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Advanced wastewater treatment (AWT) technologies are now considered to target urban micropollutants (MPs) before discharge into receiving water bodies and to comply with specific criteria for reuse. Extra energy and/or resources are necessary to achieve the elimination of MPs. Using the Life Cycle Assessment framework, this study assesses net environmental efficiencies for two AWTs (i) ozone systems (air-fed and pure oxygen-fed) and (ii) granular activated carbon filter. Sixty-five MPs with proven removal efficiency values and toxicity and/or ecotoxicity potentials were included in this study building on results from recent research. Consolidated Life Cycle Inventories with data quality and uncertainty characterization were produced with an emphasis on operational inputs. Results show that the direct water quality benefits obtained from AWT are outweighed by greater increases in indirect impacts from energy and resource demands. Future research should include water quality aspects not currently captured in life cycle impact assessment, such as endocrine disruption and whole-effluent toxicity, in order to assess the complete policy implications of MP removal strategies.

Introduction

Several organic and inorganic micropollutants (MPs) are insufficiently eliminated in conventional wastewater treatment plants (WWTPs) as they are designed to treat biodegradable carbon, nitrogen and phosphorus, and they eliminate non-polar and large organic molecules (Zepon Tarpani and Azapagic, 2018) or metals with affinity with organic matter (Choubert et al., 2011b). Therefore, discharges of MPs in aquatic environments can lead to potential negative effects on living organisms. A large array of MPs found in very low concentrations in treated wastewater make advanced wastewater treatment (AWT) processes technically challenging. Intensive usage of treatment chemicals and energy in AWT processes have been associated with increased life cycle toxicity and other environmental impacts [START_REF] Dolar | Removal of emerging contaminants from municipal wastewater with an integrated membrane system, MBR-RO[END_REF][START_REF] Igos | Is it better to remove pharmaceuticals in decentralized or conventional wastewater treatment plants? A life cycle assessment comparison[END_REF][START_REF] Papa | Ranking wastewater treatment trains based on their impacts and benefits on human health: a[END_REF][START_REF] Papa | How green are environmental technologies? A new approach for a global evaluation: The case of WWTP effluents ozonation[END_REF][START_REF] Pasqualino | Life Cycle Assessment of Urban Wastewater Reclamation and Reuse Alternatives[END_REF][START_REF] Rahman | Comparative Life Cycle Assessment of Advanced Wastewater Treatment Processes for Removal of Chemicals of Emerging Concern[END_REF]. In order to find AWT technologies suited to meeting targets on MPs, it is important to understand environmental benefits achieved by MP removal (e.g., reduced toxicity) as well as unintended environmental impacts due to additional chemical, energy, and materials requirements. Life cycle assessment (LCA) has been used extensively to characterize and quantify the net environmental impacts of wastewater treatment plants, and to compare treatment options [START_REF] Byrne | Life cycle assessment (LCA) of urban water infrastructure: Emerging approaches to balance objectives and inform comprehensive decision-making[END_REF][START_REF] Corominas | The application of life cycle assessment (LCA) to wastewater treatment: A best practice guide and critical review[END_REF]. Nevertheless, few papers consider MPs due to the lack of toxicity and/or ecotoxicity potentials [START_REF] Arzate | Environmental impacts of an advanced oxidation process as tertiary treatment in a wastewater treatment plant[END_REF][START_REF] Igos | Life cycle assessment of powder and micro-grain activated carbon in a fluidized bed to remove micropollutants from wastewater and their comparison with ozonation[END_REF][START_REF] Igos | Is it better to remove pharmaceuticals in decentralized or conventional wastewater treatment plants? A life cycle assessment comparison[END_REF][START_REF] Rahman | Comparative Life Cycle Assessment of Advanced Wastewater Treatment Processes for Removal of Chemicals of Emerging Concern[END_REF]. However, the effects of MPs in the environment are yet to be fully understood [START_REF] Eggen | Reducing the Discharge of Micropollutants in the Aquatic Environment: The Bene fi ts of Upgrading Wastewater Treatment Plants[END_REF] and therefore affected by high uncertainty and low coverage of impact pathways. Furthermore, the extensive identification and quantification of all the MPs in wastewater is a complicated task both technically and economically. For this reason, often just a few target compounds are reported in monitoring studies and potential impacts are calculated with these incomplete data [START_REF] Aemig | Impact assessment of a large panel of organic and inorganic micropollutants released by wastewater treatment plants at the scale of France[END_REF][START_REF] Alfonsín | PPCPs in wastewater -Update and calculation of characterization factors for their inclusion in LCA studies[END_REF][START_REF] Rahman | Comparative Life Cycle Assessment of Advanced Wastewater Treatment Processes for Removal of Chemicals of Emerging Concern[END_REF]. For example, transformation products which arise from oxidative treatments and are not included in the LCA may increase ecotoxicity of the treated effluent [START_REF] Vogna | Kinetic and chemical assessment of the UV/H2O2 treatment of antiepileptic drug carbamazepine[END_REF].

Because the scope of LCA includes both direct emissions from WWTPs as well as indirect emissions from producing and transporting all chemicals, energy, and infrastructure required for treatment, LCA can be applied to study both environmental benefits and costs associated with AWT to meet stringent regulations.

The aim of this work was to determine the net environmental efficiencies for AWTs like oxidation by ozone produced with pure oxygen or air, or adsorption by activated carbon.

Materials and methods

The steps leading to the environmental assessment of two types of wastewater management systems using the life cycle assessment (LCA) method are presented in this section. Thus, we will follow the recommended scheme of a standardized LCA (ISO, 2006a[START_REF] Iso | Environmental Management -Life Cycle Assessment Principles and Framework[END_REF]): (i) goal and scope definition (Section 2.1), (ii) inventory analysis and uncertainty characterization (Sections 2.2 and 2.3), (iii) impact assessment (Section 2.4), (iv) interpretation of results and discussion of the most salient issues when considering MPs in LCA (Section 3).

Goal and scope definition

The objectives of this study were to assess and compare life cycle environmental impacts of two promising AWT processes targeting wastewater MPs (e.g. ozonation and adsorption on activated carbon), identifying their main environmental hotspots. Additionally, the ecotoxicity and toxicity impacts of MPs in the AWT effluent were estimated and compared to the equivalent impact of the effluent from conventional WWTPs without AWT. The scope of the study covers AWT effluent discharges and by-products generated during the AWT as well as the infrastructures of treatment units, and operational inputs (e.g. required electricity, chemicals or adsorption media).

2.1.1.

Functional unit

Generally, LCA studies on wastewater treatment systems used a functional unit on assumed per capita loadings such as the population-equivalent (PE) defined in the European directive 91/271 [START_REF] Corominas | The application of life cycle assessment (LCA) to wastewater treatment: A best practice guide and critical review[END_REF]. Hence, the functional unit selected for this LCA study was "the AWT of an urban (biologically pretreated) wastewater effluent generated from 50 000 PE during one year". Such a treatment capacity can be estimated at 2,74.10 6 m 3 .year -1 based on the assumption that an average French PE discharges 0,15 m 3 of wastewater daily [START_REF] Mercoiret | Qualité des eaux usées domestiques produites par les petites collectivités Application aux agglomérations d'assainissement inférieures à 2 000 Equivalent Habitants Rapport final Léa Mercoiret Cemagref[END_REF][START_REF] Risch | LCA model -Wastewater treatment by activated sludge technology -LCA report and inventory data (Modèle ACV -Filière de traitement des eaux usées par boues activées -Rapports d'ACV et données d'inventaire)[END_REF].

The rationale for this choice of functional unit was to ensure good representativeness with a LCA based on an existing full-scale French WWTP using biofiltration (secondary treatment) followed by ozonation and extensively monitored (Choubert et al., 2017b). In the following, different AWT processes were compared using this common functional unit of comparison since these systems were all designed for wastewater treatment.

Scenarios

This study considered two technologically proven AWT processes for the removal of organic MPs with both proven removal efficiencies for use on urban wastewater. First, ozone treatment is currently the most used oxidation process for organic MPs removal in drinking water production and is now recently considered for the advanced treatment of wastewater effluents [START_REF] Bertanza | Effect of biological and chemical oxidation on the removal of estrogenic compounds (NP and BPA) from wastewater: An integrated assessment procedure[END_REF][START_REF] Bourgin | Evaluation of a full-scale wastewater treatment plant upgraded with ozonation and biological post-treatments : Abatement of micropollutants , formation of transformation products and oxidation[END_REF][START_REF] Guillossou | Benefits of ozonation before activated carbon adsorption for the removal of organic micropollutants from wastewater effluents[END_REF][START_REF] Margot | Treatment of micropollutants in municipal wastewater: Ozone or powdered activated carbon?[END_REF][START_REF] Schindler Wildhaber | Novel test procedure to evaluate the treatability of wastewater with ozone[END_REF]. Second, adsorption onto granular activated carbon (GAC) has been proven to be a viable process to remove organic MPs [START_REF] Benstoem | Performance of granular activated carbon to remove micropollutants from municipal wastewaterdA meta-analysis of pilot-and large-scale studies[END_REF][START_REF] Boehler | Removal of micropollutants in municipal wastewater treatment plants by powder-activated carbon M[END_REF][START_REF] Mailler | Removal of emerging micropollutants from wastewater by activated carbon adsorption: Experimental study of different activated carbons and factors influencing the adsorption of micropollutants in wastewater[END_REF][START_REF] Sbardella | Advanced biological activated carbon filter for removing pharmaceutically active compounds from treated wastewater[END_REF]. Four scenarios were built to meet the objectives of this LCA study on AWTs which included a reference scenario "baseline" without any AWT, two ozone systems with different feed gas (a. with pure oxygen, b. with air) and adsorption on granular activated carbon (Table 1). Previous steps of treatment consist of a primary settling and different stages of secondary treatment by submerged biofilters operated to remove suspended solids, biodegradable carbon and ammonium.

Table 1. AWT scenarios modelled to meet the objectives of this LCA

Insert Table 1 here.

System boundaries

The system boundaries included the materials for the construction of AWT infrastructures, as well as their final disposal, and the resources required for their operation. Outlet pipes for discharge of treated water from the WWTP to the receiving environment were assumed invariant in all scenarios therefore not modelled in the scenario comparisons (by the ceteris paribus condition). The schematic diagrams of four wastewater treatment scenarios with different AWT processes are shown in Figure 1. 

Inventory analysis

Infrastructure and operational inputs

Infrastructure requirements for AWTs were modelled after a reference plant with a treatment capacity of 100 000 PE [START_REF] Larsen | Deliverable 4.3. Decision support guideline based on LCA and cost/efficiency assessment[END_REF]. Then infrastructure demands were scaled down to the 50 000 PE capacity in the chosen functional unit (Annex Table S1), using a power law function to account for the non-linear relationships between the equipment capacities and the respective material demands [START_REF] Arzate | Environmental impacts of an advanced oxidation process as tertiary treatment in a wastewater treatment plant[END_REF][START_REF] Gallego-Schmid | Life cycle assessment of wastewater treatment in developing countries: A review[END_REF].

A detailed source analysis was first performed on each data source for energy and chemical requirements since these parameters showed a great variability across literature. The results from the source analysis were used to filter the data to select representative values (Annex Table S2). Then life cycle inventories (LCIs) were built for each scenarios using a horizontal weighted-averaging approach [START_REF] Henriksson | A protocol for horizontal averaging of unit process data-including estimates for uncertainty[END_REF] which accounted for inherent uncertainties and spread, thereby quantifying data uncertainty.

Inventories of operational requirements are summarized in Table 2 with respect to infrastructure (construction and disposal), energy, chemicals and emissions. Background data was sourced from the Ecoinvent v3.6 database (Ecoinvent, 2019) using French (FR)-specific processes where possible and modelled in the SimaPro 8. 4 LCA software (Pré Consultants, 2017).

The operational energy demand for AWT scenarios were in the same order of magnitude and they represent about 15-20% of the overall energy demand in a WWTP [START_REF] Arzate | Environmental impacts of an advanced oxidation process as tertiary treatment in a wastewater treatment plant[END_REF]. For ozonation this energy demand is strongly dependent on the specific ozone dose, which was set at 6.22 gO3/m 3 i.e. 0.78 gO3/gDOC with a dissolved organic carbon load of 8 gDOC/m 3 in this study (Choubert et al., 2017b). Hence for ozonation with air, this energy demand is estimated at 1,2.10 -1 kWh/m 3 or 3,2.10 5 kWh/year with a total treated wastewater volume of 2,74.10 6 m 3 /year based on the average French inhabitant wastewater generation of 0,15 m 3 /(PE.d -1 ). This energy demand is contingent to specific parameters such as nitrites and DOC in the secondary effluent and the chosen value for the energy demand in the ozonation step should represent the global consumption of electricity (including ozone destruction, air production, cooling etc.).

Replacing the feed-gas with pure oxygen reduces the energy demand of 25% (Choubert et al., 2017b) since the energy demand for air production is then negligible. However, the average pure oxygen demand is estimated at 8.8 gO2/gO3 (Annex Table S2) [START_REF] Larsen | Deliverable 4.3. Decision support guideline based on LCA and cost/efficiency assessment[END_REF][START_REF] Muñoz | Life Cycle Assessment of urban wastewater reuse with ozonation as tertiary treatment: a focus on toxicity-related impacts[END_REF][START_REF] Remy | Life Cycle Assessment and Life Cycle Costing of tertiary treatment schemes 88[END_REF]. In all scenarios the energy was modelled with the French electricity mix reported by ecoinvent v3.6.

Granular activated carbon (GAC) filter media requires fresh activated carbon and can be regenerated with spent media. The amount of fresh GAC used in a filter bed during its 5 years of operational lifetime was estimated with 20% of losses during a regeneration cycle. In this study, the GAC filter media underwent regeneration every 6 months before final disposal after 5 years [START_REF] Rahman | Comparative Life Cycle Assessment of Advanced Wastewater Treatment Processes for Removal of Chemicals of Emerging Concern[END_REF].

Table 2. Inventory data to treat secondary effluent from 50 000 PE during one year through the AWT processes under study

Insert Table 2 here.

MP concentrations and loads in secondary effluent, and removal efficiencies in AWT

Among the broad range of MPs routinely found in wastewater [START_REF] Pistocchi | Water quality in Europe : effects of the Urban Wastewater Treatment Directive[END_REF][START_REF] Ternes | Assessment of technologies for the removal of pharmaceuticals and personal care products in sewage and drinking water facilities to improve the indirect potable water reuse[END_REF][START_REF] Verlicchi | Occurrence of pharmaceutical compounds in urban wastewater: Removal, mass load and environmental risk after a secondary treatment-A review[END_REF], 65 MPs from different chemical groups are selected for the current study. This shortlist includes 30 pharmaceuticals, 9 pesticides, 9 inorganics, 8 various industrial substances, 5 hormones, 3 fragrances and 1 polycyclic aromatic hydrocarbon (Annex Table S3a). These short-listed MPs were chosen considering (i) available monitoring data in secondary effluents and AWT effluents (i.e. with quantified removal efficiencies) and, (ii) available toxicity and/or ecotoxicity potentials in life cycle impact assessment (LCIA) methods.

Measured concentrations of MPs in secondary effluent may range widely from 1,7 ng.L -1 and 29,7

µg.L -1 [START_REF] Bruchet | Indicateurs chimiques d'efficacité de traitement et d'influence des rejets de stations d'épuration sur le milieu récepteur[END_REF]Choubert et al., 2011aChoubert et al., , 2017b;;[START_REF] Coquery | Mesurer les micropolluants dans les eaux usées brutes et traitées : Protocoles et résultats pour l'analyse des concentrations et des flux[END_REF][START_REF] Li | Life cycle assessment of advanced wastewater treatment processes: Involving 126 pharmaceuticals and personal care products in life cycle inventory[END_REF][START_REF] Ruel | Occurrence and fate of relevant substances in wastewater treatment plants regarding Water Framework Directive and future legislations[END_REF][START_REF] Miège | Fate of pharmaceuticals and personal care products in wastewater treatment plants -Conception of a database and first results[END_REF]. The arithmetic means of the reported concentrations are used in the present study as influent MP loads feeding to the AWT removal processes (Annex Table S3b). Removal efficiencies achieved for ozonation and GAC processes were quantified using recent research [START_REF] Bourgin | Evaluation of a full-scale wastewater treatment plant upgraded with ozonation and biological post-treatments : Abatement of micropollutants , formation of transformation products and oxidation[END_REF][START_REF] Choubert | Réduction des micropolluants par des traitements complémentaires : fossé construit sur sol imperméable, filtres garnis de matériaux adsorbants (ARMISTIQ -action B)[END_REF]Choubert et al., , 2017b;;[START_REF] Guillossou | Micropolluants dans les eaux usées : qu'apporte un traitement avancé par adsorption sur chabon actif après un traitement conventionnel[END_REF][START_REF] Guillossou | Benefits of ozonation before activated carbon adsorption for the removal of organic micropollutants from wastewater effluents[END_REF][START_REF] Li | Life cycle assessment of advanced wastewater treatment processes: Involving 126 pharmaceuticals and personal care products in life cycle inventory[END_REF][START_REF] Mailler | Study of a large scale powdered activated carbon pilot: Removals of a wide range of emerging and priority micropollutants from wastewater treatment plant effluents[END_REF][START_REF] Ruel | Occurrence and fate of relevant substances in wastewater treatment plants regarding Water Framework Directive and future legislations[END_REF][START_REF] Rahman | Comparative Life Cycle Assessment of Advanced Wastewater Treatment Processes for Removal of Chemicals of Emerging Concern[END_REF]. A particular attention was given to the selection of reliable removal efficiencies in AWT effluents given the low MP concentrations and sampling measurement uncertainties to ensure unbiased MP analyses (Choubert et al., 2017a). MP loads in secondary effluent and average removal efficiencies for the two AWT processes are listed in Table 3. Insert Table 3 here.

In general both ozone and GAC demonstrate removal efficiencies greater than 75% on fragrances, industrial substances and hormones. Ozone treatment targets better pharmaceuticals, while GAC shows overall greater removal efficiencies on pesticides. As a rule, inorganics are not affected by ozone [START_REF] Ruel | On-site evaluation of the removal of 100 micro-pollutants through advanced wastewater treatment processes for reuse applications[END_REF] while GAC may partially adsorb (e.g. copper and chromium) or release (e.g. arsenic and vanadium) in treated effluent. Indeed, industrial-scale GAC filters use carbon extracted from coal which contains traces of metallic elements potentially leached from the GAC filter during the AWT [START_REF] Choubert | Réduction des micropolluants par des traitements complémentaires : fossé construit sur sol imperméable, filtres garnis de matériaux adsorbants (ARMISTIQ -action B)[END_REF].

Uncertainty characterization

In order to ensure transparency and credibility of the LCA results obtained in this study, it is critical that the uncertainty sources are quantified and their effects on results are communicated [START_REF] Gavankar | Critical Components of Uncertainty Communication in Life Cycle Assessments of Emerging Technologies[END_REF]. Furthermore, the treatment of uncertainty will help interpret differences in the studied systems in the comparative LCA (e.g. to determine whether the preference for one system can be questionable due to result uncertainties) as shown in [START_REF] Igos | How to treat uncertainties in life cycle assessment studies?[END_REF]. Uncertainty ranges for unit processes taken from the Ecoinvent database (Ecoinvent, 2019;Wernet et al., 2016) were defined by the "data pedigree" algorithm available in SimaPro (Pré Consultants, 2019) as proposed by [START_REF] Weidema | Data quality management for life cycle inventories-an example of using data quality indicators[END_REF]. This algorithm relates the datum uncertainty to its source characteristics -i.e. reliability of the source, representativeness of the sample, currency of the period, geographical correlation, technological correlation and sample size. The uncertainty ranges associated to infrastructure construction and AWT operation (e.g. amounts of building materials, energy and ancillary chemicals used, MP discharges etc) are described in Table 4.

Table 4. Data quality and uncertainty estimation for two life-cycle stages: construction and use (including operation, maintenance and AWT effluent discharges)

Insert Table 4 here. using a random sampling method i.e. the available Monte-Carlo routine in SimaPro with 1500 runs to yield mean and standard deviation values estimated with 95% confidence intervals (Annex Table S7b). Finally, the influences of uncertainty in two key parameters were studied using sensitivity analyses (See section 3.3).

Life cycle impact assessment

The Impact World+ method [START_REF] Bulle | IMPACT World+: a globally regionalized life cycle impact assessment method[END_REF] was selected for its robust assessment of human toxicity and freshwater ecotoxicity potentials based on the consensual midpoint-level USEtox v2 model [START_REF] Rosenbaum | USEtox-the UNEP-SETAC toxicity model: recommended characterisation factors for human toxicity and freshwater ecotoxicity in life cycle impact assessment[END_REF]. The library of the USEtox v2 model in SimaPro was complemented with 31 new characterization factors [START_REF] Alfonsín | PPCPs in wastewater -Update and calculation of characterization factors for their inclusion in LCA studies[END_REF][START_REF] Maillard | Deliverable D1.1. Development and implementation of USEtox characterization factors for organic micropollutants : Documentation of methodology and data sources[END_REF] corresponding to the MP shortlist used in this study (Annex Table S3a and Table S4). Detailed characterization factors are given after Maillard et al.

(2019) for 107 substances including organic MPs and pesticides in freshwater ecotoxicity (Table S8a andS8b) and human toxicity (Table S9a andS9b). In Impact World+ at the damage level, some indicators including long-term effects (climate change, marine acidification, toxicity cancer, toxicity non-cancer, and freshwater, terrestrial, and marine ecotoxicity) are subdivided into separate mid-to-endpoint indicators for short-term and long-term in order to differentiate impacts occurring in the short-term and long-term (after 100 years). Hence, added MPs were also characterized at the damage level (mid-to-endpoint) for the short-term toxicity and ecotoxicity indicators (namely freshwater ecotoxicity and human toxicity cancer and non-cancer) using conversion coefficients [START_REF] Bulle | IMPACT World+: a globally regionalized life cycle impact assessment method[END_REF][START_REF] Huijbregts | Human-toxicological effect and damage factors of carcinogenic and noncarcinogenic chemicals for life cycle impact assessment[END_REF]. However on long-term toxicity and ecotoxicity indicators, characterization factors for organic MPs discharged in water were estimated to be nil under the hypothese that organic MPs undergo complete degradation within 100 years after discharge.

Results and discussion

Environmental hotspots within AWT systems (midpoint level)

Contribution analyses for the baseline scenario and the three AWT scenarios are shown on 15 midpoint indicators (Figure 4). These results indicate that ozone with pure oxygen (scenario 2a) yields the greatest impacts on 10/15 indicators due to feed-gas production and storage, with the exclusion of two indicators with non-significant differences with another scenario (e.g. less than 10% difference). As expected, reduction of MPs in the effluent (discharges, in blue) after AWT leads to reduced direct environmental and health impacts. However, these reductions can hardly be seen as overall life cycle impacts are dominated for most impact categories by indirect emissions from upstream production of energy, chemicals, and (to a lesser extent) infrastructure materials. For example, AWTs reduce MPs concentration in the effluent locally as shown on midpoint toxicity impacts (i.e. freshwater ecotoxicity and human toxicity from the USEtox v2 model) yet their implementation lead to net increases in overall life cycle impacts. 
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These findings are consistent with previous LCA studies [START_REF] Arzate | Environmental impacts of an advanced oxidation process as tertiary treatment in a wastewater treatment plant[END_REF][START_REF] Igos | Is it better to remove pharmaceuticals in decentralized or conventional wastewater treatment plants? A life cycle assessment comparison[END_REF][START_REF] Rahman | Comparative Life Cycle Assessment of Advanced Wastewater Treatment Processes for Removal of Chemicals of Emerging Concern[END_REF] and this can be explained by low MP concentrations and low values of LCIA impact factors for discharged MPs. However, the effects of these substances in the environment are yet to be fully understood [START_REF] Eggen | Reducing the Discharge of Micropollutants in the Aquatic Environment: The Bene fi ts of Upgrading Wastewater Treatment Plants[END_REF] and therefore affected by high uncertainty and low coverage of impact pathways. Furthermore, the extensive identification and quantification of all the MPs in wastewater is a complicated task both technically and economically. For this reason, often just a few target compounds are reported in monitoring studies and potential impacts are calculated with these incomplete data [START_REF] Aemig | Impact assessment of a large panel of organic and inorganic micropollutants released by wastewater treatment plants at the scale of France[END_REF][START_REF] Alfonsín | PPCPs in wastewater -Update and calculation of characterization factors for their inclusion in LCA studies[END_REF][START_REF] Rahman | Comparative Life Cycle Assessment of Advanced Wastewater Treatment Processes for Removal of Chemicals of Emerging Concern[END_REF]. For example, transformation products which arise from oxidative treatments and are not included in the LCA may increase ecotoxicity of the treated effluent [START_REF] Vogna | Kinetic and chemical assessment of the UV/H2O2 treatment of antiepileptic drug carbamazepine[END_REF].

The breakdown of the freshwater ecotoxicity impact contributions demonstrate that copper and zinc are by far the greatest contributors (90%) in baseline and AWT effluents, with organic MPs accounting for less than 10% of the total impact (Annex Table 5a). These results on freshwater ecotoxicity impact also underline that five organic MPs ranked among the top ten contributors, estradiol, triclosan, cybutryne (irgarol), HHCB (Galaxolid), and 4-NP1EO which have significant ecotoxicity potentials (Figure 3).

Figure 3. Top ten contributors on freshwater ecotoxicity for AWT discharges, expressed in % of the total impact

Similarly, the breakdown of human toxicity impacts (respectively, cancer and non-cancer) proves once again that nickel and arsenic contribute almost single-handedly to the total impacts. Seven organic MPs rank among the top ten contributors on the human toxicity (cancer) impact: fluoranthene, oxazepam, ethinyl estradiol, metronidazole, atrazine, cyclophosphamide and acetaminophen. While on the human toxicity (noncancer), diclofenac, AHTN (tonalid) and ketoprofen are among the leading organic MPs (Annex Table S5b).

Five novel organic MPs (HHCB, 4-NP1EO, AHTN and ketoprofen) that were added in the USEtox v2 model complementing existing (eco)toxicity models to refine further the environmental assessment of AWT systems (Figure 4). On the whole, impacts of effluent discharges are generally reduced after GAC treatment except on human toxicity non cancer, with arsenic release [START_REF] Choubert | Réduction des micropolluants par des traitements complémentaires : fossé construit sur sol imperméable, filtres garnis de matériaux adsorbants (ARMISTIQ -action B)[END_REF] and on freshwater eutrophication due to phosphates based on a pilot-scale study [START_REF] Mailler | Study of a large scale powdered activated carbon pilot: Removals of a wide range of emerging and priority micropollutants from wastewater treatment plant effluents[END_REF]. However, these removal efficiencies should benefit from consolidated measurements to provide greater accuracy in scenario comparisons.

Long term vs short term impacts (mid-to-endpoint)

A distinction between long term and short term seems necessary to further analyse toxicity-related impacts with a strong dominance of inorganic MPs over organic MPs. Indeed, current impact assessment methods are not adequately mechanistic or capable of combining the potential impacts of organic compounds with those of metals [START_REF] Pradinaud | Defining freshwater as a natural resource: a framework linking water use to the area of protection natural resources[END_REF]. Due to this limitation in LCIA methods, metals tend to significantly impact on toxicity and ecotoxicity indicators compared to degradable organic MPs due to their persistence in the environment in different dissolved or particulate forms [START_REF] Aemig | Impact assessment of a large panel of organic and inorganic micropollutants released by wastewater treatment plants at the scale of France[END_REF][START_REF] Brudler | Pollution levels of stormwater discharges and resulting environmental impacts[END_REF][START_REF] Lorenzo-Toja | Beyond the conventional life cycle inventory in wastewater treatment plants[END_REF][START_REF] Risch | Impacts from urban water systems on receiving waters -How to account for severe wet-weather events in LCA?[END_REF]. With the temporal horizon distinction at the mid-toendpoint level in the Impact World+ method [START_REF] Bulle | IMPACT World+: a globally regionalized life cycle impact assessment method[END_REF], the impacts of metals and persistent organic pollutants can be differentiated into short-term (first 100 years) and longer-term impacts (beyond 100 years).

Results for the ozone scenarios effectively highlight significant organic MP removal and reduced negative impacts of about an order of magnitude on the short-term horizon for aquatic ecosystems (freshwater ecotoxicity short-term indicator) compared to baseline scenario as shown in logarithmic scale in Figure 5. However, as shown in Figure 4 and more detailed in Annex Table S7, AWT effluent discharges contributed modestly (respectively 10% and 7% for ozone scenarios and GAC) to the overall freshwater ecotoxicity indicator, behind indirect resource demands (respectively 90% and 93%). Hence, the net increases in freshwater ecotoxicity long-term indicators for AWT scenarios with metals emissions originate mostly from background processes. S6).

Figure 5. Temporal horizon distinction on freshwater ecotoxicity indicator (mid-to-endpoint level, IW+ method). Short-term impacts occur after emission until 100 years, while long-term impacts occur beyond 100 years. Impact results are expressed on a logarithmic scale to inform on the order of magnitude differences between short and long-term impacts. Detailed contributions on the short-term freshwater ecotoxicity indicator are given in Supplementary information (Table

Conversely, benefits of organic MP removal are not evidenced on (human) health-related impacts (See Annex Figure S1). As demonstrated in [START_REF] Aemig | Impact assessment of a large panel of organic and inorganic micropollutants released by wastewater treatment plants at the scale of France[END_REF], the total impact of organic MPs released in the aquatic environment through WWTP effluents on human health was low due to (i) no direct exposure routes for organic MPs (e.g. to capture potential endocrine disruption effects), (ii) the buffer role of the environment where the MP loads are diluted, and (iii) the low MP loads after AWT (Simazaki et al., 2015).

Unsurprisingly, metals are leading the long-term freshwater ecotoxicity impacts, with copper, zinc and nickel.

Detailed impact contributions on short-term freshwater ecotoxicity (Annex Table S6) reveal the most potent ecotoxic MPs in baseline and AWT effluents which are hormones (estradiol), pesticides (triclosan), industrial substances (alkylphenols group) and a fragrance (HHCB).

Comparative analysis of AWTs

In this section a comparative LCA is performed between three AWT systems and the baseline scenario using the chosen functional unit. Given the four studied scenarios, in total six pair-wise [START_REF] Guérin-Schneider | How to better include environmental assessment in public decision-making: Lessons from the use of an LCA-calculator for wastewater systems[END_REF] the interpretation of results for different scenarios on the full range of 18 impact categories defined in Impact World+ is often complex due to cognitive obstacles. Hence, a decision tree [START_REF] Guérin-Schneider | How to better include environmental assessment in public decision-making: Lessons from the use of an LCA-calculator for wastewater systems[END_REF] in Figure 6 helped structure the decision-making by proposing explicit simplification modalities to select relevant impact categories (Annex Table S11). Overall, the simplified interpretation of results leads to the following ranking of scenarios in order of increasing environmental impacts: 1. Baseline < 2b. Ozone (air) < 3. GAC < 2a. Ozone (O2). Indeed results show that use of ozone produced with air and GAC are equivalent on ecosystems quality with less impacts than oxygen-fed ozone. Also, ozone produced with air appears as a better AWT choice compared with GAC or oxygen-fed ozone in terms of human health endpoints for the specific operating conditions in this study (Figure 8 and Figure 9) accounting for inventory data quality and spread (on the 65 MPs monitored in AWT discharges (See Annex Table S2). However, the baseline scenario (no AWT) demonstrate clear increases in net environmental impacts for all AWT scenarios at this endpoint level. 

Figure 9. Comparison of AWT scenarios at endpoint level (IW+ method) with detailed contribution breakdown in absolute values on the damage indicators: a. Ecosystems quality (PDF.m².yr) and b. Human health (DALY).

Uncertainties around impact results were estimated (Annex Table S7) with mean values and standard deviations with 95% confidence intervals using the Monte Carlo randomization on process parameters.

Sensitivity analyses on selected parameters such as energy source and inputs used in the process which showed significant impact contributions at the endpoint level are important for wastewater systems in general [START_REF] Igos | Life cycle assessment of powder and micro-grain activated carbon in a fluidized bed to remove micropollutants from wastewater and their comparison with ozonation[END_REF][START_REF] Rebello | Life cycle assessment of urban wastewater treatment plants: a critical analysis and guideline proposal[END_REF].

Considering an European electricity mix (Wernet et al., 2016) instead of the French electricity mix with an important nuclear energy share, for the ozone scenarios (2a and 2b) greatly alters the results of the comparative LCA with now non-significant differences between air-fed ozone generators and oxygen-fed ozone generators (Annex Table S10). This result underlines the importance of specifying the geographical context of this study.

Under the modelling assumptions of this study oxygen-fed ozone did not show net environmental benefits relative to air-fed ozone due to a significant increase in impacts from the extra energy demand, based on a weighted mean value across reviewed studies around 19 kWh/kgO3. However, using detailed measurements on a full scale French WWTP with ozone treating 30 000 PE, the ozonation step (comprising of air production, ozone generation, ozone destruction, ventilation and cooling) had a global energy demand of 32 kWh/kgO3 (See Annex Table S2). A sensitivity analysis on this energy demand for ozone scenarios showed that the latter value yielded impact increases of about 13% and 18% on human health and ecosystems endpoints (See Annex Figure S2), which underlines the significance of this choice of parameter value in the LCA in agreement with [START_REF] Igos | Life cycle assessment of powder and micro-grain activated carbon in a fluidized bed to remove micropollutants from wastewater and their comparison with ozonation[END_REF].

Regarding inputs such as reagent production, the GAC scenario could benefit from a further reduction in impacts from activated carbon since its contributions to endpoints were significant despite the hypotheses on GAC reactivation with 20% of GAC lost during regeneration as an alternative of using fresh activated carbon after every breakthrough event [START_REF] Igos | Life cycle assessment of powder and micro-grain activated carbon in a fluidized bed to remove micropollutants from wastewater and their comparison with ozonation[END_REF][START_REF] Rahman | Comparative Life Cycle Assessment of Advanced Wastewater Treatment Processes for Removal of Chemicals of Emerging Concern[END_REF][START_REF] Sbardella | EVALUATION AND COMPARISON OF ADVANCED TREATMENT TECHNOLOGIES TO ENHANCE THE REMOVAL OF PHARMACEUTICAL ACTIVE COMPOUNDS FROM WWTP SECONDARY EFFLUENT[END_REF]. A sensitivity analysis on the GAC regeneration rates shows that using 10% regeneration losses (compared to 20%) yielded moderate reductions in impacts at endpoint level of 5% on Human health and 8% on ecosystems quality (See Annex Figure S3).

Conclusions

The objective of this study was to carry out an environmental impact assessment of AWTs (e.g. ozone treatment and granular activated carbon adsorption) taking into account removal efficiencies on 65 MPs among different chemical groups. Major results are highlighted in the following, as well as recommendations and challenges on the way to conduct such a LCA:

• Efficiencies of AWT systems were determined in this LCA study with 31 new toxicity and ecotoxicity potentials for MPs in the USEtox v2 model library. Metals (e.g. copper and zinc) contribute significantly to ecotoxicity impacts.

• Five novel organic MPs (HHCB, 4-NP1EO, AHTN and ketoprofen) that were added in the USEtox v2 model library appeared among the first ten contributors on freshwater ecotoxicity and human toxicity impacts.

• Comparative LCA results reveal multiple environmental trade-offs of AWT when considered on a life cycle basis. The local water quality benefits achieved from the reduction of MPs in effluent are largely outweighed by the indirect toxicity at a regional level resulting from high resource use (e.g. electricity consumption and feed-gas).

• Hence it is important to develop detailed life cycle inventories and modelling assumptions concerning background processes, with uncertainty quantification on future LCA studies for AWT systems especially with comparative LCAs as some major parameters can alter the comparison outcomes;

• Results for the ozone scenarios effectively highlight significant organic MP removal and reduced negative impacts of about an order of magnitude on the short-term horizon for aquatic ecosystems.

• Most potent ecotoxic MPs in short-term freshwater ecotoxicity in all discharges were hormones (estradiol), pesticides (triclosan), industrial substances (alkylphenols group) and a fragrance (HHCB).

• Air-fed ozone and GAC are better AWT choices compared with oxygen-fed ozone on the ecosystems quality endpoint for the specific operating conditions in this study (using a French electricity mix). On human health, air-fed ozone is by far the best AWT choice, followed by GAC and finally pure oxygen-fed ozone. However these results must be interpreted carefully and provide an understanding of regionally distributed life cycle impacts which have to be complemented with knowledge of local water quality issues;

• More research on toxicity data and impact assessment models to improve organic/inorganic MP distinction in existing endpoints and to account for additional MP-relevant endpoints (e.g., endocrine disruption, synergistic effects of mixtures) and transformation products would improve the utility and representativeness of the LCA results, while process improvements may increase removal rates while lowering energy and chemical requirements. [START_REF] Ruel | Occurrence and fate of relevant substances in wastewater treatment plants regarding Water Framework Directive and future legislations[END_REF][START_REF] Bruchet | Indicateurs chimiques d'efficacité de traitement et d'influence des rejets de stations d'épuration sur le milieu récepteur[END_REF], MICROPOLIS-PROCEDES project (Choubert et al., 2017b), [START_REF] Li | Life cycle assessment of advanced wastewater treatment processes: Involving 126 pharmaceuticals and personal care products in life cycle inventory[END_REF] b Sources of MP removal efficiencies: [START_REF] Li | Life cycle assessment of advanced wastewater treatment processes: Involving 126 pharmaceuticals and personal care products in life cycle inventory[END_REF][START_REF] Guillossou | Micropolluants dans les eaux usées : qu'apporte un traitement avancé par adsorption sur chabon actif après un traitement conventionnel[END_REF][START_REF] Guillossou | Benefits of ozonation before activated carbon adsorption for the removal of organic micropollutants from wastewater effluents[END_REF][START_REF] Mailler | Study of a large scale powdered activated carbon pilot: Removals of a wide range of emerging and priority micropollutants from wastewater treatment plant effluents[END_REF][START_REF] Rahman | Comparative Life Cycle Assessment of Advanced Wastewater Treatment Processes for Removal of Chemicals of Emerging Concern[END_REF][START_REF] Choubert | Réduction des micropolluants par des traitements complémentaires : fossé construit sur sol imperméable, filtres garnis de matériaux adsorbants (ARMISTIQ -action B)[END_REF]Choubert et al., , 2017b;;[START_REF] Bourgin | Evaluation of a full-scale wastewater treatment plant upgraded with ozonation and biological post-treatments : Abatement of micropollutants , formation of transformation products and oxidation[END_REF]. 
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Figure 1 .

 1 Figure 1. Flow diagram and system boundaries for the AWT scenarios modelled in this study. System boundaries include the discharge of secondary effluent in a baseline scenario with no advanced treatment (1), discharge of AWT effluent after ozonation treatment with different feed gas (2a, with pure oxygen and 2b, with air); and discharge of AWT effluent after adsorption on GAC (3) as well as the end-of life of the GAC filter, material demands for the infrastructure construction and end-of-life.

Figure 2 .

 2 Figure 2. Contribution analysis on the fifteen midpoint indicators of Impact World+ method (Bulle et al., 2019) for the four AWT scenarios which include baseline (1), ozone (2a and 2b) and activated carbon (3). All scenarios are compared using the same functional unit, being the advanced wastewater treatment from 50 000 PE during one year. Relative contributions (in %) areindicated with the scenario having the greatest impact at 100%.

Figure 4 .

 4 Figure 4. Top ten contributors on human toxicity (a. cancer and b. non-cancer) for AWT discharges, expressed in % of the total impact.

Figure 6 .

 6 Figure 6. Decision-support procedure for the analysis of LCIA results leading to a choice backed on biophysical criteria among several scenarios (adapted from Guérin-Schneider et al, 2018)

Figure 7 .

 7 Figure 7. Pairwise comparisons of scenarios using the simplified decision-support procedure (Guérin-Schneider et al. 2018)

Figure 8 .

 8 Figure 8. Comparison of AWT scenarios at endpoint level (IW+ method) with detailed contribution breakdown in relative values (%) on the damage indicators: a. Ecosystems quality and b. Human health.

  

Table 3 . Selected MPs with average concentrations, estimated mass loadings in secondary treated effluents of WWTPs entering AWT and associated removal efficiencies

 3 

Table 1 .

 1 In light of the current results, however, life cycle environmental impacts should be considered while adopting management and risk mitigation strategies for MPs in combination with local risk assessment approaches.was supported by the French National Research Agency (ANR), the Occitanie Region, OFB and the industrial partners (BRL, SCP, SUEZ, VINADEIS, and Compagnie Fruitière) of the Industrial Chair for Environmental and Social Sustainability Assessment 'ELSA-PACT' (ANR grant no. 13-CHIN-0005-01).G., 2016. The ecoinvent database version 3 (part I): overview and methodology. Int. J. Life Cycle Assess. 21, 1218-1230. https://doi.org/10.1007/s11367-016-1087-8 Zepon Tarpani, R.R., Azapagic, A., 2018. Life cycle environmental impacts of advanced wastewater treatment techniques for removal of pharmaceuticals and personal care products (PPCPs). J. Environ. AWT scenarios modelled to meet the objectives of this LCA

	Manage. 215, 258-272. https://doi.org/10.1016/j.jenvman.2018.03.047

Table 2 . Inventory data to treat secondary effluent from 50 000 PE during one year through the AWT processes under study

 2 

	Scenario	Ozone (air)	Ozone (pure oxygen)	GAC	
	Building materials, kg (1)	m	2SD	m	2SD	m	2SD
	Concrete	2.6E+04	2.6E+03	2.6E+04	2.6E+03	4.9E+01	4.9E+00
	Plastics	1.7E+00	1.7E-01	1.7E+00	1.7E-01	2.1E+01	2.1E+00
	Metals	1.8E+03	1.8E+02	1.8E+03	1.8E+02	1.8E+02	1.8E+01
	Electricity consumption, kWh (2)	3.2E+05	6.4E+04	2.4E+05	4.8E+04	7.3E+04	1.5E+04
	Ancillary chemicals consumption, kg (2)						
	Oxygen (pure)			1.5E+05	3.0E+4		
	Activated carbon (fresh)					1.1E+04	2.2E+03
	Activated carbon (reactivated)					2.8E+04	5.6E+03
	Details in Supporting information: (1) Table S1, (2) Table S2					

Table 3 .

 3 Selected MPs with measured concentrations, estimated mass loadings in secondary effluents from WWTPs entering advanced treatment processes and associated removal efficiencies

	ozonation	activated carbon

a Sources of MP concentrations: AMPERES project (Martin
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(2) Uncertainty from the Ecoinvent database when defined, assessment of data quality based on a pedigree matrix [START_REF] Weidema | Data quality management for life cycle inventories-an example of using data quality indicators[END_REF]. For our system, up to 70% of the Ecoinvent processes have available uncertainty information.