of the leading textile- 
producing countries in Europe. However, the proposed approach is 
suitable also for other geographic areas, and the recommendations 
emerging from this study could be useful also for future developments of 
PCTW management in other regions or countries, to face the increasing 
volumes of separately collected PCTW given by the EU mandatory 
separate collection. Through the comparison of different scenarios, this 
study aims to answer three research questions to support decision 
making: (i) from a life cycle impact perspective, is it preferable to limit 
export for reuse in favour of recycling within Europe?; (ii) What is the 
influence on LCA results of a more renewable electricity mix in both 
waste treatment and virgin production processes?; (iii) What is the effect 
of introducing chemical recycling processes on the LCA results of the 

overall waste management system?
This approach aims to provide decision support and policy recom

mendations for authorities responsible for waste management and for 
operators in the PCTW management sector.

2. Materials and methods

First, scenarios were identified with the involvement of the stake
holders (officers working about the waste management policies of 
Lombardy region). The scenarios were identified to capture a range of 
possible future developments (Section 2.1). Then, PCTW composition 
was estimated based on trade data, and the same composition was 
considered for all scenarios, to ensure their comparability in the LCA 
(Section 2.1 and S1 in Supplementary Materials Section 1 (SM1)). Ac
cording to each scenario, the MFA was developed to represent the waste 
flows, starting from the PCTW generation until the final disposal or the 
recovery of materials or energy. MFA were obtained with a combination 
of primary data from the Regional Environmental Agency and data from 
literature sources and databases (Section 2.1 and SM2). Then, for each 
scenario the LCA was developed (Section 2.2), combining data for the 
life cycle inventory from several sources (Section 2.2.2 and SM5, SM6). 
In the LCA, Substitution Factors (SF) were estimated to account for the 
virgin production displacement (Section 2.2.4). In the end, a Material 
Recovery Score to represent the quantity, the quality and the compliance 
with the waste hierarchy was estimated for each scenario, to show the 
trade-offs between potential environmental impacts and material re
covery (Section 2.3 and SM9).

2.1. Scenarios definition and material Flow analysis

Six scenarios were identified (Table 1). In Scenario 1 (S1), which 
represents the current situation, textiles discarded by citizens in mixed 
municipal waste were sent to waste-to-energy plants in Lombardy, 
except for a very low fraction sent to landfill (0.2% of mixed waste, 
according to the Regional Environmental Agency). It was assumed that 
PCTW is 7% of residual waste, according to Deckers et al. (2024) and to 
information from waste-to-energy plants holders in Lombardy. The 
quantity of separately collected PCTW and the sorting locations were 
retrieved from the Regional Environmental Agency data (year 2021), 
about European Waste Codes 200110 and 200111 (municipal separate 
collection of textile products). The share of separately collected PCTW 
sent to each treatment option (reuse, recycling, energy recovery, land
fill) was estimated from data provided by a sorting plant in Italy, and 
from Nørup et al. (2019a), Huygens et al. (2023), Napolano et al. (2025)
and (European Environmental Agency, 2025a, b, c) (details in SMs). The 
countries where textiles were exported for reuse and recycling after the 
sorting step were estimated using the United Nations Comtrade Data
base. The ratio between closed- and open-loop recycling was taken from 
European Commission: Joint Research Centre et al. (2025). In open-loop 
recycling, cleaning wipes and insulation materials were obtained from 
textile waste. It was assumed, since no information was found, that 50% 
of the open-loop recycling was used to produce wipes, and 50% to 
produce insulation materials. For closed-loop recycling, a mechanical 
fibre recycling process was considered, where both spinnable fibres and 
fibres for the manufacturing of insulation materials are obtained from 
textiles (Duhoux et al., 2021). Before recycling, the removal and disposal 
of non-textile materials (leather, metals, plastics and rubber from foot
wear) was included. Finally, it was assumed that a fraction of the textiles 
exported for reuse out of Europe was not suitable for reuse and was 
disposed with a mix of sanitary landfill and uncontrolled disposal 
(UNEP, 2024): this fraction was estimated as 5.5% from Odonkor 
(2024), who carried out surveys among second-hand (SH) textiles im
porters in Ghana, and it was then subjected to sensitivity analysis.

The scenario “no export out of EU” (S2) represents a situation where, 
with the current sorting and recycling technologies, PCTW flows are 
entirely managed in the EU, without export for sorting, reuse or 
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recycling. Textiles that were exported from the EU for reuse and recy
cling in S1 are all sent to open- and closed-loop recycling in Europe in 
S2. This scenario explores the effects of possible future restrictions on 
PCTW and second-hand (SH) textiles exports from the EU, or the effects 
of the refusal to import these streams by extra-EU countries.

In the “future baseline renewables” scenario (S3), an electricity mix 
with a larger share of renewables was considered compared to the 
electricity mix used in S1 and S2 (see Section 2.2.5 and SM4). This more 
renewable electricity mix was considered both in countries where waste 
treatments take place and where virgin production is located. In S3, the 
MFA was very similar to S1 except that landfill disposal in Lombardy and 
uncontrolled disposal outside Europe were excluded, replaced respec
tively by energy recovery and sanitary landfill S4 (“future best tech
nology fossil” scenario), S5 (“future best technology renewables” 
scenario), and S6 (“future best technology renewables Lombardy” sce
nario) consider the effects of a high separate collection rate, given by EU 
policy of mandatory separate collection. This rate was estimated 
assuming that some textile products were separately collected at 80%, 
according to McKinsey (2022), while other types of products (cleaning 
articles) are entirely disposed in residual waste (see SM1, SM2). A 
combination of manual and automated sorting was assumed (Nellström 
et al., 2022): the first is for sorting of textiles for reuse, while the latter 
for recycling. It was assumed that closed-loop recycling means (me
chanical) fibre recycling for wool, (chemical) monomeric recycling for 
polyester, and (chemical) fibre recycling for cotton and viscose. For 
blended cotton-polyester textiles both alkaline hydrolysis and enzymatic 
hydrolysis separation processes were considered and compared. In S4 
the electricity mix is the current one, while S5 and S6 include all the 
aforementioned technologies, but with a more renewable electricity mix 
(Section 2.2.5). In S4 and S5, the absence of landfill in Lombardy and of 
uncontrolled disposal out of Europe were considered, as in S3. In S6 also 
the ban of PCTW and SH textiles exports is considered, with a waste 
management system entirely located in the regional boundaries, both for 
sorting, recycling, and energy recovery, while the reuse takes place only 
in Italy.

For comparability, all scenarios have the same PCTW composition. 
This was estimated according to the methodology developed by Napo
lano et al. (2025). Data about the yearly production, import and export 
of textile products (apparel, footwear, home textiles and technical tex
tiles) were retrieved from the Eurostat Prodcom Database. Italy was 

taken as the reference, since the focus of this work is an Italian region. 
This methodology allowed to estimate the textiles composition accord
ing to the type of products. Then, a fibre composition was associated to 
each category of products (Napolano et al., 2025; Huygens et al., 2023), 
allowing the estimation of the composition of the total waste (see SM1).

2.2. Life Cycle Assessment

2.2.1. Goal and scope
The goal of the study is to support informed policy making in the 

regional waste management sector by quantifying the potential envi
ronmental impacts of the current waste management system of the 
PCTW generated in Lombardy and estimating the potential impacts of 
alternative scenarios. The target audience of the study are public officers 
working in the field of waste management in Lombardy (Italy) and op
erators of the textile waste management.

The functional unit is the management of 1 tonne of PCTW generated 
in Lombardy. Waste is assumed to be burden-free (Ekvall et al., 2007). 
The system boundaries include collection, sorting, preparation for reuse, 
open- and closed-loop recycling, energy recovery and disposal (Fig. 1). 
Transports are always considered (SMs Excel).

Since waste management systems are multifunctional, this was 
addressed by applying system expansion by substitution (European 
Commission. Joint Research Centre. Institute for Environment and 
Sustainability, 2010). For reuse and recycling, the impacts of virgin 
production were subtracted, while energy recovery avoided the impacts 
of the average consumption mix of heat and electricity. These choices 
have been made according to the ILCD Handbook (European Commis
sion. Joint Research Centre. Institute for Environment and Sustainabil
ity, 2010): when large changes are not expected as a consequence of a 
choice, it is suggested to consider the substitution of the average market 
mix. This study is focused only on PCTW, which is less than 10% of the 
total mixed municipal waste in Lombardy. For this reason, it was 
assumed that a slightly higher or lower amount of PCTW addressed to 
energy recovery does not imply large changes in the background system. 
On the other hand, it was assumed that reuse and recycling can cause 
large changes, providing second-hand textiles and secondary raw ma
terials that can replace virgin production, since these processes are put 
in place to affect the global production of textiles and fibres.

Table 1 
Scenarios' definition (OLR = open-loop recycling; CLR = closed-loop recycling; PV = photovoltaic). * The modelling of the more renewable electricity mix is reported 
in Section 2.2.5 and in Supplementary Materials (Section SM4) for each country involved in the study.

Scenario % separate 
collection

Treatment technologies and recovered materials Electricity mix Textile waste management

S1: current scenario 29.5% • Manual sorting
• OLR (fibres and fabrics)
• Mechanical CLR (spinnable fibres)

Data year 2021 Most of the separately collected TW 
are addressed to reuse

S2: no export out of Europe 29.5% • Manual sorting
• OLR (fibres and fabrics)
• Mechanical CLR (spinnable fibres)

Data year 2021 Reuse decreases while recycling 
increases

S3: future baseline 
renewables

29.5% • Manual sorting
• OLR (fibres and fabrics)
• Mechanical CLR (spinnable fibres)

50% from PV sources, 50% in 
proportion to the country mix in 
2021 *

Same management as S1 but without 
uncontrolled disposal out of Europe

S4: future best technology 
fossil

54.3% • Manual + automatic sorting
• OLR (fibres and fabrics)
• Mechanical CLR of wool (spinnable fibres)
• Chemical recycling of polyester (monomers)
• Chemical recycling of cotton and viscose 

(cellulose fibres pulp)
• Alkaline/enzymatic hydrolysis of polycotton 

(monomers and cellulose pulp/PET flakes and 
glucose)

Data year 2021 Increasing of recycling thanks to new 
technologies. Reuse remains stable.

S5: future best technology 
renewables

54.3% Same as S4 Same as S3 Same as S4

S6: future best technology 
renewables Lombardy

54.3% Same as S4 and S5 Same as S3 Strong decrease in reuse and 
consequent increase in recycling
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2.2.2. Life Cycle Inventory
Several sources were used for the Life Cycle Inventory phase (SM5, 

SM6, SMs Excel): (i) sorting was modelled according to Nørup et al. 
(2019) and Solis et al. (2024a); (ii) open-loop recycling according to 
Schmidt et al. (2016); (iii) closed-loop mechanical fibre recycling ac
cording to Duhoux et al. (2021) and Bianco et al. (2022); (iv) chemical 
recycling of polyester and of cotton according to Schmidt et al. (2016); 
(v) alkaline hydrolysis of polycotton according to Peters et al. (2019); 
(vi) enzymatic hydrolysis of polycotton according to Subramanian et al. 
(2020); (vii) the virgin production of textiles and fibres replaced by 
second-hand textiles and recycled materials have been modelled ac
cording to Notarnicola et al. (2011), Sandin et al. (2019), Wiedemann 
et al. (2020), Bianco et al. (2023), Schmidt et al. (2016), Zhang et al. 
(2021), and Duhoux et al. (2021). Some closed-loop recycling processes 
have been slightly modified compared with the original publications 
(see SM5). In particular, in the monomer recycling of polyester and in 
fibre recycling of cotton and viscose into cellulose pulp, a de-dyeing step 
was added, and in enzymatic hydrolysis, the recirculation of reactants 
used in the pretreatment and the enzymes recovery was also considered.

Virgin production processes for cotton were assumed to happen in 
India, while the other fibres and materials in China. India was chosen for 
cotton because of the availability of datasets referred to this country in 
the ecoinvent database and because India is the first country for culti
vated area and the second for cotton production, according to the In
ternational Cotton Advisory Committee database. About wool, primary 
data were collected by Wiedemann et al. (2020) considering sheep fleece 
production in Australia and wool fabric production in China, reflecting 
the global market trends (International Wool Textile Organisation, 
2026). About synthetics and man-made fibres, virgin production was 
assumed in China because it is the first producer and European trade 
partner according to the European Man Made Fibres Association.

End-of-life processes have been modelled from ecoinvent database 
(SMs Excel). The electricity and the heat recovered from waste incin
eration were calculated considering the lower heating value (LHV) of 
the waste, the electric or thermal efficiency of the waste-to-energy plant 
and the efficiency of the electricity distribution grid and of the district 

heating system. For energy recovery in Italy, ecoinvent datasets were 
integrated with data from three of the major Italian waste-to-energy 
plants.

2.2.3. Software, database, and impact assessment method
The data to model the life cycle impacts of each step were retrieved 

from “Cut-off” ecoinvent 3.11 datasets and processed in SimaPro 
v10.2.0.1. Ecoinvent datasets were selected to best represent the 
different technologies, considering the geography that best fit for each 
situation. The Environmental Footprint 3.1 was adopted as Life Cycle 
Impact Assessment method. The optional normalisation and weighting 
steps were carried out to obtain single score impacts for each scenario. 
The normalisation and weighting steps were carried out according to 
Environmental Footprint 3.1 method.

2.2.4. Estimate of substitution factors
A substitution factor (SF) was introduced to estimate the quality of 

the materials recovered from reuse and recycling (Rigamonti et al., 
2020) by representing to which extent a second-hand textile or a recy
cled material replaces a virgin one. For fibre CLR, after a review of the 
existing literature, it was decided to use an initial value of 0.2. This value 
represents the share of recycled fibres that can be used to be re-spun 
together with virgin fibres in order to obtain a new yarn and then a 
new fabric for a new product. Fidan et al. (2021) stated that in the textile 
company they analysed, the maximum recycled cotton content in denim 
weaving was 20%, while Arafat & Uddin (2022) stated that yarn con
taining only up to 10% post-consumer recycled cotton is suitable for knit 
fabric. No data were found regarding the share of recycled staple fibres 
from mechanical tearing of polyester or polycotton garment that can be 
mixed with virgin fibres to manufacture new fabrics. Solis et al., (2024a)
reported SF for fibre recycling, but it seems that those values represent 
the share of recycled fibres obtained from the treatment of 1 tonne of 
waste, and not the quality of the recycled fibres in comparison to the 
virgin fibres. Also open-loop recycling into insulation materials usually 
requires mixing recycled fibres with virgin materials, which are used as 
binder or to ensure mechanical performance and manufacturability. The 

Fig. 1. System boundaries with system expansion by substitution (SF = substitution factor).
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share of recycled and virgin materials can vary according to the situa
tion. For instance, Majumder et al. (2023) obtained thermo-acoustic 
insulation materials with 40% recycled wool fibres, 40% old jute bags 
and 20% virgin polyester binder; Hegyi et al. (2022) tested insulation 
mattresses with 43% recycled polyester fibres, 36% recycled plastics and 
21% virgin cellulosic fibres; Samardzioska et al. (2023) tested insulation 
panels with 93% recycled textiles and 7% virgin polyester binder. Given 
these values, in the present study it was assumed that a reasonable value 
for the SF of textile fibres obtained from OLR and addressed to insulation 
panels manufacturing is 0.8, considering that 20% of virgin material is 
still needed. On the other hand, for OLR into cleaning wipes the SF was 
assumed to be 1, since it was expected that virgin and secondary wipes 
have the same functionality (Schmidt et al., 2016). For the chemical 
monomeric and polymeric recycling processes considered in the future 
scenarios, the SF is 1, since the monomers obtained from the depoly
merisation of synthetic textiles, the amorphous PET granules and the 
glucose syrup obtained from enzymatic process, have the same quality 
as the replaced materials. Cotton and viscose pulping allows to obtain a 
cellulosic pulp which is usually characterised by shorter fibres and 
shorter polymer length than virgin pulp for textile production (Peterson 
et al., 2022). However, in this work, according to Schmidt et al. (2016), 
the 1:1 substitution of virgin sulphate pulp was considered, assuming 
that the recovered pulp could be used in different sectors. However, 
since it is difficult to clearly estimate a proper value for the SFs, as it 
depends on several factors, these parameters have been subjected to a 
sensitivity analysis. In this study SF was estimated according to technical 
factors, but SFs can consider also economical and market aspects. For 
instance, SF represent also the penetration of the recycled materials in 
the market: the sensitivity analysis with a lower SF gives insights about 
the impacts of the PCTW management system when there is less demand 
of recycled materials.

When textiles are sent to reuse, the replacement of virgin textiles was 
considered. In this case, the SF represent how much a second-hand 
textile replaces the purchase of a new one and if its lifespan is lower 
than the new one. The SF for reuse is calculated as the product of two 
terms: the first term is referred to the purchase habits (Nichilo et al., 
2025), while the second to the lifespan of the second-hand textiles. The 
SF for reuse is variable according to the location, since it depends on 
socio-economic aspects (Koligkioni et al., 2018), and it is currently 
assessed with surveys among costumers. Published behavioural surveys 
regarding second-hand (SH) textiles were considered to estimate the SF 
in the different locations where reuse happens (Farrant et al., 2010; 
Laitala & Klepp, 2021; Nørup et al., 2019b; Bakowska et al., 2025; 
Vinted Climate Change Impact Report, 2021). According to this 
approach, SF was 27% in Italy, 33% in East Europe, and 28% out of 
Europe (see SM5.10). Then, a sensitivity analysis was carried out on 
these values. Also in this case, SF variation represents both a variation in 
the demand of SH textiles and in their quality (lifespan, which is also due 
to personal behaviour and cultural aspects).

2.2.5. Electricity and heat mixes modelling
This work included the modelling of future electricity mixes with a 

larger share of renewables, to assess how much this aspect affects the 
LCA results. The electricity mix modification affected both waste treat
ments and virgin production. In particular, the following LCA modelling 
aspects in the context of the present work are influenced: (i) the burdens 
of sorting and recycling processes; (ii) the credits from energy recovery, 
since it was avoided the production from the average national mix; (iii) 
the credits from reuse and recycling, since the virgin production was 
displaced. The analysed system includes processes in different areas of 
the world: India both for virgin production and recycling; China for 
virgin production; European countries (Italy, Germany, France, 
Lithuania, Bulgaria, Slovakia) for sorting and recycling; Tunisia for 
sorting. In scenarios with the current electricity mix (S1, S2 and S4) the 
ecoinvent datasets about electricity market mixes of the different 
countries were used, with data referred to 2021. For heat, the average 

market mix displaced by energy recovery (only where also heat was 
recovered) was estimated from the International Energy Agency Data 
Browser for each country (see SM4).

For future renewables scenarios (S3, S5, S6), it was assumed that 
50% of the electricity generation came from photovoltaic (PV) sources, 
while the remaining 50% was considered equal to the current electricity 
mix of the different countries according to ecoinvent database (see SM4 
and SMs Excel). This choice is a simplified assumption to represent a 
higher penetration of renewable sources in the electricity mix of 
different countries. However, according to the forecasts from the 
Renewable Energy Progress Tracker by the International Energy Agency 
and Tracker (2026), PV represent around 75% of the net additions in 
global renewable electricity generation in the future. Since this study is 
not focused on the analysis of decarbonisation pathways of electricity 
generation, setting the 50% of electricity generation from PV was 
deemed sufficient to understand how the penetration of the most rele
vant renewable electricity source affects the LCA result of the PCTW 
management system. Future studies, specifically focused on prospective 
LCA analyses, need to assess more into depth the decarbonisation effects 
on waste management systems with the use of more complex tools and 
methods such as PREMISE (Sacchi et al., 2022).

Only the electricity mixes of the countries involved in the system 
were modified (China, India, Italy, Germany, France, Lithuania, 
Bulgaria, Slovakia, Tunisia). The average residential heating mix for 
future scenarios in Europe was instead modelled according to Neuwahl 
et al. (2024) (see SM4). The electricity mix was modified in the ecoin
vent datasets that in the future scenarios were used to model the fore
ground system (both waste management processes and virgin 
production processes). The list of the datasets where the electricity mix 
was modified is available in the Excel SMs.

2.2.6. Analysis with a different point of substitution
In a second step of the work, a different point of substitution was 

considered, always following the system expansion by substitution 
approach (see SM10). Indeed, the substitution approach can be further 
expanded to account also for impacts on the emissions of subsequent 
products (Ekvall et al., 2025). In case of reuse, after sorting, also the use 
phase and the end-of-life in the country where the textile product was 
exported for reuse were considered. For recycling, the impacts of the 
recycling process, the manufacturing, the use and end-of-life of the 
product obtained from recycling are included. The use phase was 
modelled according to European Commission: Joint Research Centre 
et al. (2014). When subtracting the virgin impacts, the whole lifecycle of 
the virgin products was considered (raw materials production, textiles 
manufacturing, use phase, end-of-life). This approach was followed to 
show the influence of SF. Indeed, when SF is 1 the subtraction of the 
entire virgin lifecycle impacts means that only the impacts of virgin 
materials production are subtracted, since the impacts of the use phase 
and of end-of-life are the same for the virgin and the recycled materials. 
Instead, when SF is lower than 1, also the contributions of the other 
lifecycle phases are included (see SM10).

2.3. Material recovery score

Since MFA represents the entire waste flows and LCA estimate the 
potential environmental impacts of waste management, it was chosen to 
identify a unique score for each scenario to describe the recovered 
materials. This Material Recovery Score (MRS) captures not only the 
amount and the quality of the recovered materials, which are considered 
also in MFA and LCA, but also the compliance with the waste hierarchy. 
MRS helps to aggregate in a single indicator how much each scenario 
allows the recovery of materials, and could be useful for the commu
nication of the results to policy makers. Indeed, points were assigned to 
the recovered products and materials in each scenario according to three 
different aspects: (i) the compliance with the waste hierarchy; (ii) the 
quality of the recovered materials respect to the virgin; (iii) the point of 
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substitution in the textile production.
According to the waste hierarchy, higher points were assigned to 

materials recovered for reuse than for recycling (see SM9). The quality 
of the recovered materials was represented through the SF. The point of 
substitution was identified at the level of: (i) product; (ii) fabric; (iii) 
yarn; (iv) fibre; (v) polymer; (vi) monomer; (vii) raw materials.

The different options in the three aspects (waste hierarchy compli
ance, quality, and point of substitution) were ranked and to each option 
points were assigned and then normalised dividing by the maximum 

points in the scale. A normalised score was obtained for each recovered 
material (see SM9 for more details about scores and normalisation). In 
the end, the MRS for each scenario was obtained according to equation 
(1): 

ScenarioMaterialRecoveryScore =
∑n

i=1

massrecoveredmateriali
masstotalwasteinput

• normalisedmaterialscorei (1) 

Fig. 2. Material Flow Analysis of scenario 1 “current situation” (a) and of scenario 4 “future best technology fossil” and 5 “future best technology renewables” (b). 
Data are referred to the functional unit of managing 1000 kg of waste in input to the waste management system (SH = second-hand). Diagrams have been created 
with the use of SankeyMATIC.
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3. Results

3.1. Material flow analysis results

Fig. 2 shows the MFA of PCTW generated in Lombardy for three of 
the analysed scenarios, namely “current situation” (S1) and “future best 
technology” (S4 and S5). From the analysis of the primary data provided 
by the Regional Environmental Agency, in 2021, the separately 
collected PCTW in Lombardy were 37.5 kt, while the estimated PCTW in 
residual waste were 89.4 kt, with a total PCTW generation of 126.9 kt in 
2021. Then, the results were scaled on the management of 1 t of waste to 
show the MFA of each scenario. In the SMs (SM2 and SMs Excel), the 
MFA results for all the scenarios are reported.

In the current scenario S1, most PCTW is deposited by citizens into 
mixed municipal waste, which is almost entirely sent to energy recovery 
in the waste-to-energy plants of the region. The separate collection rate 
is 29.5%. Three main sorting hubs were identified: Italy (Lombardy and 
Campania regions), Eastern Europe (Bulgaria, Lithuania, Slovakia) and 
Tunisia. Most separately collected PCTW is sent to reuse: SH products 
represent 61.3% of the separate collection. They are followed by fibres 
for insulation materials (11.8% of separate collection), wipes for 
cleaning (6.24%) and spinnable fibres (3.26%). The textiles discarded 
after sorting, recycling and those non-suitable for reuse in the second- 
hand exports represent together 17.4% of the separate collection.

In the “no export out of Europe” scenario (S2) the separate collection 
rate remained the same. The main differences with S1 are the absence of 
sorting in Tunisia, and the decrease of PCTW sent to reuse, that in S2 are 
24.0% of the separate collection. On the other hand, more fibres for 
insulation materials, wipes and spinnable fibres were obtained 

(respectively 30.6%, 16% and 8.58% of separately collected PCTW).
S3 (“future baseline renewables”) has the same MFA of S1, with the 

only difference being the elimination of landfill in Lombardy for PCTW 
in mixed municipal waste, and of uncontrolled waste disposal out of 
Europe, replaced by sanitary landfill.

The “future best technology fossil” and “future best technology re
newables” scenarios (S4 and S5) show a strong increase in separate 
collection (54.3% of the total PCTW). The textiles sent for reuse remain 
the same as S3 and the higher flow of collected PCTW is sent to recy
cling. With the availability of new recycling technology, the recovered 
polyester monomers represent 16.1% of the separate collection, and 
cellulose pulp 15.9%. On the other hand, spinnable fibres from me
chanical recycling are only the 0.94% of the separate collection, since in 
these scenarios only wool was sent to this treatment. Open-loop recy
cling products (fibres for insulation materials and wipes) represent 
together 12.1% of the separate collection.

The materials recovered from recycling are even more in S6 (“future 
best technology renewables Lombardy”), where it was assumed that all 
the PCTW collected in Lombardy are managed inside the regional 
boundaries. Recovered monomers are 28.4% of separate collection, 
cellulose pulp 28.1%, and spinnable wool fibres 1.66%. Reuse strongly 
decreased (4.77% of separate collection) while open-loop recycling 
applications were 12.8%.

3.2. The combination of MFA and LCA results

The integration of MFA and LCA provides a comprehensive view of 
textile waste management by linking material flows with environmental 
impacts. All scenarios show net benefits in several impact categories 

Table 2 
LCA results for all scenarios. AC = Acidification; CC = Climate Change; ET freshw. = Ecotoxicity freshwater; PM = Particulate Matter; EU mar. = Eutrophication 
marine; EU terr. = Eutrophication terrestrial; HT canc. = Human Toxicity carcinogenic; HT non-canc. = Human Toxicity non-carcinogenic; IR = Ionising Radiation; LU 
= Land Use; OD = Ozone Depletion; POF = Photochemical Ozone Formation; RU foss. = Resource Use fossil; RU min. met. = Resource Use minerals and metals; WU =
Water Use. The Single score with equal weight is the score obtained after normalisation as a sum of all the normalised impacts (meaning that to each category the same 
weight was assigned). For each impact category, the cells background shows the ranking of the scenarios, from the worst scenarios in red to the best scenarios in green.
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(Table 2) thanks to avoided virgin production from reuse and recycling, 
though the magnitude varies by scenario (Fig. 3). Reuse, mechanical 
fibre recycling, and open–loop recycling generally yield net benefits 
because their burdens are lower than the avoided impacts, whereas 
chemical recycling results in net burdens across most categories.

Although preparation for reuse accounts for less than 20% of total 
waste in all scenarios, it delivers a major share of environmental credits. 
For instance, in S2, reuse represents only 7% of input waste but it con
tributes 52% of Acidification credits, 66% of Water Use credits, and 97% 
of non–carcinogenic Human Toxicity credits. Credits arise mainly from 
avoided wool, cotton, and viscose production (Acidification, Land Use, 
Water Use), avoided dyeing (carcinogenic Human Toxicity, Ecotoxicity), 
and avoided energy use in virgin textile manufacturing (Climate 
Change).

Textiles not separately collected (70.5% of PCTW in S1–S3; 45.7% in 

S4–S6) generate Climate Change burdens due to incineration of syn
thetics, while energy recovery provides credits in other impact cate
gories (Resource Use, Ionising Radiation, Freshwater Eutrophication, 
Particulate Matter).

Closed–loop mechanical fibre recycling and open–loop recycling 
(fibres and fabrics) represent less than 10% of waste in most scenarios 
(except for 20% in S2) but contribute notable credits, especially in 
Ozone Depletion and Resource Use, mainly from avoided polyester 
production.

Chemical monomer recycling of polyester, cotton and viscose pulp
ing, and polycotton chemical separation (18% of waste in S4 and S5) 
shows burdens that typically outweigh benefits. In Ecotoxicity, polyester 
chemical recycling contributes 96% of burdens (S4), largely due to 
dimethyl sulfoxide (DMSO) used in polyester de–dyeing. Other burdens 
stem from acid use (H2SO4 in cotton pulping and polycotton alkaline 

Fig. 3. Life Cycle Assessment results in Acidification (a) and Climate Change (b) for the 6 analysed scenarios and for two additional scenarios where all textiles are 
sent to energy recovery in Lombardy. The error bars represent the variation of the results with the increase or the decrease in all Substitution Factors (of reuse and 
recycling) by 10%. The Substitution Factors already set equal to 1 were not increased in the sensitivity analysis (secondary wipes from open-loop recycling and 
materials from chemical recycling).
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hydrolysis has relevant impacts on Acidification), high heat demand 
(Climate Change), and chemicals production (Resource Use). Nonethe
less, chemical recycling yields substantial Land Use credits (31% in 
S4–S5; 59% in S6), mainly from cellulose pulp and terephthalic acid 
(TPA) recovery. Alkaline hydrolysis performs better than enzymatic 
hydrolysis in all impact categories (see SM8).

Comparing scenarios, S1 (current) and S3 (future baseline renew
ables) perform best, driven by reuse credits. Reductions in reuse due to 
export restrictions increase impacts regardless of technology level. 
Indeed, S2 impacts exceed S1, and S6 impacts exceed S5. The impacts of 
two additional scenarios, where all PCTW are disposed by citizens in the 
residual waste and sent to energy recovery in Lombardy have been 
calculated, both with the current and the renewable electricity mix. 
These two scenarios generally show worse performance than S1–S5 and 
often better than S6 (Table 2; Fig. 3).

A higher PV electricity share reduces both burdens and credits in 
categories like Acidification and Climate Change, typically increasing 
overall impacts due to lower energy–related credits (Fig. 3). However, 
renewables scenarios perform better in Resource Use (minerals and 
metals) and carcinogenic Human Toxicity. When focusing on single 
scores after normalisation, renewable scenarios are slightly better than 
scenarios with the current mix, while after the weighting step the situ
ation is the opposite, since the Climate Change category has a relevant 
weight factor in EF 3.1 method.

When also the second life of recovered materials was included in the 
analysis, considering a different point of substitution, the waste man
agement system presented no more net benefits but the ranking between 
the scenarios did not change (see SM10). The credits from the avoided 
virgin lifecycle, indeed, are overcome by the burdens of the use phase of 
the products, since the SFs are quite low.

3.3. Material recovery score results

The MRS shows the best result in the future best technology scenarios 
(S4 and S5), where the separate collection is higher and reuse and 
recycling are combined. Also for MRS, the restrictions on exports for 
reuse lead to a worse result, such as for potential environmental impacts. 
Indeed, S6 performs worse than S4 and S5, while S2 worse than S1 and 
S3. Table 3 shows the results in single score LCA impacts together with 
the MRS of the scenarios. A trade–off between environmental impacts 
and material recovery is revealed: scenarios with higher impacts (S4, S5, 
S6) also achieve higher MRS.

3.4. Sensitivity analyses

The influence of separate collection rate, waste content in textiles 
sent to reuse, SFs, and chemical recycling design on LCA results was 
tested.

A threshold for separate collection rate was identified for the case 
study: it was found that, in the current situation, a rate lower than 23.5% 
(breakeven point) leads to net Climate Change burdens. About SH textile 
export, S1 showed higher impacts than S2 when the waste content in SH 
textiles exported outside the EU exceeded 10% for Human Toxicity 
(cancer), revealing the importance of setting controls to check their 
reusability (see SM7).

The sensitivity of results to SFs was tested by applying a ± 10% 
variation, and SFs for reuse showed a much stronger influence than 
those for recycling. For instance, a 10% increase in reuse SFs reduced the 
single score results by 60% in S4, 44% in S5, and 10% in S1, while 
scenarios with lower reuse rates (S2 and S6) were less affected. On the 
other hand, a crisis in SH market, with lower displacement of virgin 
production, causes a relevant increase in the overall impacts of PCTW 
management systems. Increasing SF for mechanical fibre recycling by 
10% resulted in reductions below 3% in all scenarios (SM7), since 
recycling avoids less impacts than reuse and since PCTW sent to recy
cling are less than those sent to reuse. When all SFs were simultaneously 
increased by 10%, single-score impacts decreased by 11% in S1, 9% in 
S2, 10% in S3, 66% in S4, 48% in S5, and 2% in S6, but the ranking 
between the six scenarios remained the same.

Since chemical recycling showed high impacts contribution, the 
impacts of a process configuration where mechanical and chemical 
treatments are applied in series were assessed (for polyester, polycotton, 
cotton and viscose). First, spinnable fibres are recovered mechanically, 
while only non-spinnable ones are sent to chemical recycling, decreasing 
the amount of solvents and heat needed to treat the same amount of 
textile waste. This led to substantial impact reductions in S4, S5, and S6, 
with single score decreases of 261%, 182%, and 98%, respectively. 
Climate Change was among the most affected impact categories (Fig. 4), 
and the overall performance of S4 and S5 became comparable to that of 
the best-performing scenarios (S1 and S3). A further analysis on poly
ester monomer recycling is described in SM7, with the suggestion of 
lower demand of solvent for dyes removal (due to a higher recovery 
rate).

In the end, a breakeven analysis on chemical recycling efficiency was 
conducted by reducing LCI inputs and outputs by 10–90% to represent 
future industrial optimisation. Results indicate that chemical recycling 

Table 3 
Single score impacts (with equal weights, obtained with the normalisation factors of EF 3.1 method) and Material Recovery Score (MRS) for each scenario. The ranking 
according to single score impacts and to Material Recovery Score are indicated into brackets. Last column indicates the % contributions of the materials recovered in 
each scenario to the overall MRS.

Scenario Single score impacts 
(ranking)

MRS 
(ranking)

Contributions to MRS

S1 (current situation) − 3.31 (2◦) 0.206 (3◦) Second-hand products (75%); fibres for insulation materials (14%); fabrics for wipes (9%); fibres for 
spinning (3%)

S2 (no export out of EU) − 2.26 (3◦) 0.194 (4◦) Fibres for insulation materials (37%); second-hand products (31%); fabrics for wipes (24%); fibres for 
spinning (7%)

S3 (future baseline, renewables) − 3.66 (1◦) 0.206 (3◦) Second-hand products (75%); fibres for insulation materials (14%); fabrics for wipes (9%); fibres for 
spinning (3%)

S4 (future best technology, fossil) − 0.52 (5◦) 0.359 (1◦) Second-hand products (43%); cellulosic fibres from chemical pulping (21%); monomers (19%); fabrics 
for wipes (9%); fibres for insulation materials (8%); fibres for spinning (1%)S5 (future best technology, 

renewables)
− 0.75 (4◦) 0.359 (1◦)

S6 (future best technology, 
renewables, Lombardy)

3.76 (6◦) 0.343 (2◦) Cellulosic fibres from chemical pulping (39%); monomers (35%); fabrics for wipes (9%); fibres for 
insulation materials (9%); second-hand products (6%); fibres for spinning (1%)
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still requires significant improvements: S4 outperformed S1 for Climate 
Change and Acidification only when process inputs were reduced by at 
least 50%, while S6 remained more impactful than S1 even under the 
most optimistic assumptions (Fig. 5). Areas of improvement can be 
identified in higher solvent and reactants recovery (to decrease the 
virgin demand of chemicals), by-products recovery (such as salts 
generated in alkaline hydrolysis, see SM5.8), recovery of removed dyes, 
and lower heat demand (given by proper industrial processes design).

4. Discussion and interpretation

By integrating MFA and LCA, this study shows that PCTW manage
ment performance is highly sensitive to how material flows are 
distributed among reuse, recycling, energy recovery, and disposal. Even 
small changes in MFA shares affect LCA results, confirming the impor
tance of system configuration. This study represents the first attempt to 
capture PCTW flows in an Italian context with the use of primary data 
about the management of PCTW separately collected, providing a clear 
state-of-the-art overview to decision makers (see Table S20).

Reuse consistently emerges as the strategy with greatest 
impact–avoidance potential, aligning with previous research (Dahlbo 
et al., 2017; Schmidt et al., 2016; Solis et al., 2024a; Zamani et al., 
2015). Given environmental credits from reuse, restrictions to the export 
of SH textiles are not beneficial, but it is crucial that only reusable items 
are exported. Reuse benefits are significantly influenced by SF. SF esti
mate the is challenging because behavioural patterns strongly influence 
whether SH products displace virgin purchases. In addition, rebound 
effects related to SH clothing consumption may occur (Mizrachi and 
Sharon, 2025) , even if they are out of the scope of the present study. 

Future studies should investigate these aspects and integrate them in 
LCA. Also, effects related to the social impacts should be addressed in the 
future.

Chemical recycling shows higher impacts than in earlier literature. 
This is probably due to a more complete LCI: process steps that in pre
vious studies were often overlooked were considered here (de–dyeing, 
disposal of chemicals, and wastewater treatment after recycling). For 
instance, in Schmidt et al. (2016) dyes removal is not mentioned, and it 
is not stated how the unreacted polyester waste is managed, while in 
Dahlbo et al. (2017) the LCI includes only electricity and heat inputs. In 
Solis et al. (2024a) the LCI of polyester chemical recycling is not 
available due to non-disclosure agreement, but also in this case no 
indication is found about de-dyeing. The present study results, in this 
way, show the importance of considering or not some stages in the LCA 
of these processes (especially the dyes removal) for future LCA studies 
and for processes developments. Since the combination of mechanical 
and chemical treatments showed significant improvements in LCA re
sults, it is recommended first to recover the spinnable fibres mechani
cally, and then to send to chemical recycling the non-spinnable fibres. 
Given the development of new textile recycling technologies, harmon
ised upscaling methodologies are needed to derive reliable inventories 
from laboratory scale data and to support the design of emerging recy
cling processes. At the same time, product–oriented LCAs are needed to 
evaluate whether textiles from emerging recycling technologies 
outperform virgin alternatives.

Comparability with other studies remains limited due to differing 
modelling assumptions and LCI sources. Moreover, since MFA and LCA 
are combined here, outcomes depend on both process–level inventories, 
separate collection rates and MFA flows, as well as regional conditions 

Fig. 4. Comparison of Climate Change impacts with the implementation of a mechanical step to recover spinnable fibres followed by the chemical process to recover 
fibres (cellulose pulp) or monomers (ethylene glycol, terephthalic acid and dimethyl-terephthalate). The improved scenarios are compared with the Climate Change 
impacts of the current situation (S1), that was the best scenario in this impact category.
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and scenarios definition. However, some comparisons with Solis et al. 
(2024b) can be done: (i) in the present study the impacts of the current 
scenario are lower, mainly given by the very small fraction of PCTW sent 
to landfill in Lombardy; (ii) here the impacts of chemical recycling are 
higher, because of the differences in LCI sources and because of the 
consideration of a de-dyeing stage in the present study; (iii) mechanical 
recycling is usually better than chemical treatments, aligned with Solis 
et al. (2024a); (iv) alkaline hydrolysis of polycotton performs better than 
enzymatic separation, as in Solis et al. (2024a).

A key limitation is that the study is not a fully prospective LCA, since 
background processes do not systematically reflect future energy sce
narios, nor were they aligned with Shared Socioeconomic Pathways by 
the Intergovernmental Panel on Climate Change (IPCC). For future 
research, the use of dedicated tools such as PREMISE (Sacchi et al., 
2022) is therefore recommended. Despite this limitation, results suggest 
that scenarios with higher PV shares tend to show slightly higher im
pacts in some relevant categories (e.g. Climate Change) due to reduced 
credits from material recovery as the energy system decarbonises.

5. Conclusions

This study combined MFA and LCA to evaluate current and future 
textile waste management scenarios, with a case study about an Italian 
region (Lombardy). Combining the two methods enabled the assessment 
of scenarios where all treatment options coexist, reflecting real system 
conditions rather than isolated technologies.

Six scenarios were modelled to examine the effects of limiting ex
ports, increasing renewable electricity shares, and introducing advanced 
recycling technologies. The findings, addressing three research ques
tions, showed that: (i) restricting exports of second-hand textiles outside 
Europe worsens LCA results, as reuse credits from avoided virgin pro
duction are relevant; (ii) considering higher renewable electricity shares 
in waste treatments and in avoided virgin productions, leads to higher 
(e.g. Climate Change) or lower (e.g. minerals and metals Resource Use) 
overall LCA impacts according to the impact category (iii) the intro
duction of chemical recycling leads to a general increase of the whole 
PCTW management system impacts, due to energy-intensive operations 
and solvent use, with relevant impacts due to dyes removal steps. 

Fig. 5. Breakeven analysis about energy and materials demand in chemical recycling processes for Acidification (a) and Climate Change (b). The efficiency 
improvement on x axis represents the decrease in materials and energy demand in chemical recycling processes. For instance, if efficiency improvement is 10%, it 
means that the input of materials and energy in the life cycle inventory was decreased of 10% in comparison to the original values. The results are compared to the 
Acidification and Climate Change impacts of two benchmarks: the current situation (S1) and the situation where all the waste is sent to energy recovery in Lombardy 
with the current electricity mix (“No separate collection fossil”).
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However, combining mechanical and chemical recycling shows 
improvement potential if efficiency and process design are optimized.

The main recommendations for decision makers are: (i) within the 
current PCTW management system in Lombardy, a separate collection 
rate higher than 23.5% should be ensured to obtain net benefits of the 
PCTW management systems on Climate Change; (ii) controls addressed 
to check SH textiles reusability are needed, to ensure the environmental 
benefits of reuse; (iii) following the waste hierarchy and prioritise me
chanical treatments before chemical recycling leads to lower overall 
impacts in PCTW management; (iv) subsidise chemical recycling 
research and development, to upscale processes lowering their envi
ronmental impacts.

Overall, system configuration strongly influences environmental 
performance. Future research should focus on improving chemical 
recycling efficiency, developing robust life cycle inventories and 
upscaling methods for emerging technologies, and assessing behavioural 
aspects and rebound effects linked to reuse, integrating these into LCA 
modelling.
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