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Researchers and industrials need decision-making tools to make informed decisions on environmental mitigation strategies and proceed with the overall ecodesign of processes. In this study, a tool that couples membrane filtration process modelling and life cycle analysis has been developed, for which material and energy flows are calculated for variable operating conditions and are the basis for environmental impact assessment. The resulting generic model has been applied to dead-end ultrafiltration of ground and surface waters for drinking water production with cellulose triacetate hollow fibers. Operating strategies have been investigated to mitigate environmental impacts of the two major hotspots (electricity and backwash cleaning chemical consumptions). Adjusting filtration cycle duration and filtration flux has shown to be a promising lever. The developed model is sufficiently flexible and modular for its adaptation to other membrane materials, filtration configurations (i.e. cross-flow) as well as to other applications.

Highlights

-Novel decision-making tool for filtration developed at a unit operation level.

-Extensive operating conditions and input water categories as model variables.

-Environmental impacts as sensitive to operating conditions as to electricity mix.

-Easy combination possible with existing fabrication model for cradle-to-grave LCA.

Introduction

As of the 1980s, limitations of conventional drinking water production have led researchers to investigate on the use of membranes to treat ground and surface waters [START_REF] Bersillon | L'ultrafiltration appliquée au traitement de l'eau potable : le cas d'un petit système[END_REF][START_REF] Cabassud | Ultrafiltration as a nonpolluting alternative to traditional clarification in water treatment[END_REF][START_REF] Clark | Ultrafiltration of lake water for potable water production[END_REF][START_REF] Jacangelo | Role of membrane technology in drinking water treatment in the United States[END_REF]. In 1988, the first ultrafiltration (UF) drinking water plant was inaugurated in France (Amoncourt, 10 m 3 h -1 ). Nowadays membrane technology for drinking water applications is a mature technology notably owing to its compacity, the physical nature of the treatment (thereby limiting chemical inputs and formation of disinfection by-products) and, more importantly, the constant and high quality of water obtained.

The production target of drinking water plants entails an operation at constant flow rate and, by extension, a constant filtration flux (L h -1 m -2 ). A near-constant number of UF modules are indeed maintained in filtration mode to limit any downtime. As ground or surface water is treated, retained matter accumulates and fouls the membrane surface and its porous structure, thereby increasing the driving force that is transmembrane pressure (TMP); membrane permeability falls. Keeping membrane permeability at an acceptable level in terms of energy consumption for pumping requires curative cleaning techniques, the two principal ones carried out industrially being backwashing and cleaning-in-place [START_REF] Chang | Hydraulic backwashing for low-pressure membranes in drinking water treatment: A review[END_REF][START_REF] Regula | Chemical cleaning/disinfection and ageing of organic UF membranes: a review[END_REF]. Backwashing is the mechanical action whereby a reversed flow is pumped from the permeate to the intake side of a membrane, whereas cleaning-in-place consists in a chemical solution being pumped in the membrane module without displacing it from its rack. These techniques not only consume water and chemicals but also energy for pumping.

Membrane performances (i.e. permeability, water recovery rate) depend on the quality of input water to be filtered. In particular, the complexity of fouling as a phenomenon arises in part from the complex matrix of input water. Particulate and colloidal matter have been identified as major foulants that remain loosely attached on the membrane surface and can therefore be easily removed by hydraulic washing procedures [START_REF] Howe | Fouling of microfiltration and ultrafiltration membranes by natural waters[END_REF][START_REF] Peiris | Understanding fouling behaviour of ultrafiltration membrane processes and natural water using principal component analysis of fluorescence excitation-emission matrices[END_REF]. More problematic foulants are those that are tightly bound to the membrane, typically natural organic matter fractions, and thus require chemical action for their removal [START_REF] Mallevialle | Water Treatment Membrane Processes[END_REF]. Interactions between foulants add to the complexity of fouling. Particulate and organic matter interactions have for example been documented to form a combined fouling layer, and calcium ions to cross-link have developed black-box models for drinking water unit operations to calculate the LCI and output water characteristics from three types of input parameters: equipment design (e.g. type of membrane), local conditions (e.g. energy supply, plant location) and feed water characteristics (i.e. quality, flow rate). Unfortunately, no further detail is given on model equations or the specific influence of operating conditions. Interestingly, [START_REF] Mery | An integrated "process modelling-life cycle assessment" tool for the assessment and design of water treatment processes[END_REF] combined LCA with process modelling for the ecodesign of conventional drinking water plants. The developed tool is based on models of unit operations that calculate environmental impacts from design facts, equipment sizing and operating conditions. Unit operations include coagulation, granular activated carbon filtration and ozonation but membrane filtration has not been examined. To the best of our knowledge, such methodological approach has never been undertaken for membrane filtration in the field of drinking water production from ground and surface water, in particular for ultrafiltration.

It is thus legitimate to consider that operating conditions have an influence on environmental impacts and can thus be an action lever to reduce them. Not only can existing drinking water plants go through upgrades, but plants that are yet to be designed can be involved in such an ecodesign approach. A second point is that cause-effect relationships between operating conditions and environmental impacts are far from straightforward and are to be further investigated, notably by taking into account the specificity and complexity of the system under study at a unit operation level. For membrane filtration, it would for example entail examining fouling and remediation methods.

What is ultimately pointed out is the relevance of going beyond specific cases and developing flexible and modular decision-making tools that consider the unit operation level with the associated operating conditions. The generic process modelling-LCA approach used in this study follows this objective. Given the complexity of fouling and its remediation, this approach is applied to membrane filtration only in this work. A previous study has considered membrane fabrication [START_REF] Prézélus | A generic process modelling-LCA approach for UF membrane fabrication: Application to cellulose acetate membranes[END_REF] and membrane end-of-life is out of the scope. The aims of this study are: (1) to develop an original model and simulation tool of dead-end UF as a unit operation for drinking water production, [START_REF] Laîné | Status after 10 years of operation-overview of UF technology today[END_REF] to evaluate the contribution of inputs and outputs on environmental impacts, and (3) to assess the influence of operating conditions, leading to possible improvements. In the first part of our study, the model development for dead-end inside-out hollow fiber filtration is explained and LCA information is detailed. In the second part, a case study of the operation of cellulose triacetate (CTA) UF membranes is examined.
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Table 1 LCA studies of membrane-based systems for drinking water production from ground and surface waters Focus is then given on LCA information.

Process description

The drinking water production process considered in this study concerns only the UF unit operation, which consists in the succession of operating cycles (i.e. alternation of filtration and backwash (BW) cycles concluded by a clean-in-place (CIP) cycle). The process can be described according to its three lines (see Fig. 1.).

The UF line consists in input water transferred by the intake pump through the prefilter and UF modules into the permeate tank for storage. Input water either refers to ground and surface waters or water having undergone a previous pre-treatment. The UF modules are made up of inside-out hollow fiber membranes operating in a dead-end configuration.

In the BW line, water is transferred by the BW pump from the permeate tank to the UF modules and prefilter with a reversed flow (outside-in). A BW chemical is injected at the permeate tank outlet to avoid microbial proliferation in the UF modules. The BW waste is decanted: clear liquid is sent back to the prefilter and the sludge is sent to a wastewater treatment plant (WWTP).

In the CIP line, several chemical solutions are first successively prepared in a CIP tank with water from the permeate tank and injected CIP chemicals. These solutions are successively fed into the UF modules in the same direction as for filtration (inside-out).

Liquid waste containing CIP chemicals is sent to a WWTP, whereas rinsing water from the final CIP phase is discharged to a surface waterbody (Coelho et al., 2019).

Environmental impacts in this study are calculated as a function of 1 m 3 of ultrafiltered produced water, which corresponds to a net volume after deduction of permeate water used up during backwashing and cleaning-in-place. The model calculates consumptions and waste, and provides engineering design data (relative permeability, module operating life, etc.) from both intrinsic and user-defined input parameters (see zoom on UF model in Fig. 2.). As a first step, these parameters are considered as constant over the module operating life.

Intrinsic parameters are defined as imposed upon drinking water operators and plant designers, such as the membrane fouling rate or thresholds defined by previous conducted research. In particular, the membrane fouling rate stems from choices made on membrane material, operating conditions and input water quality. Operators and designers have no action on these input parameters, unlike user-defined parameters that can be changed and adapted on site or during design. Examples of user-defined parameters include operating conditions and engineering design data (e.g. number of modules, their arrangement in blocks, head loss). Input water quality can also be altered by adjusting the operation of upstream unit operations according to variable ground or surface water quality. Input parameters have been divided in this way to distinguish parameters that can be acted upon and serve as levers of action for operational and design strategies from parameters that cannot. A detailed list of parameters is given in Table 2 and the exhaustive list can be found in Tables A.1 and A.2 in Appendix A. Due to the complexity of fouling and the difficulty to model it, water suppliers have adopted a pragmatic approach of categorization so as to give guidance on how to conduct UF as a function of input water quality. Input water can be categorized according to two global easyto-measure analytical parameters that have shown to be discriminating as regards fouling:

turbidity and total organic carbon (TOC) (Coelho et al., 2019;[START_REF] Crozes | Contribution à l'étude du colmatage irréversible en ultrafiltration appliquée au traitement d'eau potable[END_REF]. For example, category 0 corresponds to high-quality input water with low levels of turbidity and TOC, whereas category 3 corresponds to low-quality input water with high turbidity and TOC values. Each input water category is associated with recommended threshold operating conditions (i.e. filtration flux, BW and CIP frequency) specific to each water supplier and derived from industrial case studies.

In accordance with these industrial practices, the definition of input water categories is inserted as intrinsic parameters of the model. Other intrinsic parameters are the three associated thresholds: maximum filtration flux, minimum BW and CIP frequencies. Userdefined parameters and model calculations must never exceed these thresholds. per unit of permeate volume (V) per membrane surface area (S) and

expressed in m -1 : v = , , (1) 
By way of reminder, Lp1,1,1 is the permeability once the initial start-up phase of the membrane unit is over. An interesting feature of fouling rate described as in Equation ( 1) is to eliminate dependency on filtration flux, thereby lowering the number of degrees of freedom. Indeed, for a given membrane material, there is one fouling rate value per input water quality. When both filtration flux and input water quality are held constant, the fouling rate per unit of permeate volume can be readily converted to a fouling rate per unit of time.

As illustrated in Fig. 3.(a), BW efficiency (%BW) is defined as the ratio of relative permeability recovery during a BW cycle [(Δ , ,

)BW] to relative permeability decline between the start and end of the preceding filtration cycle [(Δ , ,

)F].

CIP efficiency (%CIP) is defined as the ratio of relative permeability recovery during a CIP cycle [(Δ , ,

)CIP] to relative permeability decline between the start of the ongoing operating cycle and the start of the CIP cycle [(Δ , ,

)OP] (see Fig. 3(b).). In a first approach, all three intrinsic parameters are assumed to be constant. Studies have highlighted the variability over time of membrane properties and process behaviour, including CIP efficiency [START_REF] Porcelli | Effect of cleaning protocol on membrane permeability recovery: A sensitivity analysis[END_REF]. CIP efficiency can increase over time due to more permeable membranes as a result of their chemical degradation during CIP amplified by mechanical stress of BWs [START_REF] Pellegrin | Mechano-chemical ageing of PES/PVP ultrafiltration membranes used in drinking water production[END_REF]. It has also been hypothesized that the chemical ageing of membranes account for a greater sensitivity to fouling compared to virgin membranes [START_REF] Touffet | Impact of pretreatment conditions and chemical ageing on ultrafiltration membrane performances. Diagnostic of a coagulation/adsorption/filtration process[END_REF]. Such opposite effects of membrane ageing on permeability make it difficult to quantitatively predict the evolution of parameters such as fouling rate, BW or CIP efficiencies. Integrating such effects in the model would require a complete dataset of TMP over time of the UF unit. By default, BW and CIP efficiencies have been initialized with parameters having true constant values: membrane operating life, initial and final permeabilities. Industrial values can readily be found in the literature [START_REF] Bersillon | L'ultrafiltration appliquée au traitement de l'eau potable : le cas d'un petit système[END_REF][START_REF] Clark | Ultrafiltration of lake water for potable water production[END_REF]Coelho et al., 2019;[START_REF] Mallevialle | Water Treatment Membrane Processes[END_REF].

The fouling rate can then be inferred from the BW and CIP efficiencies.

Another possible approach, beyond the scope of this study, would be to implement a statistical analysis to process large sets of industrial or laboratory data [START_REF] Teychene | Predicting of ultrafiltration performances by advanced data analysis[END_REF], which could result in regression functions suggested for the three intrinsic parameters as a function of input water quality (e.g. turbidity, TOC), membrane characteristics and operating conditions (e.g. BW and CIP conditions). A prerequisite for this semi-empirical approach is access to a large set of industrial values over a long period of time (e.g. a year). Results from such an analysis as well as those from specific research studies on membrane ageing, for example, can be later integrated in the developed model.

Intrinsic parameters: end-of-life thresholds

The end of life of any given membrane module is reached when at least one of four conditions has been met: maximum operating life, minimum productivity, maximum chemical resistance and maximum mechanical resistance. The last three conditions imply membrane ageing. Note should be taken that it can be difficult to distinguish between chemical and physical ageing of membranes since consequences on membrane performances, e.g. permeability, may be similar [START_REF] Rouaix | Experimental study of the effects of hypochlorite on polysulfone membrane properties[END_REF].

Maximum operating life corresponds to a defined duration that has been reached. This duration can for example correspond to the membrane manufacturer's warranty, after which breakdowns are not insured anymore or to the membrane manufacturer's recommendation to systematically renew modules after a given period of time for precautionary measures.

In the case of minimum productivity, a defined permeability is reached after a BW cycle. Below this minimum permeability, the module is considered unproductive, unless an unacceptably high TMP is applied.

In this study, the maximum chemical resistance corresponds to a defined "c x t" value that has been reached for one of the chemicals used for backwashing or cleaning-in-place. It expresses the chemical intensity in ppm.day and corresponds to the chemical's concentration (c) multiplied by the contact time (t) with the membrane surface. To maintain the chemical integrity of the membrane and the module as a whole, a maximum tolerable number of CIP cycles is determined for each chemical [START_REF] Arkhangelsky | Retention of organic matter by cellulose acetate membranes cleaned with hypochlorite[END_REF][START_REF] Levitsky | Effect of time in chemical cleaning of ultrafiltration membranes[END_REF][START_REF] Mallevialle | Water Treatment Membrane Processes[END_REF].

As for maximum mechanical resistance, a defined number of BW cycles has been reached. BWs have an effect on the physical integrity of membranes. A maximum number of BW cycles is thus defined to stop operating modules before fibers are too fragile to mechanical stress [START_REF] Mallevialle | Water Treatment Membrane Processes[END_REF].

User-defined parameters

As shown in Fig. 2., user-defined parameters are inputs of the model. The output flow rate is defined as the average daily output flow rate and accounts for permeate loss during backwashes (BWs) and clean-in-places (CIPs).

Following industrial practices and as explained in section 2.2.1., turbidity and TOC are considered in the model as user-defined parameters for input water quality characterization.

Both are average values during the membrane facility's operating life, which provides the advantage in a first approach to smooth the effect of temporary variations of input water quality.

Operating conditions include filtration flux, BW conditions (i.e. flux, permeate volume per unit of membrane surface, chemical concentration and injection time fraction) and CIP conditions (i.e. chemical concentration, filtration and soaking duration, and filtration and rinsing fluxes). Module characteristics refer to the membrane filtration surface, initial permeability and void volume to be filled during CIPs. Pumping system characteristics include pump efficiencies, pipe dimensions and minor loss coefficients of the pumping system (pipes common to all blocks, prefilter and pipes within a rack).

Model calculations

In order to calculate consumptions and waste, the model is based on the determination of relative permeability variations during the modules' operating life. Relative permeability compares permeability at any given time to Lp1,1,1, the initial permeability. The latter varies from one module to another and from one membrane material to another, thus making it difficult to compare absolute permeability values of modules with one another.

Relative permeability allows this comparison to be made.

Membrane modules are considered to respond in an equivalent manner to given operating conditions. Permeability variations and operating lifespan are for example identical from one module to another in the same membrane unit. In reality, there may be modules of different ages due to module replacement, for example if too many broken fibers are present [START_REF] Brehant | Risk management approach for monitoring UF membrane integrity and experimental validation using Ms2-phages[END_REF]. The behaviour of modules calculated by the model corresponds to an average behaviour in the UF unit. Similarly, hydraulic distribution in the piping system is never perfectly equal and hydraulic conditions may vary from one module to another depending on their position in the membrane unit. Due to lower head losses, modules closest to the intake pump are subject to input water at a higher TMP than the furthest modules. However, it can be considered that hydraulic variations between membrane units are similar and hydraulic conditions given by the model corresponds to average conditions in the membrane facility.

Module consumption may be derived from the number of modules needed to satisfy the daily output water flow rate and the operating life. Chemical consumption during CIPs and head loss both depend on module arrangement in blocks. The module arrangement in the model is based on industrial practices, according to which the membrane system is composed of several identical blocks: two racks of two rows each containing the same number of modules (Inge, 2014). An example of a possible module arrangement is given in Appendix B.

Energy consumption linked to pumping in part depends on the membrane facility's configuration and inherent minor head losses. Linear head loss is neglected in pumping calculations because negligible compared to minor head loss. As an order of magnitude, linear head loss is at most a tenth of minor head loss for rack lengths smaller or equal to 14m, which corresponds to 80 modules per rack (module diameter and space between modules are equal to 30 and 5 cm, respectively). Racks are backwashed successively whilst the others remain in the filtration mode: a first rack is cleaned, then a second, etc. Whereas material consumption of the BW chemical injection is taken into account, its pumping is neglected in energy consumption calculations because negligible compared to BW water pumping (<0.01%). Racks are also cleaned-in-place successively. A CIP cycle is composed of maximum 5 phases, of which up to 3 phases consist in inside-outside filtration with a chemical solution followed by a soaking period. Chemical injection in the CIP tank is neglected in energy consumption calculations because negligible compared to tank filling with permeate water (<0.9%). In a fourth phase, permeate water used in a closed circuit is filtered inside-outside. The fifth phase is a final rinsing step during which the permeate goes directly to waste. Further precisions on fluid circulation and rack rotations for BW and CIP executions can be found in Appendix C.

Modelling equations used for consumption and waste calculation, as well as engineering design data can be found in Appendix A.

Life Cycle Assessment (LCA)

Goal and scope

The goal of LCA is to evaluate: (1) the contribution of consumptions and generated waste on environmental impacts; (2) the influence of operating conditions; and (3) lever actions for improving environmental performances. For our case study, the UF unit is considered to be located in France and intended for drinking water production. The functional unit is 1 m 3 of ultrafiltered water.

The system boundaries consider membrane operation only, including prefiltering, ultrafiltering, backwashing and cleaning-in-place (see Fig. 1.). Energy and chemical consumptions are considered for these four unit processes. Transport of chemicals and waste from and to the UF unit, and treatment of BW and CIP liquid waste are also considered. The fabrication and end of life of membranes are out of the scope of this study:

the former has been dealt with in one of our previous studies [START_REF] Prézélus | A generic process modelling-LCA approach for UF membrane fabrication: Application to cellulose acetate membranes[END_REF] and the latter will be included in our forthcoming study. The construction and decommissioning of infrastructure and equipment are not included in the environmental assessment. Indeed, the modelling of each life cycle phase first needs to be developed before being able to consider the entire life cycle of membranes with the corresponding infrastructure.

Umberto NXT software and ecoinvent 3.4 database are used with the allocation at the point of substitution for background processes (i.e. energy production, transportation, chemicals production, waste treatment, etc.).

Life Cycle Inventory (LCI)

The flowchart for LCA calculation is presented in Fig. 2. The foreground is the UF drinking water production process as described in section 2.1., with input data collected from the scientific literature. In this work, the input data and the resulting modelled inventory are valid for an UF unit composed of CTA hollow fiber modules operating in a

French drinking water production context.

Ideally, a parametric model is needed to express the fouling rate of a given membrane as a function of at least turbidity and TOC. Environmental assessments require that this model be based on industrial data from drinking water plants, as opposed to theoretical or research data. A considerable effort would then be needed to process data with advanced numerical tools (e.g. artificial intelligence). It was not possible to collect sufficient data to adjust such a parametric model due to the difficulty in obtaining such data, which is sometimes confidential, and due to the fact that drinking water plants do not always collect them (in particular as regards BW and CIP efficiency). In such circumstances, the literature has been used to obtain information for specific ranges and for different time spans of a membrane's operating life. The choice has been made to verify the model of membrane operation by first defining a baseline scenario based on real data and then verifying the obtained inventory against literature values.

The baseline scenario has been defined as the dead-end filtration at 100 L h -1 m -2 of a high-quality input water (i.e. 1 NTU, 1 mg TOC L -1 ) with CTA hollow fibers having an initial permeability of 230 L h -1 m 2 bar -1 . The entire dataset of the baseline scenario is given in Table 2. For this scenario, literature values indicate a maximum membrane operating life (i.e. 15 years) and a minimum final productivity (i.e. 100 L h -1 m 2 bar -1 ) (Laîné, 2000). For this scenario, high remediation efficiencies (i.e. 95% for both BW and CIP) have been suggested

in consistency with the high-quality input water. The two values for (%BW, %CIP) along with the literature values allow to evaluate the fouling rate (vF). The fouling rate (i.e. -7.9 10 -3 m -1 ) actually corresponds to a decline in permeability equal to 0.18 L h -1 m 2 bar -1 per filtration cycle of 60 min at 100 L h -1 m 2 . It should be pointed out that such a low permeability decline in a drinking water plant can only be detected over a significant number of filtration cycles, which makes its validation from real data impossible. In this context, it was deemed relevant to have an order of magnitude of the percentage of fouled surface and to put it in perspective with the fouling rate. Its low value is in line with the low values of deposited turbidity and TOC during a filtration cycle as defined in the baseline scenario (100 NTU and 100 mg per m 2 of membrane surface, respectively). The turbidity deposit can be assimilated to 330 mg of bentonite (dry density 2,500 kg m -3 , particle size 4 µm), which means that only 5% of the membrane surface is covered by bentonite particles at the end of a filtration cycle. This is coherent with the high-quality input water. Concerning the BW line, it is considered that 100% of the BW waste is sent back to the prefilter; the volume taken up by the sludge after decantation is supposed to be zero in the baseline scenario.

The full list of parameter values and their literature references are found in Table 2.

For sake of clarity, input water quality categories and associated thresholds are provided in Appendix A (Table A .6). 5 [START_REF] Gitis | Application of nanoscale probes for the evaluation of the integrity of ultrafiltration membranes[END_REF], >100 [START_REF] Mallevialle | Water Treatment Membrane Processes[END_REF] 
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a There is only one chemical phase in the baseline scenario. Parameter values (e.g. duration, chemical concentration) of phases 2 and 3 are thus equal to zero.

b In the baseline scenario, the fouling rate is not an intrinsic parameter but a parameter calculated from the BW and CIP efficiencies.

c In the baseline scenario, BW and CIP efficiencies are defined according to two conditions: a maximum operating life of 15 years and a minimum final productivity of 100 L h -1 m -2 .

Life Cycle Impact Assessment (LCIA)

Two recognized evaluation methods are used to calculate environmental impacts with the LCA software Umberto NXT: (1) IPCC's GWP100a that specifically evaluates the topical subject of climate change at midpoint (units in kg CO2-eq) and ( 2) ReCiPe endpoint method that consists in 17 impact categories (e.g. agricultural land occupation, human toxicity, fossil depletion, etc.) grouped in 3 areas of protection (i.e. ecosystem quality, human health and resource depletion) (units in points). Scores of these 17 categories can be aggregated into a unique score. The hierarchist cultural perspective is taken as ReCiPe default model.

Interpretation

A sensitivity analysis of environmental scores of the baseline scenario is carried out on the electricity mix. The nuclear-based electricity taken as reference is compared to

French renewable electricity sources: hydropower, wind, biomass and solar. The precise ecoinvent unit processes used are to be found in Appendix D.

The sensitivity of environmental scores to variations in several parameters for membrane operation is also studied through scenarios and trends that can be identified. The scenario-based approach is based on the same premise as the LCA approach developed in this work: process-oriented thinking for a realistic and physical representation of the studied system. As such, four plausible scenarios are elaborated based on the baseline scenario. As a reminder, the fouling rate, BW and CIP efficiencies in the baseline scenario have been adjusted by setting the membrane operating life, and initial and final permeabilities. In the four scenarios, the fouling rate and remediation efficiencies are hypothesized based on the defined operating conditions, and initial and final permeabilities; module operating life is not set anymore but calculated. Values defined for operating conditions and permeabilities are within the ranges found in the literature (see Table 2). Hypotheses need to be made on fouling rate and remediation efficiencies since no specific industrial or laboratory data is available. Qualitative information is however available in the literature that indicates the direction of change of these three intrinsic parameters as a function of operating conditions: a greater BW efficiency for a greater BW flux (Nakatskuka et al., 1996), a greater fouling rate for a lower quality input water [START_REF] Mallevialle | Water Treatment Membrane Processes[END_REF], a greater CIP efficiency for a greater CIP chemical concentration [START_REF] Bird | Measuring and modelling flux recovery during the chemical cleaning of MF membranes for the processing of whey protein concentrate[END_REF]…

Scenario A considers an operating strategy whereby BW flux is increased from 250 to 300 L h -1 m -2 . Given that an asymptotic-like behavior has been observed for BW efficiency increase with BW pressure [START_REF] Nakatsuka | Drinking water treatment by using ultrafiltration hollow fiber membranes[END_REF][START_REF] Kennedy | Intermittent crossflushing of hollow fiber ultrafiltration systems[END_REF], the hypothesis of BW efficiency increasing from 95 to 97% makes sense. In Scenario B, filtration flux is increased from 100 to 130 L h -1 m -2 . The choice is made to adapt the filtration cycle duration from 60 to 46 min so as to maintain constant the deposited mass during a filtration cycle:

since filtration flux is multiplied by 1.3, filtration cycle duration is divided by 1.3. The relative permeability decline during a filtration cycle thus also remains the same, and so does BW efficiency. Scenario C considers a degraded input water quality (2 mg TOC L -1 ), thereby not only contributing to fouling but also making hydraulic removal by backwashing difficult [START_REF] Alresheedi | Comparisons of NOM fouling and cleaning of ceramic and polymeric membranes during water treatment[END_REF][START_REF] Peiris | Understanding fouling behaviour of ultrafiltration membrane processes and natural water using principal component analysis of fluorescence excitation-emission matrices[END_REF][START_REF] Peldszus | Reversible and irreversible low-pressure membrane foulants in drinking water treatment: Identification by principal component analysis of fluorescence EEM and mitigation by biofiltration pretreatment[END_REF][START_REF] Teychene | Predicting of ultrafiltration performances by advanced data analysis[END_REF].

These observations lead to suggest a lower fouling rate (i.e. -8.1 10 -3 m -1 ) and BW efficiency (i.e. 93%). In scenario D, the same conditions as those for scenario C are taken, with the exception of a greater CIP chemical concentration (3 instead of 1.5 g L -1 ). Studies clearly indicate an influence of CIP chemical concentration on CIP efficiency [START_REF] Bird | Measuring and modelling flux recovery during the chemical cleaning of MF membranes for the processing of whey protein concentrate[END_REF][START_REF] Nigam | Fouling and cleaning of whey protein concentrate fouled ultrafiltration membranes[END_REF][START_REF] Väisänen | Treatment of UF membranes with simple and formulated cleaning agents[END_REF], hence the hypothesis of CIP efficiency increasing from 95 to 97%. Values that differ between the four aforementioned scenarios and the baseline scenario are summarized in Table 3. which is moreover carried out in a cross-flow configuration as opposed to the less energy-464 intensive dead-end filtration in our study (Glucina, 1998). Amongst the listed references, Relatively low discrepancies are obtained for water recovery, which is defined as the percentage of input water that leaves the UF unit as ultrafiltered water (see Table 4). The modelled value (95.2%) is similar to those found by [START_REF] Lipp | Integration of ultrafiltration to conventional drinking water treatment for a better particle removal-efficiency and costs?[END_REF] and [START_REF] Friedrich | The Use of Environmental Life Cycle Assessment for the Production of Potable Water[END_REF].

Given this correct order of magnitude and that concentrations of chemicals (i.e. sodium hypochlorite, citric acid, ammonia and sodium hydroxide) are based on literature values (see Table 2), it can be inferred that modelled values for chemical consumption are also in the correct order of magnitude. a assumption [START_REF] Friedrich | The Use of Environmental Life Cycle Assessment for the Production of Potable Water[END_REF] b cumulated value for UF and sand filtration

Impacts of the baseline scenario

In the baseline scenario, the operation of hollow fiber membranes for the production of 1 m 3 of ultrafiltered water generates impacts amounting to 4.1 10 -3 kg CO2-eq and 4. 5 10 -4 points for IPCC GWP100a and ReCiPe endpoint scores respectively. Process inputs and waste are grouped in clusters for the study of their respective contributions (see Appendix E). The cluster "CIP chemicals" for example aggregates citric acid, ammonia and sodium hydroxide.

More than 99% of both IPCC GWP100a and ReCiPe scores are attributable to the BW chemical and electricity production. Indeed, BW chemical production contributes to 57% and 54% of IPCC GWP100a and ReCiPe scores, respectively. Electricity production contributes to 43% and 45% of respective scores (see Appendix F for further results). In particular, intake pumping accounts for the major part (90%) of electricity consumption, whereas BW pumping accounts for the remaining 10%. The contribution of CIP pumping to energy consumption is negligible. These relative contributions are in line with the average TMP and cumulative duration of each operating mode (filtration, BW and CIP).

It can further be noted that annual cleaning-in-place has very insignificant impacts (<2%). Not only is pumping during CIP phases negligible (<0.01%) compared to total electricity consumption but negligible impacts are also observed for CIP chemicals and waste treatment.

The detailed ReCiPe results are presented in Fig. 4. for all impact categories and by cluster. Three endpoint impact categories account together for around 70% of total endpoint impacts: fossil depletion, climate change for human health and climate change for ecosystem quality. It is to be noted that climate change results with the ReCiPe endpoint method correspond to damages (expressed in points) due to temperature elevation, whereas IPCC GWP100a results consider radiative forcing to express climate change at midpoint in kg CO2-eq.

For each impact category, distributions between the clusters "BW chemical" and "electricity" are between 55 and 57% for the former, and between 42 and 44% for the latter.

These distributions for specific ReCiPe impact categories are similar to those for total ReCiPe endpoint scores. The dominant impacts of fossil depletion, climate change, particulate matter formation and ionizing radiation are correlated with each other since they correspond to impacts of energy production and consumption (i.e. electricity used in the foreground process and energy used for chemical production). The important contribution of electricity consumption in environmental results leads to ponder on the influence of the electricity source. In this work, the assumed ecoinvent unit process relates to a French electricity mix composed of 71% nuclear, 10% hydropower, 6% natural gas, 4% wind, 2% coal and 7% other (including oil, biomass, biogas). Given the ongoing sustainable developments of the sector, French renewable electricity sources are considered for a sensitivity analysis: hydropower, wind, biomass and solar. Total life cycle IPCC GWP100a results are 40%, 36%, 20% and 10%, respectively, lower compared to that of the baseline scenario with French electricity mix. Total life cycle ReCiPe endpoint results are 42%, 35%, 8% lower for system with hydropower, wind and solar respectively compared to the system using French electricity mix. Total life cycle impacts are however 1050% greater for system with biomass cogeneration due to predominant impacts on urban land occupation. This sensitivity analysis clearly points out the influence of the electricity mix on environmental impacts.

Influence of operating conditions

As a reminder, four scenarios are considered to study the sensitivity of environmental scores to variations of operating conditions (see Table 3 for parameter values).

For these four scenarios, values of calculated parameters are coherent with changes in input parameters (see Appendix G for extensive values). For scenario A, the module operating life increases by 36% compared to the baseline scenario (from 15.0 to 23.5 years) due to increased BW efficiency by 2%. The end-of-life condition is not the minimum permeability (100 L h -1 m -2 bar -1 ) anymore but the maximum number of BW cycles, which has been reached and set at 200,000. This is the top value in the suggested range (see Table 2). Without the end-of-life condition on mechanical resistance, the module operating life would have been 37.9 years, which is unrealistic. In scenario A, the final permeability equals 151 L h -1 m -2 bar -1 . The filtration average permeability is thus greater than in the baseline scenario, which in part explains the lower filtration average TMP (0.54 instead of 0.60 bar).

The second reason is the greater BW efficiency (97 instead of 95%), meaning that there is In scenario C, the operating life falls from 15.0 to 10.2 years due to decreased BW efficiency and fouling rate. These unfavourable conditions first lead to shorter operating cycles (265 instead of 365 days). Like for scenario B, the maximum relative permeability decline during an operating cycle is reached before the maximum operating cycle duration.

The greater CIP frequency leads to a 37% increase in CIP chemical consumption. Then, the end-of-life condition of minimum permeability (100 L h -1 m -2 bar -1 ) is reached. Given that the initial and final permeabilities are the same as for the baseline scenario, the filtration average TMP does not significantly change: 0.60 bar.

In scenario D, the increased CIP efficiency offsets the decreased BW efficiency.

Indeed, the operating life (i. ).

The question that arises now is whether these variations are significant from an environmental point of view. Environmental scores and contributions of cluster process inputs and waste for membrane operation only are very similar between scenarios A, C and D and the baseline scenario: percentage changes are 2% at the most (see Table 5 and Fig. 5.). This is not surprising since average TMP during filtration, BW frequency and duration are similar or identical. It is furthermore known from model calculations that intake pumping contributes to more than 90% to electricity consumption and that the two clusters "electricity" and "BW chemical" are the greatest contributors to environmental scores. Not only are electricity and BW chemical consumptions similar between these scenarios, water recovery rates are too (i.e. 95%). As shown in Table 5, specific electricity and BW chemical consumptions are thus also similar (maximum 5.7% of absolute difference).

Unlike in scenario B, it can be concluded that environmental scores are insensitive to the studied variations of (vF, %BW, %CIP) in scenarios A, C and D, that is for a cut-off of 2% in absolute values. This should however not be generalized since other operating conditions could lead to these same variations of (vF, %BW, %CIP) but to different environmental scores.

For example, differences in final permeability, and consequently in average TMP during filtration, may be observed when the limiting end-of-life condition is different. This is the case for scenario A for which the module operating life is determined by the maximum number of BW cycles. Moderate changes in environmental impacts are observed (2% in absolute values), which could moreover be more significant if a threshold lower than 200,000 BW cycles were to be defined. The filtration cycle duration in all three scenarios is also the same as in the baseline scenario. Changing this filtration cycle duration would impact on BW efficiency, as well as on specific consumptions. The influence of (vF, %BW, %CIP) on environmental impacts should then be reassessed under these other operating conditions. In short, a first prerequisite is to determine precisely the end-of-life thresholds (e.g. minimum permeability, maximum number of BW cycles). A second prerequisite is to determine the influence of filtration cycle duration on BW efficiency.

In scenario B, a high sensitivity of environmental scores to changes in filtration flux and filtration cycle duration is observed; depending on the considered evaluation method, scores are 29 or 31% greater in scenario B compared to the baseline scenario (see Table 5).

Contributions of electricity production rise at the expense of BW chemical fabrication: from 42-45% in the baseline scenario to 56-59% in scenario B. It can be concluded that the influence of the increased filtration flux in scenario B is greater than that of the increased BW frequency, regardless of the evaluation method or ReCiPe endpoint impact category. 

Analysis of global trends

The study confirms that electricity and BW chemical production are two major points of interest for mitigating environmental impacts of the ultrafiltration stage with CTA inside-out hollow fibers. Mitigating impacts from BW chemical consumption can first of all consist in adjusting BW operating conditions (i.e. injection time, concentration) to avoid overconsumption due to precautionary measures; variations in environmental scores are sensitive to these adjustments. For example, halving the BW chemical concentration from 5 to 2.5 ppm in the baseline scenario decreases GWP100 and ReCiPe endpoint scores by 29 and 27%, respectively.

Microbial proliferation prevention strategies can also be considered, such as using better suited materials to biofouling for membrane and module components. Chemical compounds with a lower environmental footprint than sodium hypochlorite can also be investigated. Mitigation strategies related to electricity consumption can consist in fabricating more permeable and/or low-fouling membranes: the initial permeability and fouling rate would respectively be higher and lower, thereby providing a higher average permeability. Given that intake pumping accounts for the majority of electricity consumption in all considered scenarios (i.e. a minimum of 88% for scenario B), it is also particularly impactful to focus on filtration sequences when it comes to adjusting operating conditions. In this respect, the comparison between the baseline scenario and scenario B shows filtration flux as a relevant operating condition to act on: the percentage variation in environmental scores is inversely proportional to the percentage variation in filtration flux. The sensitivity analysis on the electricity mix also shows that using renewable energy sources (especially hydropower and wind energy) can mitigate environmental impacts to the same extent as lowering filtration flux. By extension, these two measures combined have the potential to halve these impacts, provided necessary structural adaptations are made. Hydropower requires falling or fast-running water near the drinking water plant, as well as appropriate infrastructure. Wind energy requires favorable local conditions and its fluctuating nature implies using storage and/or at least one controllable source of energy. As for lower filtration fluxes, the greater number of modules to be installed implies capital expenditure and extra floor area in the drinking water plant itself. Such changes (if technically feasible) call for long-term planning whereas acting on BW chemical consumption can be based on simple trial and error tests followed by a swift implementation, which seems adapted as a first-line optimization strategy given limited resources.

As regards the developed model, this study has showed that operating conditions have an influence on both process parameters and environmental impacts. In particular, the high sensitivity of module operating life and the number of filtration cycles to operating conditions (see Appendix G) calls for a detailed knowledge of the three key intrinsic parameters: fouling rate, BW and CIP efficiencies. Finding relevant and complete datasets of these parameters in the literature is compromised by the long time scale (several years) and the confidentiality of industrial values. Ideally, TMP values over time for different qualities of input water could serve as a basis for a statistical analysis and modelling of these three parameters as a function of input water quality, membrane material and operating conditions. Access and analysis of such data would represent an improvement over the pragmatic approach of associating threshold operating conditions to input water quality categories based on turbidity and TOC.

The dependency of the number of modules and their operating life to operating conditions reveals that module consumption varies from one scenario to another. The associated environmental impacts are related to the fabrication stage of the modules' life cycle.

A previous study specifically considered a generic process modelling and LCA approach for UF membrane fabrication [START_REF] Prézélus | A generic process modelling-LCA approach for UF membrane fabrication: Application to cellulose acetate membranes[END_REF]. Although this stage is beyond the scope of this study, taking it into account opens up prospects on the eco-design of membrane modules on a life cycle scale. New questions that arise are the relative impacts of fabrication, operation and end of life, and the key operating conditions of each stage for environmental mitigation. The underlying objective is not only to ecodesign membrane filtration as a unit operation but to ecodesign sequences of unit operations making up an entire production process. Ultimately, membrane-based production processes can be compared from an environmental point of view to conventional ones, and serve as criteria in the decision-making of design for drinking water production from ground or surface water.

Conclusion

The methodological novelty of this study, whereby process modelling is coupled with LCA, is of importance for the scientific community since the influence of operating conditions on environmental impacts can be fully investigated and serve as a basis for impact mitigation.

The generic model that has been developed following this approach addresses the complexity and specificity of membrane operation, especially regarding fouling and remediation methods.

Variations of relative permeability are calculated from key model parameters (i.e. fouling rate, BW and CIP efficiencies). The model could moreover be improved by correlating these three parameters to relevant operating conditions such as input water quality, BW and CIP conditions. A statistical analysis of a large dataset would be an appropriate tool.

The initial results obtained with the generic process modelling-LCA model put forth the predominant contributions of electricity production and BW chemical fabrication to GWP100a

and ReCiPe endpoint scores. Mitigation strategies include further reducing total dynamic head of the system and fine tuning BW operating conditions. LCA results also confirm that environmental impacts may be sensitive to changes in operating conditions, notably when considering filtration flux and filtration cycle duration. This demonstrates the relevance of such a parameterized model of the membrane operation stage, as compared to conducting a LCA with fixed operating conditions.

The flexibility and modularity of the developed generic model allow its use beyond the presented case study. Membrane materials other than CTA can for example be examined by adapting values of material-specific parameters such as initial permeability, fouling rate and CIP conditions. The same holds for other applications, such as direct filtration of low input water quality (e.g. higher TOC and turbidity) with an online addition of a coagulant. It would involve, among other things, new values for input water quality and thresholds associated with input water categories, as well as the integration of the coagulant in the life cycle inventory. The model could also be adapted to a cross-flow configuration; recirculation would need to be taken into account with an additional pump, a modified piping system and included in input water quality calculations. Lastly, other types of filtration (e.g. microfiltration, nanofiltration) can be considered.

As regards the integration of environmental evaluation in membrane science and technology, our model development for membrane operation is only but a first step since the same approach must be carried out on the other life cycle's stages, namely membrane fabrication and end of life. In this way, it will be possible to fully ecodesign membranes by determining key mitigation parameters and strategies, and compare membrane-based production processes to conventional ones on a rigorous basis. The nomenclature used for model input parameters is inspired from work of Méry [1] in view of the model's integration in EVALEAU. Case 1 ─ user-defined Specification_Decline_ Filtration 

Calculated_Filtration_Cycle_Duration = _ _ • • _ _ • _ _ _ _ _ [min] (1 
= _ _ _ _ _ _ _ _ • • _ _ _ • • [no unit] (8) 
Decline_Operating = Number_Of_Filtration_Cycles_Per_Operating_Cycle • Decline_Filtration • (1 -BW_Efficiency) [ppm.day] (13) 
X in ChemicalX and PhaseX equals 1, 2 or 3.

CIP_ChemicalX_c_x_t_Per_Operating_Cycle = CIP_ChemicalX_Concentration • ( _ _ _ _ _ _ _ _ _ ) [ppm.day] (14) 
For each chemical, the hypothetical number of operating cycles is calculated with the "c x t" value per operating cycle and the associated threshold input parameter.

Case 1 ─ BW chemical same as a CIP chemical (i.e. ChemicalX where X = 1, 2 or 3)

BW_Chemical_c_x_t_Number_Of_Operating_Cycles = _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ [no unit] (15) CIP_ChemicalX_c_x_t_Number_Of_Operating_Cycles 
= BW_Chemical_c_x_t_Number_Of_Operating_Cycles [no unit] (16) Case 2 ─ BW chemical different from CIP chemicals BW_Chemical_c_x_t_Number_Of_Operating_Cycles = _ _ _ _ _ _ _ _ _ _ _ _ _ _ [no unit] (17) 
X in ChemicalX equals 1, 2 or 3. 

CIP_ChemicalX_c_x_t_Number_Of_Operating_Cycles = _ _ _ _ _ _ _ _ _ _ _ _ _ _ [no unit] (18) 
= Integer _ _ _ _ • . ( _ _ • _ _ ) _ _ • • _ _ _ • • [no unit] (23) 
Case 2 ─ condition 2 as limiting condition

Number_Of_Filtration_Cycles_In_Last_Operating_Cycle = Integer _ _ _ _ _ _ • _ • ( _ ) _ • ( _ ) [no unit] (24) 
Case 3 ─ condition 3 as limiting condition

If BW chemical is the limiting chemical and different from CIP chemicals

Number_Of_Filtration_Cycles_In_Last_Operating_Cycle = Integer _ _ _ _ _ _ _ ( _ _ • _ _ _ _ _ _ _ ) _ _ • _ _ _ • • [no unit] ( 25 
)
If BW chemical is the limiting chemical and same as CIP chemicalX where X is either 1, 2 or 3

Number_Of_Filtration_Cycles_In_Last_Operating_Cycle = Integer _ _ _ _ _ _ _ _ _ • ( _ _ _ _ _ _ _ _ _ • _ _ • • [no unit] (26) 
A.1.1.5.1 Output volume as required by the specifications Specification_Output_Flow_Rate is the daily flow of drinking water required by the specifications and that must be guaranteed by the drinking water treatment plant.

Specification_Output_Volume is the drinking water volume that must be guaranteed by all modules, as a whole, during their operating life.

Specification_Output_Volume = Specification_Output_Flow_Rate • Module_Operating_Life • 365.25 [m 3 ] (32) 
A.1.1.5.2 Specification intake volume

Specification_Intake_Volume_Per_Module = _ _ • _ _ • Module_Surface • Total_Number_Of_Filtration_Cycles [m 3 module - 1 ] (33) A.1.1.5.3 BW volume BW_Volume_Per_Module = _ _ _ _ _ • Total_Number_Of_Filtration_Cycles • Module_Surface [m 3 module - 1 ] (34) 
A. 1.1.5.4 CIP volume As opposed to permeate and BW volumes, CIP volumes for phases 1 to 4 are not expressed by unit of membrane surface but as volumes for the entire CIP recirculation system, composed of:

-the main recirculation pipes that blocks have in common;

-the recirculation pipes within each rack;

-the modules.

The latter two can be expressed per module (i.e. CIP_Rack_Pipe_Volume_Per_Module and Module_Void_Volume). The former depends on the pipe length between the CIP pump and the block being cleaned, and thus on the number of blocks which for the moment is unknown. This volume is thus omitted to calculate the theoretical number of modules but is later considered to calculate the actual flux.

Within a rack, there are two modules at each interconnection (see factor 1/2 in equation below).

CIP_Rack_Pipe_Volume_Per_Module = • • _ _ • Rack_Pipe_Length_Between_Modules [m 3 module - 1 ] (35) 
The factor 2 in the equation below considers both the input and output rack pipes to the module. 

During CIP phase 5, water is not recirculated but goes directly to waste. The user specifies the volume that passes through each unit of membrane surface. -100,000-200,000 [START_REF] Mallevialle | Water Treatment Membrane Processes[END_REF] 5-20 [START_REF] Arkhangelsky | Retention of organic matter by cellulose acetate membranes cleaned with hypochlorite[END_REF],

CIP_Phase5_Volume_Per_Module = _ _ _ _ _ _ • Module_Surface • Number_Of_CIP [m 3
5 [START_REF] Gitis | Application of nanoscale probes for the evaluation of the integrity of ultrafiltration membranes[END_REF],

>100 [START_REF] Mallevialle | Water Treatment Membrane Processes[END_REF] 3 where pKa1 is the pKa of citric acid (AH3/AH2 -) and M are the molar masses. C.3). There can be up to three phases (i.e. phases 1 to 3) during which a chemical solution (i.e. composed of chemical 1 to chemical 3) is filtered inside-outside of hollow fibers during a defined duration and then left to soak during another defined duration. As listed in Table C.4, the number of CIP phases involving a chemical solution is user-defined. Chemical concentrations, filtration fluxes and durations for each phase are also defined.

In phase 4, permeate water is filtered inside-outside a defined number of times to dilute remaining chemical solution in membrane pores. Each filling of a rack lasts a defined amount of time. During phases 1 to 4, permeate is pumped back to the CIP tank.

Phase 5 is a final rinsing step during which the permeate goes directly to waste. A defined volume per unit of membrane surface is filtered at a defined flux. 

2 .

 2 Material and methodsFirst of all, the process and global framework of the model are explained along with the underlying model hypotheses. All model equations are specifically given in Appendix A.

Fig. 1 .

 1 Fig. 1. Flowsheet of UF drinking water production process

Fig. 2 .

 2 Fig. 2. Model framework for UF operation

Fig. 3 .

 3 Fig. 3. (a) Backwash efficiency (%BW) (b) Clean-in-place efficiency (%CIP)
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  Lipp et al.'s (1998) conditions are the most similar to ours in terms of filtration configuration, 466 membrane material and filtration operating conditions. The TMP is 28% higher than the 467 average TMP of the baseline scenario (0.6 bar), which in part explains that electricity values 468 are 3 to 4 times greater than the modelled value (kWh). The remaining difference may come 469 from the real-life context of Lipp et al.'s (1998) study, most importantly as regards 470 fluctuating input water quality; real surface water was either sand filtered or microstrained before being used as input to the pilot-scale ultrafiltration plant, leading to varying fouling rate and permeability decline. In contrast, a constant input water quality is considered in the baseline scenario of our study. More generally, our study considers constant filtration flux and a lack of shutdowns. The former model simplification removes pressure variations due to hydraulic shocks, whilst the latter implies no extra electricity for pump restart. As a result, electricity consumptions are underestimated as opposed to real-life measurements on pilotor industrial-scale drinking water treatment plants, such as those in Chew et al.'s (2015, 2016) and Glucina et al.'s (1998) studies. As regards Igos et al.'s (2014) and Liu and Mauter's (2020) work, absent details of operating conditions hinders complete analysis.

Fig. 4 .

 4 Fig. 4. Baseline scenario -Contribution of process inputs and waste of membrane operation to ReCiPe endpoint impact categories (normalized to the functional unit)

  more permeability recovery at the end of a BW cycle. It follows that energy consumption falls. Sodium hypochlorite consumption remains constant however since injection conditions (duration, volume, frequency) of the BW chemical are the same. In scenario A, the change in BW flux impacts on the BW efficiency only, not on the injected volume of sodium hypochlorite since the volume used during each BW cycle is unchanged. CIP chemical consumption varies by 4.5% since a CIP occurs every 1.02 year (23 CIPs in 23.5 years) compared to every 1.07 years for the baseline scenario (14 CIPs in 15.0 years). For scenario B, the number of modules is 192 compared to 252 in the baseline scenario, and the average TMP during filtration rises from 0.60 to 0.79 bar. These variations are proportional to the increased filtration flux. The operating cycle duration (i.e. CIP frequency) is also impacted and falls from 365 to 296 days. Whereas CIPs in the baseline scenario start when the maximum operating cycle duration is reached, CIPs in scenario B start when the maximum relative permeability decline during an operating cycle is reached.It has been defined as equal to -0.35 in all scenarios, which is equivalent to a permeability of 150 L h -1 m -2 for the first operating cycle. This threshold permeability is reached sooner in scenario B because the relative permeability decline of -7.9 10 -4 during a filtration cycle occurs after 46 min only, as compared to 60 min in the baseline scenario. Like for scenario A, no change in sodium hypochlorite consumption is observed: injection conditions are the same. Indeed, sodium hypochlorite is still injected every 100 L m -2 even if backwashing occurs every 46 min instead of 60 min. Despite more frequent CIPs, the consumption of CIP chemicals decreases by 11% due to a lower number of blocks (4 instead of 7) and modules per row(12 instead of 9). On a per module basis, the volume needed to fill pipes is reduced to 1.04 m 3 .

  e. 16.0 years) is greater than in the baseline scenario and scenario C. Operating cycles still last 265 like in scenario C since values for the fouling rate and BW efficiency are identical. CIPs start due to the maximum relative permeability decline during an operating cycle being reached. As expected, CIP chemical consumption increases proportionally with respect to the CIP chemical concentration (from 1.5 to 3.0 g L -1

Fig. 5 .

 5 Fig. 5. Contribution of cluster process inputs and waste for membrane operation to (a) IPCC GWP100a and (b) ReCiPe endpoint results

A. 1 . 1 .

 11 Modelling equations of material and energy balancesA. 

2

 2 Filtration cycle duration and relative permeability decline during a filtration cycle Either Decline_ Filtration or Filtration_Cycle_Duration is specified by the user. In any case, Filtration_Cycle_Duration must not exceed Max_Filtration_Cycle_Duration.

  not equal the initialization flux, even after several calculation loops, then there is no solution for this flux.

a 3 b

 3 Calculation detail: (Lp0 -Lpstart CIP)/Lp0 = (260-200)/260 = 0.Calculation detail for ammonia concentration to obtain desired pH: [ammonia] = Mammonia . ( [citric acid]/Mcitric acid -10 pKa1 -2pH )

1 .

 1 Fig. B.1. Module arrangement in rows, racks and blocks

Fig. C. 4

 4 Fig. C.4 Rack rotation for CIP Phases 1 to 3 execution

  

  

  2.2.1.2. Intrinsic parameters: fouling rate and remediation efficienciesThe model, and in particular relative permeability variations, hinges on three key intrinsic parameters: fouling rate during filtration cycles, BW efficiency and CIP efficiency. In this work, the fouling rate during filtration (vF) is defined as the decline rate of relative

	permeability	, ,

Table 2

 2 User-defined and intrinsic parameters of the baseline scenario

	393					
				User-defined parameters		
	Category	Input parameter	Unit	Literature reference	Suggested range	Baseline scenario
	Output flow	Specification output flow rate	m 3 day -1	>10,000 (Lainé et al., 2000)	>20,000	36,000
	rate					
	Input water	Input water turbidity	NTU	0-25 (Lainé et al., 2000)	0-500	1
	quality	Input water TOC	mg L -1	-	0-20	1
		Module surface	m 2	7-125 (Colas et al., 2002)	7-125	55
	Module	Module void volume	m 3	0-0.4 (Colas et al., 2002)	0-0.4	0.06
	characteristics	Initial permeability (after initial decline)	L h -1 m -2 bar -1	230 (Bessiere, 2005)	200-270	230
				30-180 (Mallevialle et al., 1996),		
		Specification filtration cycle duration	min		0-180	60
				10-60 (Chang et al., 2017)		
		Specification relative permeability decline				
			no unit	-	0-1	-
	Filtration	during a filtration cycle				
	operating	Specification operating cycle duration	year	>5 (Lainé et al., 2000)	0.08-2	1
	conditions	Specification relative permeability decline				
			no unit	-	0-1	-0.35
		during an operating cycle				
		Specification filtration flux	L h -1 m -2	60-100 (Glucina et al., 1998),	0-130	100
				50-200 mainly 80-100 (Lainé et al., 2000)		
		BW flux	L h -1 m -2	140-270 (Chang et al., 2017)	140-350	250
		Volume per BW per unit surface	L m -2	5 (Glucina et al., 1998)	4-6	4.5
	BW operating					
				NaOCl: 5 (Glucina et al., 1998),		
	conditions	BW chemical concentration	ppm		0-10	5
				5 (Panglisch et al., 1998)		
		BW chemical injection percentage	%	50 (Glucina et al., 1998)	0-100	50
	CIP operating	Number of CIP chemical phases	N/A	-	1-5	1
	conditions	CIP chemical concentration (phases 1-3)	g L -1	citric acid: 0.5% (Mallevialle et al., 1996),	0-5	1.5

Table 3

 3 Parameters of scenarios A to D compared to the baseline scenario (bold values differ

	452	
	453	from the baseline scenario)
		Input parameter

456

The modelled inventory and the ecoinvent unit processes used for each input and 457 waste treatment are given in Appendix E. In what follows, calculated values found in this 458 table are compared to literature values for model verification, in particular for electricity 459 consumption and liquid waste (see Table 4). 460 It can be seen that the modelled value (kWh) for electricity consumption is 461 consistently lower than literature values. This is expected for Friedrich's (2001) value range 462 since it includes electricity consumptions of sand filtration and chlorination on top of UF, 463

Table 4

 4 Baseline scenario -Consumption and waste comparison with literature studies on ultrafiltration of surface water

	Reference	Electricity	Water recovery	Input water	Membrane
		Value (kWh m -3 )	Comment	(%)		material
	Baseline scenario	0.034	TMP 0.43-1.0 bar	95.2	Surface water (1	CTA
			(average 0.6), 1h		NTU,	
			dead-end filtration		1 mg TOC L -1 )	
			cycles at 100 L h -1 m -2 ,			
			CIP every 365 days.			
	Lipp et al., 1998	0.10-0.15	1h dead-end	92.5-95.0	Ozonated and	Cellulose
			filtration cycles at 100		sand filtered surface	derivative
			L m -2 h -1 . TMP 0.77		water (0.1 NTU)	
			bar, CIP after 390 days			
	Friedrich, 2001	0.50-0.72	Total consumption	95 a	Sand filtered	Polysulfone
			of sand filtration, UF		surface water	
			and chlorination.			
			Cross-flow filtration			
			(50 and 100 L m -2 h -1 ).			
			Max TMP 0.8-1.0, CIP			
			every 15 days,			

Table 5

 5 Percentage change in environmental scores compared to the baseline scenario

		Percentage change (%) compared to the
	Environmental scores		baseline scenario	
	or consumptions		Scenario	
		A	B	C	D
	IPCC GWP100a	-2	29	0	1
	ReCiPe endpoint	-2	31	0	1
	Electricity	-5.7	72	0.4	0.1
	BW chemical	0.6	-2.0	-0.1	-0.1
	CIP chemicals	4.5	-11	37	181

Table A . 6

 A6 Input water quality categories and threshold operating conditions[START_REF] Coelho | 30 years of evolution in ultrafiltration systems and processes for drinking water production[END_REF] 

  Table C.3 Five-phase CIP sequence Table C.4 User-defined parameters: CIP operating conditions

	Consecutive CIP phase	CIP chemical solution	CIP flow direction
	Phase 1		inside-outside, permeate back to CIP tank
		Permeate water + Chemical1	
	Phase 1 soak		no flow
	Phase 2		inside-outside, permeate back to CIP tank
		Permeate water + Chemical2	
	Phase 2 soak		no flow
	Phase 3		inside-outside, permeate back to CIP tank
		Permeate water + Chemical3	
	Phase 3 soak		no flow
	Phase 4	Permeate water	inside-outside, permeate back to CIP tank
	Phase 5	Permeate water	inside-outside, permeate to waste
	Category	Programming name		Unit
		Number of CIP chemical phases	no unit
		CIP chemical1 concentration		ppm
		CIP phase 1 flux		L h -1 m -2 at 20°C
		CIP phase 1 duration per rack		h
		CIP phase 1 soak duration per rack	h
		CIP chemical 2 concentration		ppm
		CIP phase 2 flux		L h -1 m -2 at 20°C
		CIP phase 2 duration per rack		h
	CIP operating	CIP phase 2 soak duration per rack	h
	conditions		
		CIP chemical 3 concentration		ppm
		CIP phase 3 flux		L h -1 m -2 at 20°C
		CIP phase 3 duration per rack		h
		CIP phase 3 soak duration per rack	h
		CIP phase 4 flux		L h -1 m -2 at 20°C
		CIP phase 4 duration per rack per filling	h
		CIP phase 4 number of fillings per rack	no unit
		CIP phase 5 flux		L h -1 m -2 at 20°C

Table G .

 G 1. Scenario key parameters

				Scenario		
	Parameter					
		Baseline A	B	C	D
	Operating cycle duration a (day)	365	365	296	265	265
	Module operating life (year)	15.0	23.5	11.3	10.2	16.0
	Number of filtration cycle (-)	126,529	200,000	123,039	85,701	134,893
	Number of modules (-)	252	252	192	252	252
	Filtration average TMP (bar)	0.60	0.54	0.79	0.60	0.60
	End-of-life condition (-)	Lp b	nBW c	Lp b	Lp b	Lp b
	Consumptions					
	Electricity (kWh m -3 )	0.034	0.032	0.058	0.034 0.034
	Filtration (kWh m -3 ) 0.030	0.028	0.054	0.030 0.030
	BW (kWh m -3 ) 0.003	0.004	0.004	0.003 0.003
	CIP (10 -6 kWh m -3 ) 1.9	1.8	1.9	2.6	2.6
	Sodium hypochlorite (10 -4 kg m -3 )	1.2	1.2	1.2	1.2	1.2
	Citric acid (10 -6 kg m -3 )	2.9	3.0	2.6	3.9	8.1
	Ammonia (10 -7 kg m -3 )	5.2	5.5	4.7	7.2	14
	Sodium hydroxide (10 -7 kg m -3 )	6.0	6.2	5.3	8.2	17

a Equivalent to CIP frequency b minimum productivity reached: final permeability (100 L h -1 m -2 bar -1 ) c maximum mechanical resistance reached: number of BW cycles

(200,000) 
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Else Filtration_Cycle_Duration = Specification_Filtration_Cycle_Duration

A. 1.1.3.3 BW duration per rack

A. 1.1.3.4 CIP duration per operating cycle

Just as BWs, CIPs are also operated by rack. For CIP phases 1 to 3, the soak period of one rack is done during the recirculation period of the second rack. For CIP phases 4 and 5, racks are rinsed alternatively. The immobilization time for any given module due to a CIP cycle is thus longer than the actual CIP sequence for the concerned module (see factor 2 in the equation below).

A. 1.1.3.5 Operating cycle duration and relative permeability decline during an operating cycle

Either Decline_Operating or Operating_Cycle_Duration is specified. In any case, Operating_Cycle_Duration must not exceed Max_Operating_Cycle_Duration.

Case 1 ─ user-defined Specification_ Decline_ Operating

A. 1.1.4. Module operating life subject to end-of-life conditions

Number of operating cycles

Modules run simultaneously and have the same operating life. Each of the following conditions marks the module's end of operating life and corresponds to a hypothetical number of operating cycles. 

First, the "c x t" value per operating cycle is calculated for each chemical.

The limiting "c x t" condition relates to the chemical with the lowest hypothetical number of operating cycles. CIP_Chemical4_c_x_t_Number_Of_Operating_Cycles)

If CIP chemicalX is the limiting chemical where X is 1, 2 or 3

Case 4 ─ condition 4 as limiting condition

A.1.1.4.2 Module operating life and final permeability

[year] (30)

A.1.1.

Number of modules and blocks

The theoretical number of modules is calculated by considering the volumes of water filtered and used on-site during a module's operating life. The operating life is the same for all modules.

A. 1.1.5.5 Theoretical number of modules

The numerator of the equation below is the output volume expressed for the entire ultrafiltration system. The denominator is composed of volumes expressed per module. It is the intake volume minus the volume used for cleaning sequences (BW fluid, CIP Phase 5 fluid, and fluid filling up modules and pipes during CIP Phases 1 to 4).

A. Since the number of blocks is now known, the volume in recirculation pipes that blocks have in common can be calculated. The CIP common pipe length depends on which block is being cleaned: the furthest the block from the CIP pump, the greater the common pipe length.

Theoretical note: the average CIP pipe length for blocks equals:

The factor 2 in the below equation corresponds to both the input and output CIP common pipes to blocks.

The calculated flux value is compared to the initialization value (i.e.

Initialization_Filtration_Flux). If different, the new initialization flux is the calculated flux. If the

[bar] (51)

Intake pumping -average pressure

The average TMP needed for energy consumptions of pumping (filtration, BW, CIP) is taken as the average of the average for each cycle.

[no unit] (52)

The average permeability during a membrane's operating life is a weighted average calculated according to the number of filtration cycles per operating cycle.

[no unit] (55)

bar]

(56)

BW pumping -minor head loss

[bar] (62)

BW pumping -average pressure

Theoretical note: There is continuity of permeability from one operation to the other. For example, permeability at the end of a filtration cycle equals the permeability at the beginning of the succeeding BW cycle. The average of the permeability during BW cycles is taken as the average permeability during filtration cycles:

CIP pumping -minor head loss X in PhaseX equals 1 to 5.

[bar] (68)

CIP pumping -average pressure

Theoretical note: There is continuity of permeability from one operation to the other. For example, permeability at the end of a CIP cycle equals the permeability at the beginning of the following filtration cycle. The average permeability during CIP cycles is taken as the average permeability during filtration cycles:

X in PhaseX equals 1 to 5.

[kWh m -3 CIP PhaseX] (70)

A.1.1.7. Consumptions and waste

CIP chemicalX specific mass X in ChemicalX equals 1, 2 or 3. In the following equation, X in PhaseX equals 1, 2, 3 or 5.

A. 1.1.7.3 Waste BW waste specific mass

CIP waste specific mass

In the following equation, X in PhaseX equals 1, 2 or 3.

. Data collection

In the following section, values of the parameters found in the above modelling equations are given. In Table A.5, model initialization values of both user-and phenomenological parameters are given, as well as their suggested ranges and corresponding references from the literature.

For sake of clarity, input water quality categories and associated thresholds (phenomenological parameters) are provided in Table A .6. In Table A.7, values for BW volume per unit membrane surface according to the input water quality category are suggested. In Table A.8, values are suggested for the diameter of the intake common pipe according to the number of blocks. Minor head loss is considered to calculate intake, BW and CIP pumping consumptions. There are three associated user-defined parameters for minor head loss coefficients (see Table C.1): in pipes common to all blocks, due to the prefilter placed at the outlet of the intake pump and in pipes within a rack. These coefficients are for example available from equipment manufacturers (e.g. suppliers for prefilters, valves, 90° bend…). 

User-defined and phenomenological parameters