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Abstract

Water utilities draw different water sources (sagfaand groundwater), including increased
use of alternative sources (e.g. desalinated wagesed water, inter-basin water transfers) to
supply freshwater to different users (domesticjcadfure, etc.). The combination of water
sources and technologies (including infrastructuaed energy) results in a regional water
supply mix (WSmix) for each specific use. Existibje Cycle Inventory (LCI) databases
used in Life Cycle Assessment (LCA), do not incltidese mixes when modelling processes,
leading to a poor representation of water suppstesys and related environmental impacts.
To fill this gap, this paper proposes a consistearhework for modelling a regional WSmix
at worldwide scale. The WSmix framework include® tbcope and system boundaries
definition as well as a standardisation of termbgyl and classification of water sources and
users. To facilitate implementation of the WSmhistpaper provides a worldwide database
of water source mixes per user and a technologyimhmking water sources to water

production technologies, including the connectiatinwhe local electricity mix.
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The relevance of including the WSmix in LCl datadsmdor proper water-use impact
assessment is demonstrated with an illustrative sagly. The paper finally concludes on the
need of using the regionalized WSmix in routine L®ich is just as straightforward as the
use of the regionalized electricity supply mix. Bes, the developed WSmix provides
interesting insights beyond the LCA scope to suppiog strategic management of water

sources at various scales including the globakscal
Keywords

Life Cycle Assessment, worldwide database, watetpiint, water users, water-energy

nexus, water sources

Abbreviations — Glossary

GIS Geographic Information System
LCA Life Cycle Assessment

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment
P Precipitation

RB River Basin

WE Water Evaporation

WL Water Losses

WP Water Production

wO Water sources

WOmix Water source mix per user
WSmix Water Supply mix

wu Water Users

WTD Water Treatment & Distribution
WTec Water Technologies

WTR Water Transportation

WWTP Waste Water Treatment Plant
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1 Introduction

Water demand is increasing worldwide, especiallg ttu population growth (FAO, 2011),
while water availability in many regions is likelly decrease due to climate change and socio-
economic development patterns (WWDR4, 2012). Theemeariability in space, time and
source has repercussions on the environment atideomanagement of water sources (Zhou

et al., 2015).

Water utilities face a challenge to supply waterditferent users (domestic, agriculture,
industry) during the entire year. They must addresasonal scarcity and human and
ecosystem need fluctuations by combining diffefecal conventional water sources (surface
and groundwater), including increased use of adiera water sources, i.e. desalinated water,
reused water, harvested rainwater (IWA, 2015ajnémy cases, the water used by a specific
user is coming from a mix of local and sometimepanted water sources rather than a single
source (Hemmeter et al., 2016; IWA, 2015a). Depsmnon the origin of abstracted water, the
geographical location (water abundant or scarte) téchnologies used for water production
(simple or advanced treatment, desalination, ensogyce, etc.), the volume being extracted
and the season of the year (wet/dry), the resuémgronmental impacts of producing a cubic
meter of supplied water can be completely differéfawever, information on water supply
systems is very limited in existing databases useshvironmental assessment methods, such
as Life Cycle Assessment (LCA) and Water Footpiigsding to a poor estimation of their

impacts.

Conventional Life Cycle Inventory (LCI) databasesls as ecoinvent (Wernet et al., 2016),
GaBi 6 (Thinkstep, 2016) and Quantis Water Datalf@D) (QWD, 2015) provide a water
balance of flows entering and leaving the produydtesn (Section S1 in Supplementary
Material (Sl1)). Water input flows account for wateithdrawal from the environment, and

water consumption is the total water withdrawal wsirthe total water released back to the
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river basin after use (ISO, 2014). However, LClath@ises only include a few water sources
and water treatment technologies without distincté seasons and regions, although the 1ISO
standard 14046 on water footprinting (ISO, 2014poremends temporal and geographical
differentiation of water flows. In terms of spatiahd temporal resolution, current unit
processes for water production in LCl databasesesemt a global annual average or a
country annual average, with unknown origin if defined by the LCA user and with no link
to the water production technology applied (witle #xception of tap water production in
Quebec, see below). In particular, tap water, ati@n and cooling water uses are
distinguished, although overall information is ingaete, both in terms of water origin and

specific water production technologies.

To handle the diversity of water sources when prexsic water origin is unknown, Hospido
et al. (2013) introduced the concept of water noixifrigation in LCA and provided a proof
of concept for a river basin in Spain. They destila procedure to incorporate a water
profile mix in the LCI for irrigation and evaluatdte influence of that profile on the life
cycle impact assessment (LCIA) level in terms ofewvaonsumption impacts. Their scenarios
include the use of alternative water sources ssatheaalination or regenerated water to cover
all irrigation demand. Energy use associated tostfgply of each water resource type was
also quantified and evaluated in terms of GlobalrMiag Potential. Despite the interest of

that model, it was only applied in one river baand to one user (agriculture).

The tap water mix for Quebec (Lesage and Samsdi8)2@alled “market for tap water” in

the ecoinvent database (Wernet et al., 2016)) isxample of a practical implementation of
the water mix in LCA. This mix differentiates betvewater sources, namely surface and
groundwater, and the average of tap water produ¢éiohnologies used in Quebec, including
the network and water losses during distributioowver, it only covers one region and one

type of water use on an annual basis. Ono et @l5Pdeveloped an inventory database for
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water footprint based on input-output analysis@dds and services produced in Japan. While
different water sources and users have been cordidie this approach, the geographic and

temporal differentiation is limited to annual avgedlows in Japan.

A summary of different approaches applied in LCA ather fields for the consideration of a
water mix in LCA is presented in Section S4 in St far, examples in LCA only include
information on location and user type, whereass@ea variation and inventory related to

infrastructures and technologies (energy, materidiemicals, etc.) are often not considered.

This paper proposes a consistent water supply BM8niix) model for implementation in

LCA, including harmonization of terminology and s$ification of water sources and users.
Integrating the WSmix in LCI databases providesalogater mix profiles for processes in
LCA, depending on their location and with differespatial and temporal scales, which will
also allow LCIA methods to assess trade-offs betwte various environmental impacts
associated to a given local mix. Besides that,ilitalso be useful for other fields related to
water sources management, supply and treatmenhdkches as well as water use and

consumption patterns.

2 Problem definition and objectives

The WSmix concept is relatively similar to the anemix concept. The energy mix is a
worldwide standard model that determines how fieakergy consumption in a given
geographical region breaks down by primary eneogyces (e.g. fossil fuels, nuclear energy,
waste and renewable energy) and by different useg. (electricity generation, called
electricity mix, transportation, or heating of lliigs). In the same manner, the WSmix is a
model describing how final water use for specifsers (domestic, agriculture, industry) in a
given location and season breaks down by primariem@e)sources (e.g. surface water,

groundwater, precipitation) and by associated itneat and supply technologies (including
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infrastructure and energy consumed to extract,fygudeliver, heat/cool and treat water,

which is known as the water-energy nexus) (DOE4201

However, the development of a worldwide WSmix faCA.raises several methodological
issues. First, current LCI databases only diffeat@tsurface water, groundwater, seawater
and precipitation, but do not include alternativatev sources such as inter-basin water
transfer or reused wastewater, which are gainingomance as part of adaptation strategies,
especially in arid and semi-arid countries. Fumiae, there is lack of harmonization
between existing LCI databases and LCIA models. &onodels directly consider water
consumption, i.e. evaporation, transpiration, irdégn into a product, or release into a
different river basin or the sea (Mila i Canalsakt 2009; Pfister et al., 2009a), while others,
such as the models by Boulay et al. (2011) and WB(®15) are based on the inventory of

water withdrawal and water released.

Another important limitation observed in LCI databa is the lack of information regarding
the required treatment technology or chain of te@tgies for a given water source to meet a
specific water demand (in terms of quantity andligg)a The technologies used for water
withdrawal, water transportation and storage ugualé not substantially different between
water sources. However, important differences chielogies for water treatment actually
exist, since they are designed for specific inpud autput quality standards (Meron et al.,

2016).

The goals of this paper are: 1) To develop a cta#dNSmix framework to harmonize LCI
modelling practice of water supply systems ensumogsistent links with existing LCI
databases and LCIA methods. 2) To provide a fissalohse of water source (or Origin) mixes
(WOmix) for different users at a global scale artédchnological matrix linking water sources

to water production technologies in order to operatlize practical implementation of the
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WSmix in LCA studies. 3) To demonstrate the rel@eaaf including the regional WSmix in

LCI databases for proper water-use impact assesgshrengh an illustrative LCA case study.

3 Methods and modelling

This section describes the conceptual basis ofMsenix framework and discusses how to
implement it in practice based on both a WOmix blase for different users and a
technological matrix linking water sources to wapgoduction technologies. Finally, the

overall WSmix framework is presented.

3.1 Bases of the WSmix framework concept

3.1.1 System definition and boundaries

The WSmix represents water supply systems, whiehdascribed as withdrawal, treatment,
and distribution of water from different water anig to water users (Lesage and Samson,
2013; Loubet et al., 2016; Meron et al., 2016; diret al., 2008). Therefore, it describes
water inputs to a process, while water outputs (eéease back to the ecosphere) are not
included. Consequently, the WSmix includes the doatibn of water origin, technologies of
water production and distribution for different waitusers at different spatial and temporal
scales (Figure 1). These technologies should beelieadwith a life cycle perspective to

consider all impacts due to upstream activitieg. (@frastructure, energy, chemicals).

Similarly to the energy mix and in particular thlearicity mix in LCA (Frischknecht and
Tuchschmid, 2008), the system boundaries for themWSare defined from the water
resource withdrawal up to the delivery to the finakr, excluding all processes during and
after the use phase. It includes all interactiossvben the ecosphere (environment) and the

technosphere (technical system), i.e. emissionsr@salrce extractions. The only feedback
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from water users towards WSmix is the water quaht is required for each specific use and

that will define the required combination(s) of ems and technologies.

3.1.2 Terminology and classification of the WSmix components

The WSmix framework is consistent with existingadan water sources and water use, and
also with LCI data, LCIA methods, and LCA softwai@ be directly usable by LCA
practitioners. At the same time, it is flexible egb to adapt to future LCIA methods and

software developments.

A great variability of terminology and classificai for water sources and water users was
observed. For instance, when comparing two riveinsain France for water sources, one has
a water mix of four different, very aggregately idefl origins, whereas the other has 10
different, detailed water origins (Adour-Garonn&13; Loire-Bretagne, 2013). The same
holds true for water users when comparing data ftwra river basins in Spain, one
distinguishing five water users (Guadalquivir, 2DEhd the other eight (Mifio-sil et al.,

2007). More details are given in Sections S5 anth$iée Sl.

Therefore, harmonization is required prior to inmation of such data into the WSmix.
Bayart et al. (2010) developed a consistent classibn of water sources and water users for
LCA. The authors presented a set of freshwatemgoates according to the water origamd
the water quality, where the quality can be deteedi with a functionality approach.
According to Bayart et al. (2010), water is consadiefunctional for a particular user if its
quality parameters meet quality standards defirmedaf specific use. Boulay et al. (2011)
operationalized the functionality approach (seeld &b in Sl) by using a list of 136 water
quality parameters (physico-chemical charactesstmicrobiology, organic matter, etc.) to
define the functionality of water quality categari@.e. its usability for different users) for

three water origins, namely surface water, groundryand rain water.
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Despite the interest of this approach, it failctmsider that the same user may actually use
different qualities of water in function of geoghép and socio-economic conditions
(Pradinaud et al., in review). Moreover, the numbérparameters required for the best
estimate of water quality does limit its applicégilworldwide. Finally, the water source
categories are too aggregated, with no distincfimninstance, between fossil and renewable

groundwater, as recommended by Kounina et al. (2013

To propose a sound classification of water sousses users that addresses both LCA and

water management requirements, a set of critesdban defined:

1. The water source classification should be basedir@tt environmental relevance
of each water source. The environmental relevaacebe evaluated according to
different aspects. The following parameters werasaered in the WSmix
classification:

a. Water renewability: Groundwater was classified into three sub-categori
alluvial, deep, and fossil groundwater, based endifferent renewal rates of
each water source, which is particularly low foe tatter (GWF, 2014). In
addition, the different levels of depth and consetly the energy required for
pumping each type of groundwater were consideredh®e classification, as
pump efficiency and type of power source vary (Blaia et al., 2015).

b. Water deprivation impacts. Regarding surface water, a classification int@e¢h
sub-categories representing different water bodigsroposed: i) river, i.e. a
water flow; ii) natural lake and wetland, i.e. darg water; and iii) spring-
water, i.e. the result of an aquifer saturatedéopoint that the water overflows
into the land surface (Perlman, 2016). From an L@bnt of view, spring-

water is considered as withdrawn from surface watleereby potentially

10
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2.

contributing to surface water deprivation and inmpaon surface water-
dependent ecosystems.
c. Anthropogenic changes in the natural water flow of streams or rivers: Building
of dams and off-river storage as well as diversibrilows with levees and
other structures may contribute to the loss of dgmal diversity and
ecological functions in aquatic and terrestrial sstems (NSW, 2013).
Therefore, inter-basin water transfers and resesVovater retained in dams)
were considered in the classification. They arehbpart of the proposed
alternative water sources, and are included inctitegories of external and
artificial standing water sources, respectivelye($able S11 in Sl). The origin
of water transferred/stored was distinguished sitlte associated water
treatment will be different. The main interest taclude reservoirs in the
WSmix are temporal considerations such as wateagtan wet season for use
during dry season (Scherer and Pfister, 2016).
Inclusion of non-conventional water sources, astl@rocategory of the proposed
alternative water sources (see table S11 in Sl}e¥\s&carce countries are expected to
progressively rely more on those sources to alteweater scarcity. Five categories
are distinguished: seawater, brackish/saline greatel, domestic wastewater,
harvested stormwater run-off, and directly harsgnwater. Although, the last two
have the same origin (rainwater), they have a mffewater quality since the first is
generally more polluted (Wahaso, 2016). It is coffse assumed that the use of
alternative water sources have generally no impacivater scarcity (Hospido et al.,
2013; Muioz et al., 2010). However, they contribiot®ther impact categories due to
the environmental impacts associated to the eneagy technology for

withdrawal/collection, treatment and distribution.

11
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3. Exclusive consideration of water uses related teewsvithdrawal (i.e. off-stream
water use in LCA terminology (Bayart et al., (2010)he water users were defined
according to classifications used in local watemaggement plans and suggested by
other authors in addition to traditional large wat®nsumption collectives (i.e.
agriculture, cooling, and domestic). Sub-groupwvafer users have been included (for
example, “agriculture” split into “irrigation”, “lrestock”, “planted forestry”, and
“aquaculture (off-stream)”) as the environmentapauots associated to the required
water treatments may be different (see Sectiom $H).

4. Maximum preservation of the level of detail consatkin local water management
plans and water agencies in terms of terminolog¢ adherence to international
standards such as those of the International Wedsociation (IWA) (IWA, 2015b),
Aquastat (FAO, 2016), FAO (FAO, 2003) and ISO 1400, 2014) (see Table S4

in SI).

3.2 Water source mix (WOmix) database

To facilitate implementation of the WSmix, this papprovides a worldwide database of
water source mixes per user at different spatialesc(country, river basin and sub-river
basin) and, in a first stage, at annual temporales(Excel file in Sl). Several data sources
were analysed ranging from local water manageméntsp(including direct contact with
national or regional water agencies) to databases international agencies such as Aquastat
(FAO, 2016) and Eurostat (European commission, RGi&l scientific literature (Sections S5

and S6 in Sl).

For most countries, especially the developed dtiesdata needed for a global and spatially
explicit WSmix are available. For instance, in Epgpdata on water withdrawal for different

users at river-basin and sub-river-basin levelam®essible through local water management

12
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plans via water agencies and national statisticsvé¥er, for some countries or regions, data
are available only at country scale, and in sonsesao data were found (approximately half
of the countries in the world). For those casegrpolation and aggregation of data from
neighbouring countries and/or river basins couldapplied (although not done in this study)

to fill data gaps, based, for example, on socideaac indicators and geographical location.

Data on temporal water withdrawal variability ak@idable only for a few countries and river
basins. The vast majority of data is available vathannual resolution. For higher temporal
resolution, climate indicators and human activiggterns could be applied (although not done

in this study). Figure S7 in SI shows an exampleeofporal variability of water sources.

The current WOmix worldwide-regionalized database Imformation for 93 countries at
national level, 18 countries at river basin lewasld five countries at sub-river basin level, for
all water users and types of water sources (Fig@lrd his database is the starting point to

create WSmix LCI datasets.

3.3 Overview of WSmix framework

Figure 3 depicts the WSmix methodological framewtr&t represents the water sources
(surface, ground, sea, etc.) at the ecosphere [@elironment) and all the technologies

associated for withdrawal, transport, store antridigion of water at the technosphere level

(technical system). Solid blue arrows (1b and &pyesent the water flows entering from the
ecosphere into the technical system and solid gaeesws (1d and le) represent the water
flows within the technosphere. After water use,exdliows can be treated and reincorporated
into the system to be reused after an additioralttnent (3b) or returned to the environment
after conventional waste water treatment (3c andBashed blue arrows represent water lost
during transport and distribution (2a and 2b) wiiéshed light blue arrows represent water

consumed, i.e. water evaporated (2c, 3d and 4a)tlamdexcess water transported that is
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released into the ocean (2d) (1ISO, 2014). Furtletaild about Figure 3 are given in Table S6

in SI.

The water technologies included in the WSmix aeetdthnologies used for water production
(Figure 1). The environmental profile of each wagmhnology is intrinsically linked to the

local electricity mix.

Figure 4 shows the classification of water sou®®®, and WQ), water users (W}, and
associated technologies (WTec) for the WSmix. Ddpanon the type of water source and
the specific user need, a treatment technologgtofstechnologies are proposed (see below).
Six families of water technologies are regarded,azhilable in current LCI databases:
deionisation, desalination, conventional treatmadvanced treatment, basic treatment and no
treatment (Table S7 in Sl). In doing so, the fumadlity principle (Bayart et al., (2010) and

Boulay et al., (2011)) is avoided.

For instance, Figure 4 shows that for public wasas, spring-water, alluvial, deep, and fossil
groundwater usually require a conventional treatnfien groundwater. Eventually, specific
treatments for mineral compounds (e.g. Fe, Mn,4,NH.S, etc.), depending on the
geochemistry, can be applied (Suez, 2016). Howefeerother water users, these water
sources may only need a basic treatment or evdreatment at all. Similarly, a conventional
treatment for surface water is often used for riveatural lakes, wetlands, and direct
rainwater harvested (assuming that it undergoesséime treatment as a river) for public

water uses, while other users may only need a r@sitment or no treatment.

Water from inter-basin water transfers and watemfrreservoirs are both special cases
regarding the type of treatment technology to app@epending on the origin of the

transported and stored water and the user neezsielitment technology will differ. In case

of lack of information on water origin, a conseifvat assumption that the water

transferred/stored is surface water, which ususly lower quality, has been adopted.
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Seawater and brackish water are assumed to retipgirsame treatment technologies for all
users. This is a simplification since a distinctibatween technologies in function of the
feeding water stream and the technological evatutshould be done (Subramani and

Jacangelo, 2015).

For domestic waste water and harvested stormwarteoff, it is assumed that the water needs
specific treatment to be (re-)usable depending len tiype of user and socio-economic
conditions. For instance, neither of both sourcesansidered to be used for public water
uses. However, domestic waste water may be useidrifjation after advanced treatment in
developed countries and without treatment in deuiatp countries (WHO, 2012). Harvested
stormwater run-off may often be heavily pollutedg(ewith hydrocarbons, pathogens,
pesticides, nitrates and other fertilizers). Theref it is assumed to be used only for
“manufacturing (raw water)” with a basic treatmand for irrigation and recreation after an
advanced treatment. Given the high cost and thguémtly insufficient control of urban

planning globally, it is considered that the adwahctreatment is only applied in

industrialized/developed countries (Parkinson araikyi2005).

Finally, the water distribution network (includingater losses and evaporation) may vary
from country to country and between regions of eamimtry due to local specificities (Farley
and Trow, 2003). In order to include it in the W8pnthe same relation as in the tap water
mix of Quebec (Lesage and Samson, 2013) has beeh where the distribution network is
calculated as a function of the yearly transpoaeaunt of water, the network’s lifetime and
length. Detailed information on water losses andpevation for WSmix is given in Section

S10in SlI.

As illustrated in Figure S8 in Sl, the implemeraatiof regionalized WSmix is based on the
water sources mix per user obtained from the WOdatabase and the respective water

technologies.
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Further information regarding the description aratnfmonization of the water users and
sources, as well as aggregation to a more gerexet heeded in case of lack of information

(level 0 and level 1) are given in Tables S11 td B1SI.

4 |llustrative case study

4.1 Description

To demonstrate the relevance of including WSmik@i databases, an illustrative case study
has been conducted. A comparison of current peeied an application of the WSmix to
assess the environmental impacts of potable wafglg in two countries, Spain and France,
were performed. These two countries have been ohessall relevant information is available
and because they have contrasted water originsuper, leading to different associated
treatment technologies. In addition, their eledlyimixes are completely different (Figure 5)

(IEA, 2017).

The functional unit (i.e. unit of reference for teemparison) was the supply of irof

potable public water. The LCIA method used was IL@IL1. Moreover, water deprivation
impacts were assessed with two scarcity indicatbeswater stress index WSI (Pfister et al.,
2009) and the AWARE index (Boulay et al., 2017)eT®imapro 8 LCA software was used

for the assessment.

4.2 System modelling

To carry out the case study, two systems have besmted in Simapro 8, i.e. WSmix of
potable public water in France and Spain, respelgtivi he starting point to build the WSmix
models was the volume and the proportion of differ@ater sources withdrawal in each
country (see WOmix database in Sl, Figure 5 ander&i8 in Sl). The water elementary

flows and the processes for the water technologiese selected from the ecoinvent 3.2
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database using the “Allocation at the point of sitioson" system model (Wernet et al.,
2016). Since currently this database does not geowll the water elementary flows and
treatment technologies required, some simplificegibave been done. For example, the water
input environmental flow “water, from river’” was ed instead of “surface water, reservoir”
or “inter-basin water transfer”. Both inputs haweeh associated with the process “Tap water
production, conventional treatment”. The same pace was used for groundwater and sea
water. The water supply network was also included aalculated considering specific
variables of each country (length, lifetime andwaek product volume, see details in Table

S18in Sl).

It is considered that the water evaporation froen wole water supply system is negligible
(assuming that the use of open channels for wadgsportation is not significant in this
particular case). Only water losses through leaksased to groundwater (i.e. not evaporated)
were regarded. The respective electricity mix atheaountry was an input of each water

technology used (Figure 5).

Finally, a comparison between both country-spedffi®mix and the production of public

water supply using the “market for tap water, E@apaverage (RER)” has been done.

4.3 Results and conclusions

The LCA results show that the environmental impaéte supply of 1rhof potable public
water from mixed sources vary widely and are higtdypendent on the country. In addition,
there is a strong influence of the local electyicitix in the WSmix, which highlights the role
of the water-energy nexus. For instance, the diffee of impacts (Figure 6) between France
and Spain is due to the composition of their reBpecelectricity mixes, which is mainly
nuclear in France (contributing to ionizing radiafi and mainly fossil fuel-based in Spain

(contributing to climate change and other emissiased impacts).
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The comparison between the local WSmix for Spairan€e and the average European
market commonly used today in LCA studies showsatgmifferences for all impact
categories. This is explained by the fact thatBEhheopean market is composed of an average
of all water production technologies (in fact, tQeebec water production technologies, see
figure S4 in Sl) and the European electricity mBRe-Consultants, 2016; Wernet et al.,
2016). Regarding water deprivation impacts (Sectd in Sl), since evaporation in the
foreground system is disregarded in all casesrahelts only concern background activities
(e.g. water infrastructures, chemical productidecteicity production), as they are the only
processes consuming water. The results show grimapacts in Spain compared to France,

which is in line with results published by EEA (200

As a conclusion of the case study, the environnh@m@acts associated with different water
supply systems highly depend on the water souréesthe technologies associated and the
local electricity mix, which is in line with previs studies (Hospido et al., 2013; Meron et al.,
2016; Stokes and Horvath, 2009; Vince et al., 2008ls0, the variability of the
environmental impacts when comparing local WSmixhe European average shows that,
using average processes (which is current prastit€CA) may lead to results far from the
local reality. This fact supports the need andréievance of including regionalized WSmix

in LCI databases for proper water-use impact ags&rss

5 Discussion

5.1 Limitations and completeness

The main assumptions and uncertainties of the WSnaixework are related to the water
treatment technologies, water losses, and distobutetworks. In particular, due to the lack
of country-specific water technology inventory datater treatment technologies used are

those currently available in LCI databases. AltHguhe same range of technologies is used
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for all countries, a treatment level differentiaidepending on the country’s development
status has been introduced. Furthermore, it isnaasduhat the same water source type, such
as “alluvial groundwater” and “deep groundwates’subject to the same technology to meet
specific user quality requirements under a giveticGseconomic condition. This assumption
is based on this water belonging to the same waerce type which therefore has similar
technological treatment. This simplified approasipioposed for short-term implementation.
However, more data are needed on water treatmehhaégies by country/river basin and
for different users, as compiled on a country abgdhasis for tap water production by Meron

et al. (2016).

Regarding water losses and evaporation, due todadata, it is assumed that there are no
differences between the types of network with respe the type of use. However, more
research is needed to assess the influence of th#sences on the WSmix, and also the
effect of urbanism, i.e. population density, on tiedéwork infrastructure, as shown by Roux et

al. (2011) for the sewer network.

5.2 Compatibility and requirements for implementation in LCA

In most cases, LCA practitioners do not know théewarigin and associated water treatment
technology applied in their LCI processes, esphbcial the background product system
(Quinteiro et al., 2017). WSmix datasets will suppbCA practitioners in their LCI
modelling (see Section S17 for further informatioAjthough, some water source types of
the WSmix are already included in LCI databasesamsgéssed by LCIA methods, the WSmix
provides a higher detail not only in terms of wageurces and water users, but also in terms
of spatial and temporal resolution. Therefore, soataptations to make the WSmix
compatible with the currently most used LCI dataisaand to ensure seamless connection

with LCIA methods are required. Those adaptatioly imply aggregation of water source
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types and water user categories as well as ofapatd temporal resolution, since current
databases and software only allow annual and cpdifterentiation. These aggregations rely
on remaining at level O or 1 both for water souraed water users in order to avoid very long
lists of datasets (Tables S11 and S12 in Sl). A#tevely, data at level 2 could be integrated

in LCA software through geographic information gyst(GIS) layers.

Compared to the electricity mix, the implementatadrthe WSmix in LCI databases may be
more elaborate given all the variables associat#id ity While an electricity mix is supplied

with only a voltage differentiation (high voltagew voltage and medium voltage), water
quality requirements vary among water users, aretefore, embedded environmental
impacts will be very different depending on therusdfecting both water sources and water
production technologies. The apparent complexitydBmix data collection and database
implementation can be adapted to different levéldetail. Therefore, depending on the goal
and scope of the study, available data and LClAhotetused, the LCA practitioner will be

able to choose the level of complexity requiredtfa inventory.

Regarding LCIA methods for assessing water degi@and consumption impacts, current
software allows for the calculation of water degamh impacts through the eutrophication,
acidification, and ecotoxicity impact categoriesantemporally and spatially generic way
(with the exception of openLCA which allows for regalized LCIA calculation (Rodriguez
and Greve, 2016)). For water consumption impaassssent, the most used scarcity indices,
namely WSI (Pfister et al., 2009) and AWARE (Bouktyal., 2017) have been developed at
water-basin scale with yearly or monthly resolutiatihough they are implemented in LCA
software only at the country scale on an annuaisbagh distinction of agricultural, non-
agricultural and unspecified uses for AWARE. Howegveaone distinguishes between
different water sources, meaning that all wategios (e.g. lake, river, and groundwater)

within the boundaries of a river basin share thmesaharacterisation factor, thus the effect of
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using different sources does not translate intoirtiy@act score. In this context, considering
that the WSmix is specified at (sub-) river baswmel, per season or month, and for several
water users, a great amount of datasets would teale integrated in LCA software, which
may currently have limited processing capabilitids.previously mentioned, the integration
of GIS layers into LCA software could facilitate tdahandling. Other water use LCIA
methodologies than scarcity indices have diffesgrdtial coverage and temporal resolutions
(Kounina et al., 2013), and require different lesvef detail in terms of water sources (Table
S2in Sl), which can all be considered by the WSirarmework.

Finally, the terminology used in the inventory flewghould be consistent with that of the
impact assessment methods to ensure a cohereriatatdetween the LCI and LCIA for the

classification step.

6 Conclusion

From a conceptual point of view, the proposed WSfraxmework allows combining water
sources (e.g. surface, ground, sea) and relatbadéagies to meet the needs of a user (e.g.
domestic, irrigation, industry) at a specific tirf@eason) and location (country and/or sub-

river basin) at a worldwide scale.

The case study highlights the relevance of inclgdan WSmix in LCI databases for a
consistent water-use related impact assessment It will support LCA practitioners of

different sectors (e.g. industry, energy, agria@juo carry out a consistent environmental
assessment of water use along the supply chaiheaf products and services. The WSmix
will be useful in routine assessment of water-@dated impacts, being just as straightforward

as using the regional electricity supply mix in LCA

From a practical point of view and based on the WSnamework developed, a database of

water source mixes (WOmix) for the users identifiedrigure 4 has been created (Excel file
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in Sl). Data quality differs depending on the coynbut most countries, especially the

developed ones, have the data needed for a globdaatially explicit WSmix.

The WSmix framework and global regionalized WSmiatabase/maps also provide

interesting insights beyond the LCA scope to supgtrategic management of water sources
at any scale including the global scale. For insarnt is useful when quantitative data are
required to assess the (global) vulnerability oftawasources or the future water supply

security in cities and densely populated regions.

Perspectives on the long-term implementation of WSmly on two main requirements: i)
spatialization of LCA, and ii) forthcoming LCIA delopments that differentiate water

sources in order to account for differences inrtepact profiles (Nufiez et al., 2016).

The first requirement is to adapt a regionaliseioa of the WSmix in LCA software, with
specific values per sub-river-basin where the waser occurs. This can be done using GIS,
either by implementing an external GIS databasenected to the LCI, or, at longer term,
with the integration of GIS within LCA software, akeady done by openLCA (GreenDelta,

2016) and Brightway?2 (Mutel, 2016)).

The second requirement is to make the WSmix corlgatvith future LCIA models for water
consumption impact assessment. These evolve towardglels considering the
interconnections between water compartments witfnriver basin which are thus capable
of differentiating several water source compartreefiiifiez et al., 2016). The flexible
WSmix framework has been designed bearing in mimch sfuture requirements and is

already adapted to forthcoming generations of wagerLCIA indicators.

22



Author-produced version of the article published in Journal of Cleaner Production, 2018, N°172, p.302-313.
The original publication is available at http://www.sciencedirect.com
Doi: 10.1016/j.jclepro.2017.10.135

517  Acknowledgments

518 The authors acknowledge ANR, the Occitanie Red@XEMA, its industrial partners (BRL,
519 SCP, SUEZ, VINADEIS, Compagnie Fruitiere) and Ecdés mines d’Ales for the financial
520 support of the Industrial Chair for EnvironmentaidaSocial Sustainability Assessment
521 “ELSA-PACT” (grant no. 13-CHIN-0005-01). The autsBoare members of the ELSA
522 research group (Environmental Life Cycle and Sustaility Assessment, http://www.elsa-
523 Ica.org/) and thank all ELSA members for their @éviThe authors also acknowledge Naime
524  Osseni for his help in building the database ofewaburce mix per user during his internship

525 at Orleans University.

526 References

527 Adour-Garonne, 2013. Le bassin Adour-Garonne [WW¥W¢Wnent]. URL http://www.eau-
528 adour-garonne.fr/fr/informations-et-donnees/donfged-eau.html (accessed 10.8.15).

529 Bayart, J.B., Bulle, C., Deschénes, L., Margni, Bfister, S., Vince, F., Koehler, A., 2010. A
530 framework for assessing off-stream freshwater nde0A. Int. J. Life Cycle Assess. 15,
531 439-453.

532 Boulay, A.-M., Bare, J., Benini, L., Berger, M., thailliére, M.J., Manzardo, A., Margni, M.,

533 Motoshita, M., Nudfiez, M., Pastor, A.V., Ridoutt,, EDki, T., Worbe, S., Pfister, S.,
534 2017. The WULCA consensus characterization modelwater scarcity footprints:
535 assessing impacts of water consumption based olalaleawater remaining (AWARE).
536 Int. J. Life Cycle Assess. do0i:10.1007/s11367-0333L8

537 Boulay, A.M., Bouchard, C., Bulle, C., Deschénes,Margni, M., 2011. Categorizing water
538 for LCA inventory. Int. J. Life Cycle Assess. 168%-651.

539 DOE, 2014. The Water-Energy Nexus: Challenges gmub@unities. Washington, USA.
540 EEA, 2007. Water scarcity. Copenhagen.

541 European commission, 2016. Eurostat database [WWWbculbent]. URL
542 http://ec.europa.eu/eurostat (accessed 7.23.15).

23



543
544

545
546

547
548

549

550

551
552

553
554

555
556

557
558

559
560
561

562

563
564

565
566

567
568

569
570
571
572

Author-produced version of the article published in Journal of Cleaner Production, 2018, N°172, p.302-313.
The original publication is available at http://www.sciencedirect.com
Doi: 10.1016/j.jclepro.2017.10.135

FAO, 2016. AQUASTAT [WwWWwW Document]. URL
http://www.fao.org/nr/water/aquastat/main/index.g¢aocessed 1.19.16).

FAO, 2011. The state of the world’'s land and watsources for food and agricuture -

Managing systems at risk. New York, USA.

FAO, 2003. Review of world water resources by counWWW Document]. URL
http://www.fao.org/docrep/005/y4473e/y4473e00.htrofents (accessed 9.8.15).

Farley, M., Trow, S., 2003. Losses in Water Disttibn Networks. IWA publishing, UK.
Frischknecht, R., Tuchschmid, M., 2008. Energy Supglectricity Mix Updates.

GreenDelta, 2016. GreenDelta - Tools and consufongustainability [WWW Document].
URL www.openlca.org (accessed 5.6.16).

Guadalquivir, C. hidrologica del, 2013. Plan hichafgco de la demarcacion hidrografica del

Gualdalquivir. Anejo nr 3. Usos Y Demandas De Agua.

GWF, 2014. Resources [WWW Document]. Glob. water rufFo URL
http://www.globalwaterforum.org/about/contact-usé¢essed 11.17.16).

Hemmeter, T., Martin, M., Olson, E., Tulloch, CuyrBs, J., 2016. Urban Water Management

Plan. Santa Clara Valley.

Hospido, A., Nufiez, M., Anton, A., 2013. Irrigatiomx: How to include water sources when
assessing freshwater consumption impacts assod@ops. Int. J. Life Cycle Assess.
18, 881-890.

IEA, 2017. Monthly electricity statistics. ParigaRce.

ISO, 2014. ISO 14046:2014 (E) Environmental managemWater footprint - principles,

requirements and guidelines.

IWA, 2015a. Alternative Water Resources: A Review ©oncepts, Solutions and

Experiences. London, UK.

IWA, 2015b. IWA Waterwiki [WWW Document]. URL httgwww.iwa-network.org/
(accessed 6.20.15).

Kounina, A., Margni, M., Bayart, J.-B., Boulay, M-, Berger, M., Bulle, C., Frischknecht,
R., Koehler, A., Mila i Canals, L., Motoshita, MNufiez, M., Peters, G., Pfister, S.,
Ridoutt, B., Zelm, R., Verones, F., Humbert, S.120Review of methods addressing

freshwater use in life cycle inventory and impassessment. Int. J. Life Cycle Assess.

24



573

574
575
576

577
578
579

580
581
582

583
584
585

586
587
588

589
590

591
592
593

594
595

596
597
598
599

600
601
602
603

Author-produced version of the article published in Journal of Cleaner Production, 2018, N°172, p.302-313.
The original publication is available at http://www.sciencedirect.com
Doi: 10.1016/j.jclepro.2017.10.135

18, 707-721.

Lesage, P., Samson, R., 2013. The Quebec Life Qyetntory Database Project: Using the
ecoinvent database to generate, review, integaaté host regional LCI data. Int. J. Life
Cycle Assess. 21, 1282-1289.

Loire-Bretagne, 2013. Le bassin Loire-Bretagne [WVID&cument]. URL http://www.eau-
loire-bretagne.fr/informations_et _donnees/donnergeb/eau_potable (accessed
7.30.15).

Loubet, P., Roux, P., Bellon-Maurel, V., 2016. Wal# versatile model for the life cycle
assessment of urban water systems: Formalism antefwork for a modular approach.
Water Res. 88, 69-82.

Meron, N., Blass, V., Garb, Y., Kahane, Y., Thor@a, 2016. Why going beyond standard
LCI databases is important: lessons from a metésisaof potable water supply system
LCAs. Int. J. Life Cycle Assess. 21, 1-14.

Mila i Canals, L., Chenoweth, J., Chapagain, Ar, Gr, Anton, A., Clift, R., 2009. Assessing
freshwater use impacts in LCA: Part I—inventory mlidg and characterisation factors

for the main impact pathways. Int. J. Life CyclesAss. 14, 28—-42.

Mifio-sil, D.H.D.E.L., Hidrologico, P., Demarcaciob,E.L.A., Del, H., 2007. Anejo iii usos

y demandas de agua.

Mufoz, I., Mila-lI-Canals, L., Fernandez-Alba, A.RQ10. Life Cycle Assessment of Water
Supply Plans in Mediterranean Spain: The Ebro RiUeansfer Versus the AGUA
Programme. J. Ind. Ecol. 14, 902-918.

Mutel, C., 2016. Brightway 2 [WWW Document]. URLtps://brightwaylca.org/ (accessed
12.12.16).

NSW, 2013. Alteration to the natural flow regimdgigers, streams, floodplains & wetlands
- key threatening process listing [WWW Document]ff. CEnviron. Herit. URL
http://www.environment.nsw.gov.au/threatenedspéglesgationNaturalFlowKTPListin
g.htm (accessed 1.27.17).

Nufez, M., Roux, P., Bare, J., Boulay, A., Bulle, Cathuilliére, M., Margni, M., Pfister, S.,
Verones, F., Rosenbaum, R.K., 2016. Including tlyerdlogical cycle through a
multimedia assessment of water flows in water comgion LCIA modelling, in: 22nd
LCA Case Study Symposium, 20-22 September. MongpeHrance.

25



604
605
606

607
608

609
610

611
612

613
614
615
616

617

618
619
620

621
622

623

624
625
626

627
628

629
630

631
632

633

Author-produced version of the article published in Journal of Cleaner Production, 2018, N°172, p.302-313.
The original publication is available at http://www.sciencedirect.com
Doi: 10.1016/j.jclepro.2017.10.135

Ono, Y., Motoshita, M., Itsubo, N., 2015. Developrnhef water footprint inventory database
on Japanese goods and services distinguishingples tf water resources and the forms
of water uses based on input-output analysisJirtife Cycle Assess. 20, 1456—-1467.

Parkinson, J., Mark, O., 2005. Urban Stormwater &fgment in Developing Countries. IWA
publishing, London, UK.

Perlman, H., 2016. Springs - The Water Cycle [WWWochment]. URL
http://water.usgs.gov/edu/watercyclesprings.htrotéased 11.28.16).

Pfister, S., Koehler, A., Hellweg, S., 2009. Assggshe environmental impacts of freshwater
consumption in LCA. Environ. Sci. Technol. 43, 468804.

Pradeleix, L., Roux, P., Bouarfa, S., JaouaniBi-chabaane, Z., Bellon-maurel, V., 2015.
Environmental Impacts of Contrasted Groundwater plaghSystems Assessed By Life
Cycle Assessment MethodologgZontribution To the Water — Energy Nexus Study t.
Irrig. Drain. Syst. 138, 124-138.

PRe-Consultants, 2016. Simapro - Putting the ngebahind sustainability.

Quinteiro, P., Ridoutt, B., Arroja, L., Dias, A.C2017. Identification of methodological
challenges remaining in the assessment of a wedecity footprint a review. Int J Life
Cycle Assess. doi:10.1007/s11367-017-1304-0

QWD, 2015. Quantis Water Database [WWW DocumentRLUhttp://www.quantis-
intl.com/en/ (accessed 3.9.15).

Rodriguez, C., Greve, S., 2016. Regionalized LGIApenLCA. Berlin, Germany.

Roux, P., Mur, I, Risch, E., Boutin, C., 2011. ambplanning of sewer infrastructure: Impact
of population density and land topography on emrmnental performances of wastewater
treatment systems, in: LCM. Berlin, Germany.

Scherer, L., Pfister, S., 2016. Global water footpassessment of hydropower. Renew.
Energy 99, 711-720.

Stokes, J.R., Horvath, A., 2009. Energy and Air &smn Effects of Water Supply. Environ.
Sci. Technol. 43, 2680-2687.

Subramani, A., Jacangelo, J.G., 2015. Emerging lidatan technologies for water
treatment: A critical review. Water Res. 75, 16418

Suez, 2016. Suez Degremont Water Handbook [WWW Deat]. URL

26



634

635

636
637
638

639
640

641
642

643
644
645

646
647

648

649
650
651

652

653

654

655

656

657

658

659

Author-produced version of the article published in Journal of Cleaner Production, 2018, N°172, p.302-313.
The original publication is available at http://www.sciencedirect.com
Doi: 10.1016/j.jclepro.2017.10.135

https://www.suezwaterhandbook.com/ (accessed Z/16.1
Thinkstep, 2016. Thinkstep database (GaBi LCA sarfé).

Vince, F., Aoustin, E., Bréant, P., Marechal, F002. LCA tool for the environmental
evaluation of potable water production. Desalimatio 220, 37-56.
doi:10.1016/j.desal.2007.01.021

Wahaso, 2016. Stormwater Harvesting Systems [WWW cubent]. URL
http://wahaso.com/stormwater_harvesting.php (aeck223.17).

WBSCD, 2015. The WBSCD Global Water Tool [WWW Doamt]. Geneva, Switz. URL

http://www.wbcsd.org

Wernet, G., Bauer, C., Steubing, B., Reinharddreno-Ruiz, E., Weidema, B., 2016. The
ecoinvent database version 3 (part I): overview arethodology. Int. J. Life Cycle
Assess. 21, 1218-1230.

WHO, 2012. Directives OMS pour l'utilisation sansque des eaux usées, des excreta et des

eaux ménageres. Genéve, Switzerland.
WWDR4, 2012. Managing Water Under Uncertainty amkRParis, France.

Zhou, Q., Wang, W., Pang, Y., Zhou, Z., Luo, H.120Temporal and spatial distribution
characteristics of water resources in GuangdonyiRte based on a cloud model. Water
Sci. Eng. 8, 263-272.

Figures

Figure 1 Schematic representation of the waterlguppx (WSmix) concept
Figure 2 Countries covered by WOmix per user databa
Figure 3 Methodological framework of water supplixm

Figure 4 Correspondence between water source, wasers, and water treatment

technologies used in the WSmix

Figure 5 WSmix applied to France and Spain

27



Author-produced version of the article published in Journal of Cleaner Production, 2018, N°172, p.302-313.
The original publication is available at http://www.sciencedirect.com
Doi: 10.1016/j.jclepro.2017.10.135

660 Figure 6 WSmix environmental impacts associatetthégproduction of 1rhof potable public

661 water in France and Spain compared to current méwkéap water in ecoinvent

662
663
664

665

28



Author-produced version of the article published in Journal of Cleaner Production, 2018, N°172, p.302-313.
The original publication is available at http://www.sciencedirect.com

Doi: 10.1016/}jclepro.2017.10.135_

Water Production -

|
o Spatial scale: country, river basin, sub-river basin
Local Wsmlx Temporal scale: annual, seasonal (or months) I
electricity mix I
y’ Water sources (WO) |
|
Local WO External WO Non-conventional WO ]
Water
Withdrawal |
WAW I
: G 1R I
Water ; i C 1 |
Transportation -
& Storage . - |
WTS Surface Ground Water from
water water transfer WWT (Reuse) |
: |
Water Water Technologies (WTec) |
Treatment |
WT g Harvesting
Basic Advanced S
Treatment Desalination and
|
Water |
Distribution
WD % .,
WSmlxI
boundaries)

Recreation
mix

Irrigation
mix

Industry Cooling
mix mix

WATER USERS - WU

Domestic
mix

Figure 1 Schematic representation of the water supp Iy mix (WSmix) concept




ACCEPTED MANUSCRIPT
Author-produced version of the article published in Journal of Cleaner Production, 2018, N°172, p.302-313.
The original publication is available at http://www.sciencedirect.com
Doi: 10.1016/j.jclepro.2017.10.135

- Countries covered by WOmix per use database

Countries not covered yet

Figure 2 Countries covered by WOmix per use databas e



Author-produced version of the article published in Journal of Cleaner Production, 2018, N°172, p.302-313.
The original publication is available at http://www.sciencedirect.com
Doi: 10.1016/.jclepro.2017.10.135

Atmospheric Global Water Cycle Atmospheric
N moisture Oceans moisture
L
o | lal|p la2 | P 26 : ! |
5l 1 2 : Lo
n| 1 : : ol River Basin 1
ol 1 Local water source — River Basin RB < HE - ! I
gl P b i I
| > Wat WO === b P
: ater source % 2a : : I External water : I
1 I : : source WO , : :
— 1b ic P ! I I
| i 1
1 1 1 1 | i
I 1 1 I i
1 WAW I : : : :
| . -l
I WTS = Water Transportation + Water Storage  (Dams, : 5 d= : :
: water harvesting systems, pipes, canals, water- S | oc | :
: pressure stations, etc.) -__.I____..______________l I
1
1
I V 14 ! ]
1 -
2 =
< : 5 WT for Water Treatment & Distribution (WTD) :
71 [ re-use :
o 1 I
E : I Water Water :
8 1 Production (WP)/ Supp|y mix 1
= ! Technologies (WTec) 1
: o (LC1) .
I 1e |op 1e| % 1e| g4 boundary :
a
: Water Water Water e e )
I
: Users WU Users WU, Users WU, >
: 3a 4b &
| Embedded
: 3d 3b 3e water
3c

Figure 3 Methodological framework of water supply m IX



Author-produced version of the article published in Journal of Cleaner Production, 2018, N°172, p.302-313.
The original publication is available at http://www.sciencedirect.com
Doi: 10.1016/j.jclepro.2017.10.135

Legend
———2 Water source flow from ecosphere
=2 Water source flow from technosphere

--------2> \Water evaporation to global water cycle and water released into ocean

-----===2> \Water losses during transportation and distribution

Water flows
la.1= Direct precipitation supply to the user (e.g. natural irrigation) Indices
la.2= Precipitation into the water bodies of the river basin (RB)
1b= Water source flow from the ecosphere and transported and possibly stored before treatment and b= Donor RB

distribution to the user

1c= Water source flow transferred from a neighboring river basin
1d= Water source flow coming from water transportation & storage (WTS) to water treatment and z= Type of water user
distribution (WTD)

le= Water source flow treated and supplied to the user

2a= Local water losses due to transportation

2b= Local water losses due to the distribution network

2c= Evaporation to the atmosphere

2d= Excess water from transportation which is released into the ocean

2e= Water source flow from the ocean

3a= Water source flow to the water treatment plant after use

3b= Reused wastewater

3c= Water released into the local environment after treatment

3d and 4a= Evaporation to the atmosphere

3e= Water released into the ocean after treatment

4b= By-products (embedded water) obtain from the water activities

X, y= Type of water source

Figure 3 Methodological framework of water supply m IX
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Highlights:

A Water Supply mix (WSmix), in analogy with the etecity mix, is framed

* The WSmix is the regional combination of water segrper water user worldwide

* A water source mix database at country & (sub)rrbagsin is built per water user

* Environmental impacts of WSmix also depend on &lgtt mix (water-energy nexus)

*  The WSmix will allow routine assessment of watee-tslated impacts in LCA





