
Environmental assessment of a pilot-scale water recycling system 
for denim production
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A B S T R A C T

On-site treatment and recycling of denim wastewater represent an important opportunity to 
advance resource efficiency and reduce environmental burden of textile production. Because 
emerging treatment technologies can shift impact across the value chain, their evaluation requires 
a comprehensive life-cycle perspective. This study applies life cycle assessment to a pilot-scale 
water recycling system developed for denim manufacturing, integrating advanced oxidation 
processes, membrane treatment and photovoltaic-powered operation. Using data from the tech
nology developers and modelled baseline scenarios, several optimisation pathways were 
explored. Results show that, relative to conventional wastewater treatment systems, the recycling 
system achieves lower impacts in water use and freshwater ecotoxicity categories by factors 5 and 
50 respectively when recovering brine and operating solely on solar-derived electricity. Key 
contributing processes to the other assessed impacts are the consumption of chemicals during the 
operation stage and the manufacture of photovoltaic and battery components. The use of recy
clable materials in energy components enhances overall system performance, allowing the system 
to counteract its impact on climate change and on nearly all the remaining impact categories. The 
findings highlight the importance of integrating resource recovery, renewable energy, and design- 
for-recycling principles to maximise the sustainability benefits of decentralised industrial water 
recycling systems.
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1. Introduction

Ensuring water quality and availability is essential to achieving all Sustainable Development Goals (SDGs), either directly or 
indirectly. However, at a global scale, the planetary boundaries for water have already been exceeded [1]. Water scarcity and pollution 
are being further aggravated by climate change and the loss of biodiversity [1,2]. While this global challenge requires multifaceted 
solutions, water recycling is recognised as a key strategy to reverse the current trend [1,2].

Water recycling initiatives are expanding worldwide [3] and are expected to grow further under evolving national and interna
tional water policies. At the international scale, the integrated monitoring initiative for SDG 6 —which aims to guarantee clean water 
and sanitation for all— emphasises the need to monitor the proportion of domestic and industrial wastewater that is safely treated [4]. 
Moreover, climate-resilient water safety planning is essential to ensure safe drinking water supplies [5].

In Europe, the Water Framework Directive [6] provides the overarching structure for water policy, supported by the Drinking 
Water Directive [7], the Urban Wastewater Treatment Directive [8] and the Regulation on Minimum Requirements for Water Reuse 
[9]. Together, these frameworks apply risk assessment methodologies to enable the safe and sustainable use of water according to its 
intended purpose.

While water policies can broadly promote water recycling, the adoption of recycling practices within industry can be further 
strengthened through international and European corporate sustainability policies and regulations. Industry has the duty of managing 
natural resources responsibly and applying measures at the source to prevent and control pollution [10–12]. In addition, industrial 
activities impacting most on the environment need to obey sectorial policies. This is the case of the textile sector, which needs to reduce 
the environmental impact of their activity and products to meet the targets set by 2030 by the European Union [13]. To reach these 
targets, the adoption of improved water management practices can play a major role.

Within the textile industry, denim represents one of the most significant global subsectors and traditionally has been associated 
with considerable negative impacts both on human health and the environment [14]. Current strategies to improve the environmental 
performance of the denim life cycle focus on three main areas: (1) the use of more responsibly sourced fibres —such as organic or 
recycled cotton and alternative biobased fibres; (2) the improved management of chemicals including reducing their use and 
substituting hazardous substances with safer alternatives; and (3) the treatment and recycling of denim wastewater [15], [16,17].

Currently, the most common technique applied to treat textile wastewater is the aerobic biological process with activated sludge, 
which is not efficient in removing textile pollutants from water [18]. State-of-the-art techniques for dyeing with typical denim dyes 
such as vat dyes and reactive dyes result in wastewater containing unfixed dye and a variety of additives used in the dyeing process 
comprising both organic and inorganic compounds [17–19]. Although some denim dyes such as indigo can be synthesized biologically, 
conventional dyes are not biodegradable under the conventional biological wastewater treatment conditions or in aquatic ecosystems 
[18,20]. Salts constitute a main group of inorganic compounds that are added into dyeing baths to adjust the chemical structure of the 
specific dye to be applied [18,21,22]. Several alternative dyeing techniques that aim to reduce chemical and salt usage have been 
investigated but have not yet achieved commercial scale implementation [23,24]. Additionally, vat and reactive dyes can contain 
metals and hazardous organic compounds as impurities [25,26]. Fibres are also present in denim effluents. Although cotton is the most 
important textile fibre used for denim manufacture, polyethylene terephthalate is also being employed [27]. While natural fibres like 
cotton can be degraded by oxidation processes, synthetic fibres are more efficiently separated from water by filtration processes 
[28–30].

Within the Horizon 2020 project “Waste2Fresh”, a consortium of 17 international partners developed a novel treatment train 
capable of degrading dyes commonly employed in denim manufacturing and scaled this up to the pilot scale level, with ongoing 
research focused on brine recovery. Furthermore, the innovative system is powered by solar energy —i.e. solar photovoltaic (PV) 
electricity, and solar concentration and photocatalysis for pollution abatement. The pilot plant reached a technology readiness level 
(TRL) close to 7 at the project conclusion, which represents the culmination of extensive testing of different combinations of advanced 
treatment technologies.

An essential element in the design of a water recycling plant is a comprehensive monitoring plan that, based on the risk assessment 
framework, ensures both the proper performance of all treatment stages and compliance of reclaimed water quality with the intended 
end-use requirements [5,9,31]. For water recycling projects targeting industrial or technical applications, it is equally critical to 
demonstrate not only compliance with health and safety requirements but also that the proposed scheme delivers measurable envi
ronmental benefits compared to the current practice. In this context, the life cycle assessment (LCA) methodology provides an 
appropriate analytical framework, as it offers a systematic evaluation of environmental impacts and can integrate safety considerations 
into technology development [32,33]. Within Europe, the Safe and Sustainable by Design (SSbD) Strategy recommends the application 
of the LCA methodology to analyse the environmental sustainability of chemicals and materials that are newly designed, with 
increasing detail as their development reaches more advanced innovation stages [34].

In previous studies, LCA was already applied to assess potential technologies to treat textile brine for resource recovery [35–37]. 
The novelty of the present LCA analysis lies in considering a set of water quality indicators to assess water quality according to its 
further intended use. This work builds on this main design principle to analyse the complete treatment process proposed within the 
Waste2Fresh project and estimate its environmental benefits to support its further development. Consideration of the social and 
economic dimensions of sustainability will also be essential to ensure the successful implementation and scalability of these new, 
decentralised water recycling systems [38].
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2. Materials and methods

The goals of the present LCA study are (1) to assess the environmental impacts of the Waste2Fresh denim wastewater treatment 
system (in the following referred to as the Waste2Fresh System, W2F) in comparison with a conventional denim wastewater treatment 
system (in the following referred to as the Conventional System, CS), and (2) to help prioritise possible improvement strategies.

To make the Waste2Fresh System and the Conventional System comparable, the following functional unit (FU) was applied: “A 
provision of 14600 m3 water for washing and dyeing, with the condition that treated water meets the requirements for its intended 
use”. This volume of water represents the annual flow rate (i.e., 40 m3/day, 365 day/year) calculated based on the design flow rate of 
the current pilot plant of the textile company Erak (Turkey), implementation partner of the Horizon 2020 project. Compliance with the 
water use quality requirements means thereby specifically: (1) in the Conventional System, the effluent complies with the required 
standards for discharge to the environment; (2) in the Waste2Fresh System, the fraction of reclaimed water satisfies the technical and 
human health requirements for washing and dyeing, while the brine meets the required standards for discharge.

The main foreground data was collected via surveys from the technology partners within the Waste2Fresh project (Table 1). 
Literature data was used to model the missing foreground processes. The background data was taken from the ecoinvent database [42] 
(version 3.10, cut-off model) (see section S3). The Environmental Footprint method [43] (EF method) was applied to conduct the 
impact assessment. The LCA software SimaPro [44] (version 9.6) was used to access the above-mentioned data required for modelling. 
For potential leaching of nanoparticles from the applied nanomaterials, characterisation factors (CFs) for the toxicity impact categories 
according to the USEtox [45] approach were determined (see sections 2.3 and 2.4). An additional analysis based on the grey water 
footprint (grey WF) concept [46] was conducted to complement the information obtained from the water use and freshwater impact 
categories determined according to the EF method (see section S5.2).

2.1. Examined systems

Figs. 1 and 2 show the system boundaries of the Conventional System and the Waste2Fresh System respectively.
The Conventional System —which is based on the treatment scheme currently in place at the textile company where the pilot plant 

was built— integrates the following series of technologies: (1) filtration of coarse particles via screening and flow equalisation, (2) pH 
neutralisation, (3) coagulation-flocculation, and (4) aerobic biological treatment with activated sludge. The treated water is then 
discharged to a local river, while the sludge is first dried on site by mechanical means, and afterwards it is transferred to an incineration 
plant. This treatment system can be considered state-of-the-art [18,47]. The inventory data required to model the Conventional System 
(i.e., data on chemical and energy consumption and on sludge management), however, was only partially covered by primary sources 
and literature data was used instead.

The concept of the Waste2Fresh System analysed in this study comprises the following technologies: (1) filtration of coarse particles 
via screening and flow equalisation; (2) advanced oxidation process (AOP) of dyes via a Fenton-like process which uses a nano- 
magnetite catalyst that is supported by fibres from fique, a native Colombian plant (nano-Fe3O4-fique treatment); (3) nanofiltration 
to separate divalent ions and organic compounds from the wastewater stream; (4) heterogeneous photocatalysis with nanoscale 
graphitic carbon nitride (gC3N4) to oxidise organic compounds in the concentrate produced by nanofiltration; (5) solar concentration- 
driven AOP to treat the concentrate further; (6) ion exchange with a polyamidoamine–cyclodextrin (PAA-CD) cross-linked copolymer 
resin to remove metals from the water supply; (7) rainwater harvesting to replace water losses from the system; and (8) silicon PV 
electricity generation to run the equipment during the day. The PV system is integrated on the roof of the factory.

The combination of water treatment technologies results in multiple barriers that allow meeting all the technical requirements for 
recycling the reclaimed water on site but not yet the concentrate or retentate fraction. The retentate complies with the local standards 
for discharge when electrocoagulation (EC) is applied before photocatalysis. Experimental work conducted so far has shown that both 
indoor photocatalysis and solar concentration benefit from the presence of residual hydrogen peroxide in the concentrate, which is 
firstly used in the upstream nano-Fe3O4-fique process.

Table 1 
Technology developers and sources of the foreground data used in this study.

Technology Technology developer/Foreground data source

Nano-Fe3O4-fique catalysis Industrial University of Santander (UIS)
Nanofiltration PCI Membranes
Solar concentration-based AOP University of Trento (UNITN) [39]
Electrocoagulation and gC3N4-photocatalysis The Open University (OU)
Ion exchange with PAA-CD-based resin LUREDERRA
Rainwater harvesting system Centre for Sustainable Development and Innovation of Water Technology of Norway 

(CSDI)
Nanobubble technology NANOGENTECH (technology under development, not included)
Electrochemical biological sensors Institute of Molecular Biology and Genetics of Ukraine (IMBG) [40,41] (technology not 

included)
Photovoltaic electricity system ULUCEV, UNITN
Process scale-up Centre for Process Innovation (CPI), technology developers
Water quality data at the feed and along the treatment train on the pilot 

scale
Project partners, Konya Technical University (KTUN)
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Currently, the layout of the pilot plant does not include a treatment process for the washing wastewater that originates from the 
daily cleaning of the nanofiltration membrane (cleaning-in-place system, CIP). Even though a fraction of the permeate can be used to 
clean the membrane, an equivalent amount of freshwater needs to be used to comply with the functional unit requirements. Rainwater 
can supply this demand if it is available. Otherwise, groundwater is used (see section 2.3).

Fig. 1. Conventional System boundaries.
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Fig. 2. Waste2Fresh System (W2F-Bas0 scenario) boundaries.
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2.2. Water quality evaluation

Assessment of the reclaimed water quality was based on the consideration of the following set of chemical indicators and surrogate 
parameters: indigo, electrical conductivity, arsenic and copper (Table 2). The main criterion for their selection is their representa
tiveness of the diversity of the main groups of components that may be present in a denim effluent (dyeing and washing activities) and 
that thus may behave and interact differently with each of the assessed technologies, criterion which is closely linked to the application 
of the multibarrier approach to water treatment [31,57]. A more detailed justification of the selection of this set of indicators is 
provided in section S2.

Water quality values that are likely to be protective of freshwater ecosystems were assigned to these indicators. To suggest the 
freshwater quality targets, the environmental quality standards set by the Turkish Regulation on Surface Water Quality (TRSWQ) [56] 
—which integrates the environmental quality standards established by the European Water Framework Directive— were considered 
for those indicators that are regulated. To complement the data provided by the standards and to provide reference values for un
regulated indicators, water quality criteria from international and European guidelines and additional literature data were analysed 
(see section S2).

2.3. Examined scenarios

Criteria based on the principles of green chemistry [58] and the framework of the R-strategies [59] were applied to collect and 
analyse data for a total of 6 different scenarios studied for the Waste2Fresh System, 3 baseline and 3 optimised scenarios (Table 3).

For the Waste2Fresh System reference baseline scenario, W2F-Bas0 (which corresponds to Fig. 2), data on the laboratory and pilot 
scales of each water treatment technology was considered. Data on the consumption of resources required to synthesise the main 
components and to operate the technologies was compiled, without considering the management of the materials or the solutions at 
the end of their life. Only incineration of the membrane materials was included since membrane-based technologies are already on a 
commercial scale and incineration is a main final treatment [60].

Within the group of baseline scenarios, two additional scenarios were built, which only differ slightly from scenario W2F-Bas0. 
Scenarios W2F-Bas1 and W2F-Bas2 represent a best and a worst-case respectively to account for the risk of emitting nanoparticles 
during the production stage of nanocatalysts. Data on migration of nanoparticles to water and air during the manufacturing and 
operating stages of the corresponding catalysts was not available. Because of this, together with the fact that very limited toxicological 
and ecotoxicological data was found for gC3N4 in the literature, it was not possible to determine CFs for gC3N4, and the analysis of 
nanomaterials was limited to the estimation of potential Fe3O4 emissions occurring during the synthesis process (see section 2.4 below, 
and section S4 for additional methodological aspects, and the toxicological and ecotoxicological information used for the calculation of 
effect factors (EFs) and CFs). More details on the baseline scenarios can be found in section S3.1.

Within the group of optimised scenarios, several strategies were analysed to optimise the environmental performance of the 
complete train at industrial scale. Within scenario W2F-Opt1, a process alternative to electrocoagulation to remove DOM based on 
granular activated carbon adsorption was assumed to be applied after Fe3O4-fique treatment to reduce sludge formation and facilitate 
the performance of downstream processes. The concentrate treated by photocatalysis and solar concentration as well as the brine 
generated by the membrane CIP system were assumed to be further treated by bipolar membrane electrodialysis (BMED) units to 
recover acid, base and diluate fractions. Also, in the same scenario W2F-Opt1, the gC3N4-based catalyst was assumed to be synthesized 
in a process with recovery of the reagents: in a hydrothermal process with recovery of the water and ammonia, or in a process without 
water (pyrolysis) and without the use of ammonia salts. Moreover, urea was considered as precursor of this carbon-based catalyst, 
since it is not toxic in comparison with other commonly applied precursors such as melamine, cyanamide and dicyanamide [61,62]. 
Data on the environmental profile of commercial urea [42], which is derived from synthetic ammonia, was used in this analysis, 
though, urea might be potentially obtained from other more environmentally friendly routes [63]. Additionally, the water used to 
wash the Fe3O4-fique catalyst during the synthesis stage was assumed to be treated for recovery. Finally, in scenario W2F-Opt1, it was 
assumed that all the electricity required to operate the plant and to synthesise the Fe3O4-fique catalyst and gC3N4-photocatalyst is 
generated onsite by a PV installation coupled with a LFP battery system. Fig. 3 shows a flow diagram corresponding to scenario 
W2F-Opt1.

Within scenarios W2F-Opt2 and Opt3, additional measures aimed to improve the sustainability of the supply chains of the energy- 

Table 2 
Environmental standards and water quality criteria considered.

Indicator Unit Target Reference

Indigo μg/l 10 [48,49]
Conductivity μS/cm 400-1000 TRSWQ

300-1000 [50,51]
As, total μg/l 53 TRSWQ

1-47 [52–55]
Cu, total μg/l 21 TRSWQ

1.4-9.5 [52,55]

TRSWQ: Turkish Regulation on Surface Water Quality [56]
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related components and activated carbon were considered. More details on the optimised scenarios can be found in section S3.2.

2.4. Derivation of characterisation factors for nanomaterials

For nanoscale Fe3O4, relevant in-vivo data was found and nanospecific EFs for human health and the environment were calculated 
(Table 4). Data on releases of Fe3O4 nanoparticles during the production of the nano-Fe3O4-fique catalyst was not available. Therefore, 
best- and worst-case estimations for environmental exposure (see Supplementary Table 34 in section S4.3) and human intake (see 
Supplementary Table 35) were made to derive CF values. At least, with this approach, the relevance of Fe3O4 releases to the overall 
LCA results can be shown.

3. Results and discussion

Fig. 4 shows the life cycle assessment results obtained for six impact categories: climate change (CC), water use (FwU), freshwater 
ecotoxicity (FwE), marine eutrophication (ME), mineral and metal resource use (MMRU), and non-cancer human toxicity (nCHT). The 
impact scores were calculated relative to the highest impact score obtained in a specific impact category. These impact categories were 
selected since they are those most directly affected by the foreground processes considered within the Waste2Fresh System, and at the 
same time, they are representative of the pattern shown by the analysis of the remaining impact categories (see Supplementary 
Table 38). Figs. 5 and 6 show the contributions of the analysed processes to the impact categories in scenarios W2F-Bas0 and W2F- 
Opt1 respectively. To ease their interpretation, the results are discussed separately according to main environmental aspects.

3.1. Water- and toxicity-related impacts

In this section, the results obtained in the FwU, FwE and nCHT impact categories are described. The FwE impact category is affected 
by direct emissions of water quality indicators to freshwater during the operation stage of the systems under investigation, while the 
nCHT impact category is affected by emissions of nanoparticles during the synthesis of catalysts.

In the FwU impact category, Fig. 4 shows that all Waste2Fresh scenarios perform better than the Conventional System. The 
contributions of the W2F baseline scenarios to this impact category are a factor 2 lower than those of the Conventional System, and the 
W2F optimised scenarios are a factor 5 lower (see Supplementary Table 39). In contrast, in the FwE impact category, only the W2F 
optimised scenarios obtain impact scores that are lower than those of the Conventional System by a factor about 50 (scenario W2F- 
Opt1) to 70 (scenarios W2F-Opt2, Opt3). The results obtained in the FwE impact category agree with those determined by 
applying the grey WF concept. While the grey WF of scenario W2F-Bas0 is about a factor 30 lower than that of the Conventional 
System, the grey WF values of the optimised scenarios are a factor 105 (5 orders of magnitude) lower than that of the Conventional 
System and lower than the overall domestic demand estimated for the basin under study in 2015 [64] by a factor 105 too (see 
Supplementary Table 37).

The FwE impact category and the grey WF parameter complement each other as regards the impact of discharging brine in scenario 
W2F-Bas0. In deriving CFs for the water quality indicators according to the USEtox method, where EFs are normalised to effect 
concentrations, no natural dilution effect was considered. Apart from natural dilution, the water quality indicators used in the present 
study cannot be attenuated readily by biodegradation or direct photolysis in natural aquatic ecosystems [20,65,66]. The contribution 
to the FwE impact category is the result of aggregating the mass flows of indigo and the metal indicators without considering con
ductivity. Conductivity was used as a surrogate parameter for salts. While CFs for salts emitted into freshwater ecosystems are in the 
process of being developed under the USEtox model [67], the grey WF concept is applicable to all water quality indicators, including 
conductivity. However, the grey WF parameter reflects the maximum dilution volume required to meet all the quality targets defined 
in Table 2.

Table 3 
Overview of the Waste2Fresh System scenarios.

Group Name Main considerations

Baseline 
scenarios

W2F- 
Bas0

Consideration of the main aspects of the technologies developed during the project.

W2F- 
Bas1

Consideration that low emissions of Fe3O4 nanoparticles occur during the manufacture of the nano-Fe3O4-fique catalyst.

W2F- 
Bas2

Consideration that high emissions of Fe3O4 nanoparticles occur during the manufacture of the Fe3O4-fique catalyst.

Optimised 
scenarios

W2F- 
Opt1

Consideration that the solutions from catalyst manufacture, the concentrate from nanofiltration, and the cleaning solutions from 
the membrane CIP system are treated for resource recovery; the supply of electricity comes exclusively from a silicon PV 
installation coupled with a lithium iron phosphate (LFP) battery system; and a process for dissolved organic matter (DOM) 
adsorption based on activated carbon is applied after Fe3O4-fique treatment.

W2F- 
Opt2

The same considerations as those applied to scenario Opt1 plus consideration that PV modules and the LFP battery are built from 
recycled materials (flat glass, silicon and copper in PV modules; and aluminium, copper and LFP-containing materials in the 
battery), and regenerated activated carbon is used for DOM removal.

W2F- 
Opt3

The same considerations as those applied to scenario Opt2 plus consideration that distributed silicon photovoltaic electricity 
sources produce the electricity required to produce PV modules and the battery system.
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Fig. 3. W2F-Opt1 scenario boundaries.
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In the nCHT category, Fig. 4 shows that consideration of high emissions of Fe3O4 nanoparticles during the catalyst synthesis 
(scenario W2F-Bas2) translates into an increase of the score that is about a factor 2 higher than that of scenario W2F-Bas0. In the 
optimised scenarios, no special measures were integrated to control human exposure to nanoparticles Therefore, although not shown 
in Fig. 4, if high migration rates of nanoparticles occurred, the Waste2Fresh System would perform worse in the optimised scenarios in 
this impact category too. Further measurements will need to be conducted to determine if migration of nanoparticles from the catalysts 
occurs with the final goal of establishing measures to prevent or minimise this process.

A last aspect of the Waste2Fresh System on water use and on toxicity impacts is related to the management of the metal-containing 
solution obtained after regenerating the ion exchange resin. This spent solution should be treated for the recovery of the metals. 
Separate recovery of the metals should be feasible, e.g. by adjusting the leaching conditions through the ion exchange resin [68]. 
Special management measures should be taken for arsenic. Even when this metalloid is handled properly (i.e., in 
semiconductor-related applications), its management becomes more complex due to its toxicity and the fact that, if released into the 
environment, it can be transformed into highly mobile species (i.e., methylated arsenic) [69–71]. Overall, measures to prevent arsenic 
from migrating from any containment media should be implemented.

3.2. Energy-related impacts

In scenario W2F-Bas0, the overall consumption of electricity (from grid and the onsite photovoltaic system) has a dominating 
influence on all impact categories except on FwE (Fig. 4). As shown in Fig. 2, the most electricity-consuming processes are the heating 

Table 4 
EFs for nanoscale Fe3O4.

EF ecotoxicology, freshwater EF human, non-cancer, inhalation EF human, non-cancer, oral uptake

PAF m3/kg emitted cases/kg intake cases/kg intake
31 2.5 0.38

Fig. 4. Impact score (%) obtained by each scenario relative to the highest impact score calculated for each specific impact category: climate change 
(CC), freshwater ecotoxicity (FwE), marine eutrophication (ME), non-cancer human toxicity (nCHT), mineral and metal resource use (MMRU), and 
water use (FwU). Equal percentages are indicated with a pattern.
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of wastewater for nano-Fe3O4-fique catalysis (thermal energy storage), the pressure-driven membrane separation, and the LED lighting 
system for indoor photocatalysis.

In the optimised scenarios of the Waste2Fresh System, no dedicated measures were considered to reduce the energy consumption of 
these processes. But to scale up the treatment plant, it will be necessary to study possible energy reduction measures at the design and 
operation stages of these processes more closely. This analysis should be conducted in an integrative way. For example, measures 
aimed to reduce the likelihood of fouling of the membrane surface and lower the maintenance requirements of this technology might 
contribute to lower the overall energy requirements. Also, it will be possible to reduce reliance on the use of LEDs for photocatalysis 
once the efficiency of gC3N4-photocatalyst has been proven.

The gC3N4-photocatalyst is active under visible radiation, and therefore, reducing reliance on the use of LEDs can be achieved by 
continuing investigating the combined application of photocatalysis and solar concentration, and by employing LEDs that generate 
photon fluxes closer to the wavelengths where they are most efficient. Initial tests where both solar concentration and photocatalysis 
were applied already showed the high efficiency of such a combination of technologies for dye degradation. Outside the band of 
wavelengths where LEDs are most efficient (about 460 nm), they generate notably lower photon fluxes, and a higher number of them 
needs to be used to generate the number of photons required for a certain photochemical process [72]. Previous LCA studies already 
showed the influence of the electricity consumption on environmental impacts when UV-LEDs were used to drive reactions with 
UV-absorbing photocatalysts [73,74], and how the use of gC3N4-photocatalyst might contribute to reducing electricity requirements 
[75].

Besides their impact on energy consumption, the impact of LED production also must be accounted for. In the present study, only an 
approach to the synthesis of gallium nitride, which is a main constituent in current inorganic LEDs [76], was included. Current GaN 
production by chemical vapour deposition is not efficient in terms of the small fraction of ammonia-precursor transformed into the 
GaN film [77]. Besides gallium (with trimethylgallium as precursor), other metals and critical materials are used to produced LEDs [78,
79]. Research is being conducted to develop recycling technologies for LEDs [79–81] as well as to develop other semiconductors for 
LEDs like zinc oxide [82].

The amount of electricity consumed to synthesise the two catalysts represent a minor fraction relative to the overall amount of 
electricity consumed in scenario W2F-Bas0 (lower than 0.5 % relative to the functional unit). Also, they represent lower contributions 

Fig. 5. Contribution of each process assessed to the overall score obtained by scenario W2F-Bas0 in a specific impact category. The abbreviations 
used for the impact categories are explained in Fig. 4.
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to the overall impacts estimated for the corresponding synthesis processes (lower than 23◦% for Fe3O4-fique catalyst and lower than 
6◦% for gC3N4-photocatalyst). About the synthesis of gC3N4-photocatalyst, this result differs from a previous study [75], in which the 
consumption of electricity contributed most to the environmental impacts.

Even though recovery of brine flows would involve increasing the consumption of energy, consideration that all the consumed 
electricity might be supplied from solar sources (scenario W2F-Opt1) contributes to reducing most impacts, except in the MMRU 
category, relative to the scores achieved in scenario W2F-Bas0 (e.g., a reduction factor 4 in the CC category is achieved). Production of 
PV modules and the battery system contribute most to the MMRU impact category (Fig. 6). An electricity consumption for BMED of 
about 3.3 kWh/m3 treated water, without including pumping requirements, was considered in the optimised scenarios based on 
previous studies (see S3.2.2). Application of this technology can be advantageous for treating brine containing salts (e.g., NaCl) in 
concentrations up to about 1-2◦M [83–85]. Although it has been shown that this technology might be applied for dye-containing brine 
[83], the concentrations of dye molecules and other dissolved organic matter should be low in the feed to minimise membrane fouling 
[85,86]. Therefore, to investigate the suitability of these technologies for the Waste2Fresh System further, it will be necessary to 
characterise wastewater with regard to the composition of salts and dissolved organic matter in more detail from the feed point.

In scenarios W2F-Opt2 and W2F-Opt3, measures aimed to build more circular supply chains of the PV and the battery systems help 
to further decrease the scores in all impacts (see Supplementary Table 38).

3.3. Chemical-related impacts

Fig. 5 shows that the synthesis of the catalysts and the consumption of chemicals for Fe3O4-fique treatment and electrocoagulation 
during the operation stage have considerable contributions to the overall scores obtained in scenario W2F-Bas0 in most impact cat
egories (from 23◦% in CC to 65◦% in MMRU categories). In the optimised scenarios, the contributions of the use of chemicals decrease 
most notably in the FwE and ME impact categories (reduction factors of about 2).

Consumption of hydrogen peroxide is the major contributing process to the impact scores of the Fe3O4-fique treatment in the 
baseline and optimised scenarios (Figs. 5 and 6), but it is necessary to add that residual amounts of this product is of benefit to 

Fig. 6. Contribution of each process assessed to the overall score obtained by scenario W2F-Opt1 in a specific impact category. The abbreviations 
used for the impact categories are explained in Fig. 4.
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downstream advanced oxidation processes too. Previous studies also indicated that the consumption of chemicals has an important 
impact on the overall scores attained by Fenton-based oxidation processes [87,88].

Regarding gC3N4-photocatalyst synthesis, it is the use of ammonium chloride that contributes most to the impacts scores. Notable 
reductions of the scores of this synthesis process are achieved in the optimised scenarios, where the ammonia salt is assumed to be 
recovered (or its use can be avoided). Although the requirements needed for this recovery were not analysed in detail, significant 
overall reductions might be expected, especially in the FwE and ME impact categories, where savings in this chemical represent re
ductions larger than one order of magnitude with respect to the scores of the synthesis process obtained in scenario W2F-Bas0.

About electrocoagulation, an alternative process for dissolved organic matter removal after Fe3O4-fique treatment was suggested 
consisting of activated carbon adsorption. Only under the consideration that regenerated activated carbon is used (scenario W2F- 
Opt2), this alternative treatment helps to significantly reduce the respective impact scores (reduction factors between 6 and 9 rela
tive to those achieved in scenario W2F-Opt1). Despite this suggestion, however, the composition of organic matter (e.g., content of 
oxidation byproducts, biodegradable OM or residual fibres) will need to be better characterised before deciding on a technology 
alternative to electrocoagulation.

Lastly, it is of note that, besides the possible measures considered in the optimised scenarios, research is being conducted to 
synthesise a Fenton-like catalyst that can work at neutral pH so that the need to acidify the water can be avoided.

3.4. Design of technology materials

In this section, the technology materials developed within the project are qualitatively assessed regarding the design-for-recycling 
principle. The end of life of the new materials was not fully evaluated in the LCA analysis. Disassembly and recycling of most materials 
at the end of their life should be possible, although more testing is yet to be performed. As it may be inferred from the LCA results, the 
overall impacts of the Waste2Fresh System would decrease further when the use of recycled materials within the system increased.

Specifically, for the nanocatalysts, it should be ensured that their components can be safely separated at the end of their life, so that 
the nanocatalyst as well as its substrate materials can be recycled or conveniently treated (for example, the fique fibres can be 
composted).

The PAA-CD-based ion exchange resin was studied in combination with a lower fraction of polystyrene-divinylbenzene to enhance 
the efficiency of the resin to remove arsenic from water. Since chemical recycling of other related polymers (i.e., polyamides and 
polystyrenes) is being tested at the laboratory or pilot scale [89], it seems reasonable to suggest prioritising the use of the biobased 
resin alone to facilitate the corresponding recycling scheme; e.g., for applications where arsenic is known not to be present in the 
water, or where the operation conditions (e.g., pH of the medium) can be adjusted so that the biobased resin alone can be used to 
adsorb arsenic.

Also, it will be necessary to investigate advanced concepts for designing polyamide thin film composites employed for nano
filtration so that the component materials, polysulfone and polyamide, can be delaminated and recycled at the end of life. Chemical 
recycling of each of these materials has been being more thoroughly studied than mechanical recycling [90,91], as is the case with 
other specialty and engineering polymers [92,93]. Recycling these materials is required to save the use of their monomers, some of 
which are hazardous such as bisphenol A, and to prevent their release into the environment if they are landfilled at the end of life. 
Alternative, biobased materials with improved functionality for nanofiltration membranes are under investigation (see section S3.2.2).

BMED uses ion exchange membranes. Conventional polymers employed to prepare these membranes include styrene- 
divinylbenzene, polyethylene, polypropylene and sulfonated polymers [94]. When studying BMED as a possible brine treatment 
technology, the environmental profile of the constituent materials should be assessed based on similar criteria as those considered to 
analyse the ion exchange resin for metal removal and nanofiltration membrane materials.

As outlined in section 3.2, the investigation of the combined application of photocatalysis and solar concentration should be 
extended to analyse the benefits that this would bring in terms of energy and material savings. Regarding this second advantageous 
aspect, further investigations would enable to find a suitable substrate for the gC3N4-photocatalyst that is both resource efficient and 
stable under solar radiation conditions. Besides, further research would enable to prove that usage of regular (soda lime silicate) glass 
as the main component of the solar concentration reactor instead of vitreous silica (natural quartz glass) —which is more resource 
consuming— is possible due to the lack of need to ensure transmittance of ultraviolet radiation for hydrogen peroxide photolysis, since 
the studied photocatalyst is active under visible radiation.

3.5. Direct emission of greenhouse gases

Another important aspect concerns the estimation of potential direct carbon dioxide emissions emanating from the Waste2Fresh 
System. The flow of these emissions was estimated by applying a carbon mass balance to the advanced oxidation processes (see section 
S3.1.1). The results indicate that this flow represents a relatively low contribution (8◦%) in the CC category in scenario W2F-Bas0, but a 
higher contribution in the optimised scenarios (up to 22◦% in scenario W2F-Opt3). As an action to inform environmental policies, 
accounting for direct carbon dioxide emissions from AOPs is highly recommended. This suggestion is in alignment with studies on 
greenhouse gas emissions from municipal wastewater treatment plants [95,96]. Opportunities for carbon storage or capture are ex
pected to become more accessible to wastewater treatment plants in the next future [96–98].
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3.6. Prioritisation of optimisation measures

In the sequence of consecutive optimised scenarios that were built, starting from scenario W2F-Opt1, each group of further 
optimisation measures was additively aggregated to the group of measures considered in the respective preceding scenario. Consid
eration of the impact reduction values relative to the maximum reduction values obtained for each impact category (calculated with 
respect to the scores of scenario W2F-Bas0) shows that it is in scenario W2F-Opt1 where the estimated relative impact reduction values 
are highest. Subsequent changes in impact reduction are smaller (see Supplementary Table 40). Compared with CS, the impacts of 
scenario W2F-Opt1 are lower in the FwU and FwE impact categories by factors 5 and 50 respectively, and higher in the other impact 
categories by factors 3 or lower. In the MMRU impact category, however, the impact of scenario W2F-Opt1 is higher than that of CS by 
a factor 10. In scenarios W2F-Opt2 and Opt3, the scores in this second group of impact categories approach more closely those of CS: 
the differences reduce to factors 1 (like in the CC category) or 2, but in the MMRU category the score is still larger than that of CS by a 
factor 6.

These results support the criterion that the measures defined within scenario W2F-Opt1 should be prioritised. The sequence of 
possible optimised scenarios was formulated with two main criteria in mind: treatment of brine solutions should be prioritised 
(measure considered within scenario W2F-Opt1), and the effect of developing more circular supply chains of photovoltaic electricity 
and some technology materials should be analysed separately. Developing brine treatment schemes towards zero liquid discharge and 
resource recovery is an important research field, which requires studying pretreatment technologies that are suitable to concentrate 
brine and remove other components like organic matter [86]. In this study, it is recommended to continue working on characterising 
the composition of water and brine fractions along the Waste2Fresh System so that, after photocatalysis, the brine mostly contains 
ionic compounds of known composition (with high purity) that can be concentrated and internally recycled in aqueous form. BMED 
has been intensively investigated for this purpose and shows specific energy consumption values that, when treating brine with salinity 
values below certain thresholds (e.g., 1-2 M NaCl), are lower than those of highly energy intensive technologies like evaporation or 
crystallisation [84,85,99,100]. Although there is a reduced number of previous LCA studies on brine treatment for resource recovery, 
these indicate that the environmental balance between advanced treatment for resource recovery and savings in the use of primary 
resources can be positive by using lesser amounts of chemicals (and safer alternative reagents) and energy for the advanced treatment 
processes [35,36,101]. The present work confirms the results derived from these previous analyses.

3.7. Uncertainties and limitations

During the modelling of the different optimised scenarios, a quantitative assessment of the complete manufacture of LEDs and 
BMED materials was not included. The information gathered to analyse these two components should be updated and expanded in 
future work.

The assessment of the effect of potential migration of nanoparticles from the nanocatalysts was only partial due to the lack of data 
on migration testing. Future studies should be conducted to determine if migration of nanoparticles occurs with the final goal of 
establishing measures to prevent releases or establishing appropriate exposure limits if migration cannot be completely avoided. Also, 
additional (eco-)toxicological studies would be needed to characterise the gC3N4 material. While the results obtained for the Fe3O4- 
based catalyst highlight the importance of mitigating nanomaterials emissions, they are not valid for a classical risk assessment, which 
remains essential to ensure that reclaimed water is safe to humans and the environment.

Furthermore, some limitations of this study are associated with the LCA methodology itself. The effect of the temporal variability of 
some parameters that are known to be highly variable in time should be briefly discussed here. Firstly, the water availability factor of 
the basin under study was derived from time-averaged data and from a major watershed, which can make the assessment of the water 
use impact category inaccurate, especially in dry areas, where blue water availability is highly variable in space and time [1], [102]. 
Additionally, climate change is likely to enhance the frequency of flash floods and flash droughts, which can be predicted but with 
many uncertainties [2]. Efforts are being undertaken to integrate both dimensions of availability and quality of surface water at the 
subbasin level [102,103], as well as to evaluate the quality and the extent of groundwater depletion at the subbasin scale [2,104] with 
the final goal of facilitating the implementation of management actions required to stay within the planetary boundaries for water [1].

Secondly, time-averaged data was used here to estimate the global warming potential of the grid electricity, which may lead to an 
inaccurate determination of saved amounts of emissions, especially when estimating the energy balance for the scenarios with energy 
storage. For instance, the average emission factor of the grid comprises renewable energy sources. A more accurate analysis would 
involve calculating the reduction of greenhouse gas emissions by considering the changes in grid emissions over time, e.g., on an 
hourly basis [105].

And finally, the dataset used to model the incineration of textile sewage sludge deserves further attention, since it results in the 
most impactful process in the Conventional System in all the impact categories except in the FwU category (see Supplementary 
Table 41). To complement the information provided by the applied dataset, which represents the model of a generic hazardous 
waste incineration process [42], additional data on textile sludge management was analysed (see section S3.3.2). Overall, despite the 
uncertainty, considering the generic hazardous nature of the sludge may result in estimates of the potential impacts closer to the reality 
than not considering it.

4. Conclusion

Improving the management of denim wastewater is a global priority, and on-site water recycling represents a promising pathway 
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toward addressing this challenge. The present LCA analysis examines a pilot-scale case study that reflects the technical and envi
ronmental demands of the denim sector. This includes, firstly, the need to treat complex wastewater streams characteristic of 
contemporary denim production processes, and secondly, the requirement to evaluate where the integrated treatment technologies can 
surpass existing wastewater treatment practices from both technical and environmental perspectives.

The results indicate that, to optimise the environmental performance of an industrial scale water recycling system, the highest 
priority should be given to recycling the main constituents of brine and aqueous solutions generated throughout the technology life 
cycle. Also, the water recycling plant should only use solar energy, and this would require integration of the PV system with an energy 
storage unit. The technologies applied for brine treatment and for energy supply should be developed with a strong emphasis on the 
recyclability of their constituent materials.

When studying the implementation of these measures, action to reduce energy use at the design and operation stages of the most 
energy-consumptive processes should be considered. In addition to this, measurements should be conducted to determine if migration 
of nanoparticles from the catalyst materials occurs with the final goal of designing measures for preventing or minimising this process, 
and wastewater should be analysed in more detail regarding its content of salts and dissolved organic matter.
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